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Hybrid propulsion systems combining gas turbine and solid oxide fuel cells

(GT/SOFCs) have the potential to substantially reduce carbon emissions from

737-class aircraft. Many turbine/fuel cell hybrid cycles have been proposed for

ground-based energy conversion at the utility scale, and some work has investigated

small-scale (<500 kW) fuel cell-based energy conversion systems for aircraft (mostly

auxiliary power units). However there is relatively little known about large hybrid

engine/fuel cell systems capable of providing main propulsive power in large (i.e.

737-class) aircraft. This work takes several important steps toward filling this gap.

First, it develops an analytical model of a GT/SOFC system that provides in-

sight into the trends and tradeoffs associated with varying design parameters across

a wide design space. Key insights that emerged from this modeling effort are: a)

Increasing the fraction of fuel processed by the fuel cell always increases efficiency.

b) A tradeoff between fuel cell efficiency and specific power determines the optimum

range of the vehicle. This tradeoff is heavily influenced by the polarization curve



of the SOFC. This optimum operating point is different from the maximum power

point. c) The GT/SOFC could be used to increase the cycle’s flow specific work,

enabling a smaller core to drive the same size fan. This premise is investigated in

more detail later in the thesis. d) The fraction of fuel processed by the fuel cell is

limited by the ability to cool it. An analytical expression for this limit is derived

but in general the maximum power output of the fuel cell is limited to less than half

of the total system power output for most hybridization schemes.

Second, this work develops an improved thermodynamic model of the hybrid

turbine and fuel cell system. The model accounts for off-design performance of the

turbomachinery as well as sufficient details of the transport and electrochemistry

in the fuel cell to predict the effect of specific design changes (physical dimensions,

flow rates, pressure, temperature, etc.) and operating conditions on power output,

energy conversion efficiency, and system mass. The model is implemented using

a NASA-developed tool called Numerical Propulsion System Simulation (NPSS)

that is emerging as a standard in modern engine development. While third-party

NPSS fuel cell modules are available, they are not suitable for fuel cell design be-

cause key performance parameters like utilization, efficiency, and specific power

are inputs. Our module predicts fuel cell performance from its geometric attributes

(channel length, width, height, number) and electrochemical attributes (i.e. temper-

ature, pressure and composition effects on the polarization curve). Such capability is

computationally expensive but essential for predicting GT/SOFC performance over

varying flight conditions. This work implemented a) ’guardrails’ to prevent solver

divergence due to self-reinforcing high or low temperatures, b) an adaptive Newton-



solver damping scheme to improve convergence, c) an electrochemical performance

map to find close initial conditions, and d) the option for methane as an additional

fuel, amongst other alterations. Taken together, these changes reduced execution

time from weeks to hours and greatly improved stability making the thermodynamic

model a much more useful tool for design and analysis.

Third, the NPSS system model is used to assess the viability of two possi-

ble hybridization schemes. The first is a ‘parallel’ hybrid system where an SOFC

powers an electric motor that assists the turbine in driving the main fan. The

second is a ‘turboelectric’ hybrid system where all of the propulsive power is pro-

vided electrically by a fuel cell working in tandem with a mechanical generator

attached to the gas turbine. The results show that a parallel hybrid can reduce fuel

consumption by 27%, but requires a reformer/fuel cell that achieves > 1kWkg−1

to achieve range parity with a conventionally-powered B737. This occurs because

the thermodynamic efficiency of the system increases by 10% and the propulsive

efficiency increases by 10% due to the higher bypass ratio made possible by the in-

crease in flow specific work associated with hybridization. The turboelectric system

reduces fuel consumption by 12% when 25% of power is generated by the SOFC,

but requires a reformer/fuel cell that achieves > 1.2kWkg−1 to achieve range par-

ity with a conventionally-powered B737. This higher specific power requirement

occurs because the gas turbine operates at a lower OPR = 15 vs. OPR = 24 to

enable recuperation via a heat exchanger. The heat exchanger also improves the

thermodynamic performance of both the Brayton cycle and the SOFC (by reducing

preheating requirements) even at 30% effectiveness, but adds mass and complexity.



Fourth, this work investigates the potential impacts of introducing the fuel

cell exhaust—which is hot and contains large amounts of water and combustible

reformate—on the Brayton cycle. The system modeling efforts show that the fuel

cell exhaust can constitute up to 70% of the total mass flow rate through the system

and up to 50% of the total net heat release. Therefore, the effect of the fuel cell

exhaust on the operation of the main combustor is expected to be substantial both

for integration with traditionally injected fuels, and influencing trades for the SOFC

subsystem design choices that affect that exhaust (e.g. fuel utilization). Subsequent

chemical kinetic simulations implemented in Cantera show that SOFC exhaust adi-

abatic flame temperatures can reach as high as 2200K, laminar flame speeds may

vary by as much as 500% across a range of fuel utilization targets, ignition delay

times with hydrocarbon/air mixtures can reach the millisecond range, and mixed

SOFC exhaust can achieve extinction strain rates of over 300,000s−1 in pressures

reasonable for gas turbines. These results suggest that aircraft GT/SOFCs may also

require new combustor designs for effective hybridization.
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Chapter 1: Introduction

1.1 Motivationi

This dissertation presents several different analyses of a hybridized system that

combines a gas turbine engine with a solid oxide fuel cell stack for aircraft propulsion.

In this first section however, we discuss why this project is worth pursuing.

At its heart, flight is a power-intensive activity that requires an aircraft to

counteract the ever-present force of gravity along with progressively more and more

drag from the atmosphere as an aircraft moves faster. In order to supply this power,

an aircraft needs to carry some source of energy which it expends gradually—usually

a fuel.ii As such, modern aircraft, moreso than almost any other kind of vehicle,

including large naval vessels (see Figure 1.1), often devote a large proportion of their

mass to carrying fuel; this proportion can reach upwards of 40% for aircraft that

need to fly for long distances or periods of time [1, p. 25].

According to the second law of thermodynamics, only a portion of an energy
iA similar narrative for modern motivations and current promising technological options is

available from a 2016 National Academies study on this topic [1] as well as from papers by Epstein
[2], and Epstein and O’Flarity [3].

ii“Fuel” may be defined as an energy source that becomes part of the momentum-imparting
exhaust in a propulsion system. By contrast, an energy source such as a battery weighs the same
throughout its use. Unless otherwise stated, the terms “fuel” or “jet fuel” will refer to either a
kerosene-analog (e.g. Jet-A) or a shorter hydrocarbon chain mixture (e.g. AVgas), which are used
by nearly all modern crewed aircraft not designed to demonstrate an alternative energy source.
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Figure 1.1: Range of vehicle energy storage and power generation capacities. Re-
produced from the National Academy of Sciences, Figure 2.1 [1, p. 23].
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source is converted into usable power, with the proportion of usable power to total

power referred to as “efficiency.” Thus, more efficient conversion allows the use of less

fuel to fulfill the same power requirements. On aircraft where these requirements are

substantial, improving fuel efficiency is particularly important. Furthermore, both

aircraft owners and operators as well as the world at large have practical incentives

to improve fuel efficiency in order to minimize fuel usage, or “burn,” as much as

possible.

For aircraft owners and operators, the first incentive relates to the cost of fuel.

In 2018 alone, 95 billion gallons of fuel were purchased by the commercial airline

industry [4, p. 27]. Since fuel makes up such a large percentage of their operating

costs (approximately 20-30% of their annual spending from 2014-2019 [5]), fluctu-

ations in fuel price heavily impact profit margins. Therefore, lowering the amount

of fuel necessary for any particular mission—for example, carrying one hundred

passengers from New York to Los Angeles within four to five hours—will reduce

both the marginal costs of operation and the corresponding sensitivity to a shifting

fuel price, all else being equal.iii Similarly, since fuel makes up a large portion of

an aircraft’s carrying capacity, requiring less fuel allows this space to be allocated

elsewhere. This extra space opens up possibilities for performance improvements

such as increased operating range, loiter time, and flight speed, depending on oper-

ator preference. As a result, the goal of improving fuel efficiency drives technology

development in what is a highly competitive industry [1, p. 3].
iiiThis statement assumes that the means by which fuel burn is reduced does not significantly

affect the operating costs (whether capital costs or marginal costs via maintenance etc.) of the
aircraft. This may not be realistic as the SOFC components in the GT/SOFC hybrid would likely
qualify as expensive and immature.
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Moving beyond the cost incentive, reducing greenhouse emissions is another

major motivator for improving fuel efficiency, as the fuel burned by aircraft repre-

sents a substantial source of greenhouse gases (905 million tonnes of carbon dioxide

by airlines in 2018) and other pollutants (e.g. nitrous oxidesiv). When tallying

the emissions of aircraft worldwide, including those produced by passenger airliners,

cargo transports, and military aircraft, the total amount makes up approximately

2.0-2.5% of all human carbon dioxide emissions [6]. At face value, 2.0-2.5% sounds

like a relatively insignificant source of emissions to focus our concern—albeit this

percentage is out of an immense overall body of emissions! However, if we focus on

the United States as per Figure 1.2, aircraft represent 9.3% of all transportation-

related carbon dioxide emissions in the United States [7, p. ES-13]. Additionally,

the air transportation sector tends to provide a market for more extreme or expen-

sive technologies to be adapted later into other pollution-generating sectors. This

tendency is due to the high performance requirements for aircraft incentivizing new

approaches that may readily transfer to less immediately-demanding secondary ap-

plications. Examples of these sorts of transfers may be seen in terrestrial power

generation [8].

Furthermore, various organizations such as the United Nations International

Civil Aviation Organization (ICAO) have issued increasingly-stringent fuel economy

and emissions standards for future aircraft that make fuel efficiency an explicit re-

quirement for primarily profit-driven commercial operators [1, p. 15]. The most
ivPollutants besides carbon dioxide are not necessarily dependent on strict energy efficiency,

except insofar that their release scales with how much fuel is burned.
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Figure 1.2: United States Greenhouse Gas (GHG) emissions by overall sector (top)
and transportation sector (bottom). Reproduced from the U.S. Environmental Pro-
tection Agency [9].
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recent ICAO guidance, the Carbon Offsetting and Reduction Scheme for Interna-

tional Aviation (CORSIA) [10], established voluntary carbon-reduction standards

through 2026, and mandatory standards for 2027 and beyond [4, p. 49]. Likewise,

many individual nations, including the United States, have their own ever-tightening

emissions standards [11, p. 13-25].

Whether to cut costs or increase performance, using fuel in an efficient and

clean manner is hardly a new goal, and there has been continuous improvement in

aircraft operating efficiency. Lee et. al. noted that there has been a 20-30% im-

provement in efficiency between successive generations of aircraft and an overall im-

provement of 60% from 1969-2009 in terms of carbon dioxide emissions per revenue-

passenger-kilometerv (RPK), though much of this has come from step-change im-

provements in technology [6]. Similarly, the National Academies of Sciences (NAS)

found an approximate 2% reduction in aircraft fuel burn per seat-mile (a metric

similar to RPK) since 1970 (see Figure 1.3). About half of this improvement came

from development and refinement in aircraft technology (such as weight reduction

and aerodynamics) and half from performance improvements in the engines that

directly burn the fuel in question. At an industry level, commercial aircraft opera-

tors have improved route planning and have optimized flying conditions (e.g. flight

altitude, speed) to reduce the amount of fuel consumed, while still providing similar

overall services [1, p. 22-24; 6; 12, p. 614].

These broad trends of incremental efficiency improvement will likely persist
vThe metric of revenue-passenger-kilometer is used as a normalization of performance in the

airline industry, specifically referring to a paying passenger (i.e. not a crew member) traveling a
kilometer. For example, an aircraft emitting 10 tons of carbon dioxide to carry 10 paying passengers
100 kilometers implies using 10 tons of CO2 for 1000 RPK, or 0.01 tons of CO2 per RPK.
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Figure 1.3: History of commercial aircraft fuel burn per seat-mile. Reproduced from
the National Academy of Sciences, Figure 2.3 [1, p. 24].

into the future to further reduce marginal fuel burn (and their accompanying emis-

sions) by the aircraft sector. However, the rate of those marginal improvements

can also be expected to drop off into the future for the same class of technology.

This can be seen in the efficiency trends of individual turbofan components such as

high- and low-pressure compressors and turbines [13]. Another promising path for

aircraft emissions reduction is the production of sustainable alternative fuel (SAF).

SAFs minimize net carbon emissions by reducing the amount of “new” carbon diox-

ide emitted by the current use of fossil fuels, though they do not necessarily reduce

fuel costs or reduce fuel burn by the aircraft [4, p. vi]. SAF candidatesvi generally

tend to be biofuels produced from an agricultural feedstock, and have been shown

to be technically feasible for drop-in use on current aircraft. However, they face

implementation issues, mostly pertaining to sufficient production of fuel at an eco-
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nomically reasonable cost, such that it is still important to reduce fuel burn as much

as possible [2].

Furthermore, depending on the degree of SAF scaleup possible, SAF utilization

may not be enough to meet modern emissions goals or stabilize the marginal costs

of fuel for aircraft operators. The US Energy Information Administration projects

a 31% increase in jet fuel consumption by 2050 as demand grows faster than ex-

pected fuel efficiency improves [7]. Unfortunately, ICAO projections of technology

growth suggest that in order to achieve the CORSIA goal of carbon neutrality, the

majority of any emissions reductions will need to be the result of SAF introduction

and market-based measures (see Figure 1.4) [14, p. 17-19]. Given the anticipated

problems with SAF scaleup, meeting the CORSIA goal will likely require beating

the projected technological capabilities as much as possible.

Putting aside industry development and optimization by SAF producers and

aircraft operators as important topics beyond the scope of this work, we will focus

instead on the technological opportunities to reduce fuel burn. Historically speak-

ing, tens of billions of dollars in technological investments in engines (or perhaps

more abstractly, propulsion systems) have paid off, yielding improvements in both

performance (two to four times power-to-weight ratio) and efficiency (up to three

times) in the 50 years since the Boeing 707 was introduced [2]. Recall also from

Figure 1.3 that about half of the reduction in fuel burn is from engine development

specifically. As such, we will next discuss the nature of this technological improve-
viBiofuels and other options for SAF are evaluated in part by a life-cycle analysis (LCA) to

determine whether their production is an improvement—much less achieving carbon-neutrality—
over traditional fossil fuels. Unfortunately, LCA processes are inconsistent and uncertain across
the industry [4].
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Figure 1.4: Aircraft CO2 Emissions from International Aviation, 2005 to 2050, Up-
dated to Include Alternative Fuels Life Cycle Emissions Reductions. Reproduced
from the International Civil Aviation Organization, Figure 5 [14, p. 19].
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ment, starting first with the specific considerations that are largely limited to the

aircraft application. Then, we will address the broad range of different solution

paths for the problem. Third, we will analyze our technology of interest—the gas

turbine / solid oxide fuel cell hybrid.

1.2 Specific Considerations for Aircraft

For relatively self-contained systems like aircraft, it is important to consider

propulsion systems as a whole composed of both an energy conversion system (e.g.

the engine) and an energy source (e.g. the fuel and tank); both aspects have sub-

stantial impacts on overall performance. A collective term for these is an “energy

storage and power generation” system, or ESPG, represented in Figure 1.5. An

ESPG will have its own performance metrics of specific power and specific energy

taking into account proportional sizes of each subsystem. Additional cost metrics

for capital costs or fuel costs may also be considered, but will generally be beyond

the scope of this work.

Appendix C provides an overview of the generic problem of designing an ESPG

system for any given application. However, the specific constraints of a use case,

here for aircraft, can drive technology development, and lead to different design

philosophies even for fundamentally similar technologies. Without getting into the

details of specialized missions for individual aircraft, we can still discuss some of

the most important constraints including size and weight effects, variations with

altitude, and a large propulsive power requirement that is now gradually shifting
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Figure 1.5: Basic ESPG Representation.

towards electrical loads.

Arguably the most important constraints on an ESPG system design for air-

craft are the mass and volume they require. Unlike most ground-based vehicles,

the performance (specific power, efficiency, etc.) of flying vehicles like aircraft and

rockets is particularly sensitive to overall mass and volume. For example, adding

weight requires flying at a higher angle of attack to support the additional load,

resulting in increased induced drag. Similarly, increasing the overall volume of the

aircraft increases profile drag. The vehicle’s drag polar provides a simple tool for

determining how changes in vehicle weight here affect induced drag. The use of a

drag polar is discussed in Section 2.3 in greater detail. Similarly, volume effects can
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be accounted for via parasitic drag analysis and other methods.vii

Since aircraft need to carry all of the components of their ESPG in almost all

conceivable cases,viii there is an interdependent relationship between the size and

weight characteristics of the ESPG and the performance required by the overall

system. An ESPG with a higher specific power and specific energy requires less

mass and space to provide the necessary power. Similarly, increasing the efficiency

of the power generation system reduces the amount of fuel needed for the mission.

Oftentimes however, more efficient devices tend to be larger and heavier as well

[15, 16], resulting in scenarios where more efficient PG devices are not necessarily

optimal.

Also related to the effects of mass, many ESPG systems expend the material

used for energy storage, causing the mass of the ESPG to decrease over the course

of a mission. All fuel-based ESPGs fall in this category. The progressive reduction

in mass can provide a substantial benefit to operating time and range, as the power

required to remain in flight goes down as the vehicle gets lighter. For example, for

the same aircraft with a 30% fuel mass fraction, expending the fuel in-flight confers

an almost 20% greater range than one that does not (e.g. a battery) [17, p. 8]. This

effect increases exponentially as the proportion of ESPG mass devoted to energy

storage increases.
viiIn general, minimizing additional profile drag is a challenge of effective integration of the ESPG

and the airframe—which can lead to net-positives in cases where strategies such as boundary layer
ingestion (BLI) can be implemented.

viiiOne could argue that a solar-electric aircraft carries only a power-generation system, with
energy ”stored” in sunlight, or hydrogen in the sun. However, while the specific energy could
be considered effectively infinite (since sunlight is weightless), the specific power of the collecting
solar panels is far too low (fundamentally limited by the available solar energy flux to the Earth
of approx. 1.36kWm−2 [?]) to be useful for almost any aircraft.
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ESPGs on aircraft are also constrained by the variation of their performance

with operating conditions, especially altitude. Open-cycle heat engines such as

turbofans make use of the ambient air that they pass through, and the performance

the engines provide varies due to these air conditions. The ambient air conditions

also affect the amount of drag the aircraft experiences at any given speed. In general,

lower altitudes have denser, hotter, and higher pressure air; for a given aircraft,

these conditions result in higher drag on the airframe, but also higher engine thrust

performance and somewhat lower efficiency—with the opposite scenario at cruise

altitudes.

Nevertheless, the same engines need to operate in both regimes, providing at

different times a peak power capability for takeoff and landing, and a peak efficiency

at cruise where the aircraft often spends the most flight time [3]. While the engine

demands and capabilities can scale similarly for open-cycle heat engines (one reason

they are usually chosen), the same capability is required of any alternative engine

as well.

The third characteristic constraint is the form or forms of the ESPG system’s

power output. As discussed in Appendix C, the fundamental power requirement

for aircraft lies with generating the necessary force to maintain flight. This force

is produced by using power (almost always generated from an energy source on

the aircraftix) to increase the momentum of the ambient air (and often some fuel)

around the aircraft in the opposite direction of the required force, regardless of the
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precise method.

However, secondary (i.e. non-propulsive) power requirements for control sur-

faces, sensors, environmental control systems, communications, wing ice protection,

entertainment systems, etc. are also present. These are often provided by off-takes

of shaft power or pressurized bleed air from the main engines (see Figure 1.6) or an

auxiliary power unit (APU), representing additional forms of ESPG power output.

Since aircraft usually employ heat engines of some kind for their main propul-

sion systems, the efficiency of the engine tends to scale up well enough such that the

majority of secondary electrical power and motive power both come from the same

conversion system. An APU for engine starting, stationary power, or emergency

backup use is often present as well, but usually operates at a lower power level and

efficiency. Practically, many designs use shaft power from the main engine to drive

multiple subsystems, such as hydraulic control surfaces or a mechanical generator

to produce electricity.

Electrical power may be applied to a wide range of secondary applications on

aircraft, and large-scale production holds additional promise for propulsion due to

the ease with which it may be used for boundary-layer ingestion and distributed

propulsion schemes. For secondary systems such as environmental control, wing ice

protection, and engine starting, hydraulic, pneumatic, and mechanical loads have

been progressively replaced or augmented by electric power or controls for better

efficiency and reduced maintenance requirements [19,20]. As such, an aircraft ESPG
ixExceptions would be aircraft run off of solar panels, or beamed power, neither of which (to

the author’s knowledge) are in widespread use today—though demonstrators of each do exist.
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Figure 1.6: (Top) Schematic of turbofan with Accessory Gearbox and connections
highlighted; (Bottom) Accessories gearbox including the Integrated Drive Generator
(IDG) for electricity generation. Reproduced from [18].
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system generally supplies a large propulsive load as well as some mix of secondary

shaft and (increasingly) electric power. However, if electric power is employed by

the propulsion system as well, then 100% electric power generation scenarios are

foreseeable.

At this point, we have a good sense of the underlying motivations for improving

ESPGs on aircraft, and application-specific constraints. Armed with this knowledge,

in the next section we will discuss reasonable paths to accomplishing this goal.

1.3 Choosing a Reasonable Path Forward

Many different ESPG types have been used on aircraft, from hydrocarbon-

fueled internal combustion engines and gas turbines, to battery-electric, solar-electric,

and even human-powered aircraft. However, the largest class of aircraft that col-

lectively burns the most fuel are largexsingle- or twin-aisle passenger and transport

aircraft; and in fact, these classes generate more than 90% of aircraft carbon diox-

ide emissions (see Figure 1.7). In these missions (and in many other applications

besides), the propulsion system is almost always a ducted turbofan engine [1, p. 27].

For this reason, we focus our attention on the underlying technologies of, variations

of, and replacements for, the ducted turbofan.

Many paths are conceivable. A 2014 journal paper by Epstein [2] argued that

there is substantial water still left in the well for turbofans to further improve, and

suggested several high priority paths of improvement for further development, in

particular envisioning an evolution towards smaller, higher performance gas turbinexi

xHere a “large” aircraft is roughly defined as one capable of carrying greater than 100 passengers
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Figure 1.7: Global civil aviation fuel consumption by aircraft class. Reproduced
from the National Academy of Sciences, Figure 1.1 [1, p. 17].

cores driving larger and higher-propulsive-efficiency fans.

Other technology options discussed include batteries and fuel cells, along with

a variety of energy storage alternatives to kerosene-based jet fuels. In general,

Epstein finds that energy sources besides hydrocarbon fuels lack sufficient energy

density. Similarly, alternative thermodynamic cycles, fuel cells with electric motors,

or hybridized systems are not clearly beneficial for the application. Fuel cells in

particular are noted (at least based on current technology) to be unattractive on

the basis of their comparatively-high weight alone.xii

In addition, a 2016 National Academy of Sciences (NAS) report [1] iden-
xiA quick introduction to the fundamentals of gas turbine operation and performance is provided

in Appendix A.
xiiOne of the goals of this dissertation is to show how fuel cells may be used to reduce fuel burn,

and the thresholds at which their use becomes beneficial.
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tified four high-priority approaches for further research into the problem of air-

liner/transport aircraft propulsion in the 10-30 year timeframe, or “N+3” in the

NASA terminology representing roughly three generations ahead of aircraft develop-

ment. Two of these approaches are broader in scope relating to (1) integration of the

airframe and propulsion systems and (2) further development and scaleup of SAF.

The remaining approaches are a prioritization of both gas turbine technologyxiii and

turboelectric propulsion, stating that the former has a potential for a 30% efficiency

improvement over modern (2016) capability, while the latter is “...probably the only

approach for developing electric propulsion systems for a single-aisle passenger air-

craft that is feasible in the time frame considered by the committee” [1, p. 6].

More specifically, the report notes that gas turbine engines may be improved

both in terms of thermodynamicxiv as well as propulsive efficiency, continuing his-

torical trends since the introduction of the jet engine—see Figures 1.8 and 1.9 from

the NAS report. Based on different cited analyses, the NAS estimated that a 30%

improvement over the best engines today was possible, with about twice as much

of the gains coming from propulsive efficiency improvements over thermodynamic

ones.

Alternatively, the report suggested that an approximately 7% improvement in

overall efficiency (the result of multiplied thermal and propulsive efficiencies) was

possible per decade starting from the current peak of approximately 40% [1, p. 41].
xiiiIt should be noted that Epstein [2] was also a lead author on this National Academies report,

so their agreement should not be considered independent.
xivThe “motor” thermodynamic efficiency accounts for all core fluid power (often used directly

for propulsion) as shaft power that may be deliverable to a propulsor [2]. This concept is useful
for comparing between different engine cycles and configurations (turbofan, turboprop, etc.).
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Figure 1.8: Trend with time of the “motor” thermodynamic efficiencyxiv of com-
mercial aircraft turbofans at cruise. Reproduced from the National Academy of
Sciences, Figure 3.3 [1, p. 38].

However, this last estimate is likely from the linear extrapolation of Figures 1.8 and

1.9, which prima facie present data that may be just as easily fit with a decaying

curve instead, more indicative of diminishing returns on investment. Additionally,

the performance of the main turbofan components (e.g. compressor, turbine, TIT

limits etc.) have also seen diminishing returns to their improvement over time [13].

As such, the 7% estimate is likely to be highly optimistic.

The second engine technology focus, turboelectric systems, was found to be

promising amongst various electric propulsion concepts by minimizing reliance on

high performance battery technology. Instead, a turboelectric propulsion system

uses a gas turbine core to convert some or all of the fuel into electricity via a gen-

erator. In turn the electricity from the generator is used to drive fans using electric
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Figure 1.9: Trend with time of commercial aircraft turbofan propulsive efficiency at
cruise, Figure 3.4 [1, p. 38].
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motors. While the initial energy conversion process is less efficient due to compound-

ing losses in the additional conversions from shaft power to electricity and back

again, this may be more than recouped by better positioning the electrically-driven

fans for BLI and distributed propulsion [1, p. 56]. Beyond the thermodynamics, the

improvements to drag and efficiency need to more than make up for the impact of

the additional weight of electric motor, generator, and power-handling components

necessary to make this system run. See Figure 1.10 later for illustrations of these

components in the “Turboelectric” system.

Other technologies mentioned by the NAS include high-power batteries, su-

perconducting motors, and fuel cells. It was determined that investment in these

topics will continue regardless so aircraft-specific research may be prioritized when

the state of the art (SOA) is sufficiently advanced [1, p. 21].

Another forward-looking review from NASA Glenn Research Center [21] con-

sidered the breadth of several “N+3” concept designs (by NASA, Boeing, General

Electric, Northrup Grumman, Georgia Tech, and Massachusetts Institute of Tech-

nology) to identify and prioritize the different propulsion technology requirements

for operation by 2035. The range of concepts encompassed a number of different

configurations, though mostly concentrated on advanced turbofans and turboelectric

designs. Electric motors and advanced combustor design appeared to be the most

important technical targets for success, with battery and fuel cell technology having

the lowest probability of achieving design targets, though the analytical method

used was acknowledged to not track the interdependent relationship of electric tech-

nologies [21, p. 7-8]. Also considered important were more advanced computational
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tools to reduce risk and accelerate the process for adoption of new technologies.

This dissertation contributes to this category of research.

In general, NASA concurred with the NAS that fuel cells and pure battery

power would be unlikely to be appropriate for the “N+3” timeframe except as aug-

mentations to electricity production. However NASA also noted that fuel cells might

be more appropriate for the next generation, “N+4” thereafter for propulsion as well.

The findings of this report can be considered in some ways a more-grounded update

of a 2004 article by Sehra and Whitlow from NASA forecasting future propulsion

concepts. The article took the view that propulsion would eventually be based on

all-electric systems powered by hydrogen fuel cells [22].

Some more promising, though also more speculative, directions were consid-

ered in the Boeing SUGAR study Phase II report [23] which was a follow-on to the

Boeing contribution to the review by NASA Glenn [21]. The Phase II report fo-

cused on advanced concepts that were potentially feasible for the 2040-2050 “N+4”

time frame even if the underlying technologies were still immature. The resulting

recommendations diverged from the propulsion configurations suggested in Phase

I and instead favored a gas turbine and solid-oxide fuel cell (GT/SOFC) hybrid

system using a cryogenic liquid natural gas fuel supply along with additional BLI

propulsors and unducted fans.

From these sources, in particular the National Academies report [1] as a rep-

resentative of the recent consensus of the field, it appears as though the basic ar-

chitecture of aircraft propulsion—turbofan engines with yet-higher bypass ratios

using liquid hydrocarbon jet fuel—will remain the preferable choice for the imme-
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diate future. More speculative shifts to turboelectric systems are also suggested

to push the effective bypass ratio (plus other quite promising BLI benefits) of the

same fundamental Brayton heat cycles even further with the promise of maximized

aerodynamic advantages. Other options are generally considered speculative.

The historical trends presented in Figures 1.8 and 1.9 combined with ex-

plicit industry projections [14, p. 19] suggest that we can expect improvements

to traditional turbofan engines to be evolutionary rather than revolutionary with

increasingly-difficult progress as time goes on. If we do not wish to rely so heav-

ily on the advances of the SAF industry to meet the majority of our emissions

goals—and address the fuel price sensitivity of commercial aircraft operators at all

substantially—it is perhaps worth focusing on the more future-looking ideas for

aircraft propulsion and power.

The argument against some of these options has been that development will

continue on the required technologies (such as fuel cells, superconductors, etc.) re-

gardless, and aircraft designers can pick up the baton once the technology is more

mature [1, p. 21]. On the other hand, one might also anticipate for some cases that

the specific needs for aircraft, such as minimal size and weight, are different enough

from other applications that developments for those other applications won’t trans-

fer effectively—a power plant on the ground cares little that the new cheap and

efficient fuel cell it uses is twice as heavy, for example. Adding insult to poten-

tial injury, highly conservative and safety conscious commercial operators will need

substantial assurance that new technologies are safe to operate. What this means

in practice is that years of work will be required beyond the initial introduction of
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the technology before it is common in the aviation marketplace. As such, we may

want to begin investigations into more speculative topics sooner rather than later

in order to make those initial technology introductions as soon as possible.

The Boeing SUGAR Phase II study [23] and its support for a hydrocarbon-

fueled GT/SOFC hybrid system to provide power and propulsion on aircraft is a

main motivation of this dissertation. While the GT/SOFC is only one of several of

the more-speculative directions considered for improving aircraft propulsion, consis-

tently it has been found to be a promising path—though not ready for real-world

use. The primary roadblocks are sufficient improvement in the performance of the

underlying SOFC both in terms of specific power and reliability. Two goals of this

dissertation are to provide a detailed framework for evaluating such concepts and

to quantify the levels of fuel cell performance improvement (specific power and ef-

ficiency) to improvements in overall efficiency and carbon emisssions at the vehicle

level.

1.4 GT/SOFC Hybridization

A hybridized ESPG system is the result of combining different energy storage

and/or power generation methods that can operate synergistically in some way to

enhance overall performance beyond the sum of its parts. The turboelectric systems

described in the previous chapter are examples of hybrid electric systems. Figure

1.10 shows six different architectures that hybrid propulsion systems can follow

including turboelectric.
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Figure 1.10: Electric Propulsion Architectures, reproduced from Figure 4.1 [1, p. 52].
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Each architecture includes the use of electrical power for at least part of the

propulsive power. In these cases, electrical power is drawn from either a battery or

a mechanical generator attached to a gas turbine—or both! Propulsion is achieved

either via distributed fans or the GT-linked turbofan—or again both at once. The

batteries presented in Figure 1.10 serve as both energy storage and conversion de-

vices and can be replaced by other energy storage and conversion device. Notably,

one option would be an SOFC with a fuel tank that offers substantially greater

specific energy than the battery.

The SOFC itself is an electrochemical technology most often used for static

power generation—and designed accordingly. However, systems may also be de-

signed for transportation and even use on aircraft to provide electrical power.

The GT/SOFC hybrid concept further optimizes the use of the SOFC as a

power source by combining the Brayton cycle of a gas turbine with the topping-

cycle of the SOFC.xv A basic diagram of the configuration is provided in Figure

1.11. A certain fraction of high pressure air from the GT compressor is bled from

the compressor and diverted to the SOFC components where it is further split

between the fuel reformer (leading to the SOFC anode), the cathode, and a cooling

bypass duct. All three flows (anode, cathode, and cooling bypass) are eventually

directed back into the Brayton cycle via the combustor along with any remaining

airflow from the compressor. Power generated from the SOFC will take the form

of direct current electrical power initially, while in most devices the Brayton cycle

power output is originally shaft work which can be converted to other forms in a
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Figure 1.11: Basic Configuration of GT/SOFC. SOFC components in dashed region.

number of ways.

While both GTs and SOFCs can generate power from the same energy sources,

SOFCs typically offer higher efficiency power generation than a GT at the same

conditions. The fundamental reason for this is that the SOFC operates isothermally

at a (relatively) low temperature which avoids or minimizes inefficiencies associated

with material temperature limits, combustion inefficiencies, and irreversibilities from

heat rejection present in high performance heat engines. [24, p. 87]. Figure 1.12

provides the theoretical efficiency trend of the isothermal fuel cell in comparison to

the maximum-efficiency Brayton cycle (equivalent to the Carnot cycle in terms of

efficiency, but producing infinitesimally little work) and the Brayton cycle producing

the maximum work per unit of material flow through the system.xvi The range of

SOFC operating temperatures is shown, broadly from 550◦C to 1000◦C [24, p. 478].

Modern state-of-the-art turbine inlet temperatures are split between approximately

1300K for uncooled turbine blades, and 2000K for air-cooled turbine blades [25,
xvPrimers on gas turbines and fuel cells are each available in Appendices A and B respectively.
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Figure 1.12: Ideal efficiencies of gas turbines and fuel cells as a function of maximum
operating temperature. The cycle entrance temperature is 300K. The black vertical
lines indicate the compressor outlet temperature at different overall pressure ratios
(OPRs). The intersections of the curves with the maximum cycle temperatures
(indicated by the vertical solid red lines) give the maximum efficiencies of Brayton
cycles. The intersection of the yellow dashed curve with the left boundary of the
green shaded region gives the efficiency of an ideal H2-air fuel cell.

Fig. 2]. Some ideal compressor exhaust temperatures are provided for the optimal

(maximum work per unit of material flow) compression ratio for the uncooled and

air-cooled TIT limits, as well as a state-of-the-art OPR of 50.

Looking at Figure 1.12, we see that the upper limits on SOFC and Brayton-
xviThis diagram does not include an equivalent SOFC “Max Work” scenario since all of the

inefficiencies of a fuel cell’s operation are a result of the material performance characteristics,
similar to performance map characteristics of the GT compressor and turbine components. A very
large fuel cell with very low current density will yield nearly the ideal efficiency while producing
useful power from a unit of material flow through the system.
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cycle efficiencies are not substantially different within their respective ranges of op-

erating temperatures. The optima are however on opposite sides of the temperature

space: low temperatures result in higher fuel cell efficiency while high temperatures

result in higher Brayton-cycle efficiencies. Drawing significant power from a given

real system of either cycle also drops the efficiency of operationxvii. However, the

lower temperature SOFCs can generally achieve greater efficiencies than Brayton-

cycle devices that usually design closer to the “Max Work” case [24, p. 86-88].

There are a number of advantages associated with placing an SOFC inside the

Brayton cycle. First, the gas turbine acts to replace some of the additional balance-

of-plant (BOP) infrastructure usually required to operate fuel cells such as pumps

and blowers. These can account for about a quarter of the total mass of a purely

FC-powered aircraft [26]. Second, a GT/SOFC also provides a means of recovering

waste heat and unburned fuel from the SOFC by discharging the fuel cell exhaust

directly into the gas turbine’s combustor. This recuperative effect enables the SOFC

to be designed with less concern for achieving high fuel conversion enabling it to be

smaller and lighter.

Third, the high temperature environment required by the SOFC is naturally

achieved inside the hot-section of the gas turbine. Heating starts in the compressor

(see compressor )exhaust conditions in Figure 1.12) and can can be continued using
xviiThermodynamically, a “Max Work” efficiency line for an SOFC is equivalent to the ideal case—

an arbitrarily large SOFC can generate a small amount of power per unit of active area that is
near the ideal efficiency. Practically however, we are often interested in the max-work-per-unit-flow
scenario as it correlates with a reduced size of the device. To address the same consideration for the
SOFC would target the work-per-unit-reacting-surface, which requires many additional analytical
considerations of the different inefficiency sources. See Section 3.3.5 for an accounting of these
inefficiencies.
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waste heat if necessary.xviii For the “Max Work” OPR values, some additional

heating is required to achieve the SOFC operating temperature. This can often

be achieved using the waste heat produced by a the SOFC itself. Higher OPR

values (which also increase the efficiency of the Brayton cycle) can achieve SOFC

operating temperatures without any additional heating whatsoever. This benefit at

higher OPR is balanced against the efficiency benefits of lower temperature SOFC

operation, and as we’ll see in Chapter 2, the reduced fuel cell waste heat absorption

capacity with higher compressor exhaust temperatures.

Fourth, Figures 1.13 and 1.14 show that operating a Ni-YSZ SOFC at post-

compressor pressures drives up the power density via increases in adsorption rates

and alterations to transport processes within the electrodes.xix Higher pressure

operation also provides a small improvement to ideal efficiency since the Nernst

potential increases with the partial pressure of reactants [27].

While Figure 1.13 shows that increasing pressure offers diminishing returns,

this also means that the performance of the pressurized SOFC is less affected by a

change in altitude (as from takeoff to cruise operating conditions) than the Brayton

cycle [28].xx The net result at cruise altitude (approx. 35kft) is that the specific
xviiiThese same high-temperature conditions (as well as a restriction to pure hydrogen fuel) pre-
vent a similar integration of more-technologically-mature polymer electrolyte membrane fuel cell
(PEMFC) technology. Additionally, a PEMFC requires substantial temperature control to within
20◦C, vs. approximately 100◦C for an SOFC stack. Finally, the PEMFC’s susceptibility to poi-
soning by carbon restricts its use to difficult-to-carry pure hydrogen fuel, further penalizing its use
on aircraft.

xixThese effects can also be seen in modeling results as part of this work in Figures 3.16 (for
power density) and 3.17 (for efficiency).

30



Figure 1.13: Power density vs. pressure for different fuel utilizations at constant
temperature and voltage for Ni-YSZ based SOFCs. Reproduced from Henke et.
al. [27].

powers of the Brayton and fuel cell cycles are comparable [29].

Furthermore, in the combined GT/SOFC system the same unit of material

flow—mostly air for a typical aircraft engine with some amount of fuel—can be

used to extract more power (i.e. a higher flow specific power) than is possible with

the Brayton cycle alone. The reason for this increased capability is that the fuel cell

in the topping cycle does not depend on a change in temperature like heat engine

cycles, even if one occurs due to heat release from irreversible losses during operation
xxStrictly speaking, the Brayton cycle’s performance does not drop with ambient pressure, and

for a given hot-side temperature limit will actually improve with altitude as the ambient tempera-
ture falls. However, for a single Brayton cycle device of a given size (say a jet engine), the amount
of power that can be produced is limited by the air density, which drops with altitude as well.
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Figure 1.14: Ideal fuel cell efficiency (Open-Circuit) at varying operating tempera-
ture for different operating pressures. Anode: 100% H2 gas, Cathode: Air.

of the fuel cell.xxi

The total power that can be extracted from a unit of material flow is still

limited by the amount of SOFC waste heat generated and the stoichiometry of

the fuel chemistry, but all modern jet engines are currently operated “fuel lean” to

limit operating temperatures below structural material limits. As such, there is the

stoichiometric capacity for additional power extraction with additional fuel.
xxiConsider the alternative where we use another Brayton cycle instead of a fuel cell as the

topping cycle. An optimal Brayton cycle can be tuned through the pressure ratio to provide a
maximum flow-specific power based on the cold and hot side material temperature limits. If the
bottoming Brayton cycle of the
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1.5 Current State-of-the-Art

A large body of work exists for GT/SOFC hybrids intended for large ground-

based electrical power generation. These studies show that integration can achieve

overall system efficiencies ranging between 50%-90% [17, p. 20]. An expansive 2018

review of the hybrid cycle focused ground-based applications—including mobile and

transportation applications such as for train engines—is available from Azizi and

Brouwer [30]. While summaries from the perspective of aircraft researchers are

available [17, 31], studies for ground-based power production tend to be difficult

to apply to aircraft use cases since static power plants have effectively no mass or

volume constraints (see section 1.2). As such, there is relatively little sensitivity to

making the thermodynamic cycle even more complex (such as with high-effectiveness

recuperating heat exchangers or condensers, for example Yi et. al. [32]) if the overall

efficiency is improved by even a small amount. In general these are computational

studies, but there are a few experimental systems built as demonstrators such as

one by the German Aerospace Center (DLR) [27, 33, 34].

Research on GT/SOFC hybrids for aircraft specifically has progressed over the

last several years such that it represents a more substantial body of work. In this

section, we will provide a summary of the sub-field focused specifically on aircraft.

Indeed, an overall observation is that many studies focusing on aircraft grapple with

the questions of just which components or cycle optimizations can be effectively

carried over to the aircraft application.

First, there is a distinction to be made between studies of SOFC (and other

33



fuel-cell) systems on board aircraft, and those for GT/SOFC hybrids. The former

lack many or all of the hybrid synergies previously discussed, though their set of

BOP components (such as a compressor or recuperator—if present) may perform

many of the same functions. The range of possible configurations is broad, so at

times the definition may be blurred, and authors (e.g. Eelman et. al. [35]) may

not highlight or even recognize a distinction. In addition, some findings from the

non-hybridized SOFC studies on aircraft are applicable to the GT/SOFC. As such,

some of those works are also discussed here. Interestingly, there have been more

experimental/demonstrator and even operational non-hybridized fuel cell systems

on (usually small UAV) aircraft. Examples include the Ion Tiger, a PEMFC-based

demonstrator by the Naval Research Laboratory [36], and the Lockheed Martin

Stalker XE UAS which is an example of an operational battery/SOFC hybrid that

extends the range of an otherwise pure-battery solution [37]. While blowers and

fans are present in these examples, power extraction is not based on a heat cycle or

related to substantial changes in pressure.

There are also a variety of intended purposes for the GT/SOFC on board the

aircraft. First, the GT/SOFC takes the place of the traditional gas turbine APU

producing secondary power, rather than being used for propulsion. Alternatively, if

the GT/SOFC is used for propulsion, some studies consider all-electric propulsion

systems using the GT/SOFC as the electric power source (following the Series Hy-

brid architecture from Figure 1.10), while other studies use the GT/SOFC for duct

propulsion directly in addition to electric power production (i.e. the Series/Parallel

Partial Hybrid from Figure 1.10). In this last case, the electrical power can be used
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to either add to the propulsive power by some means, or be employed for some sec-

ondary purpose. Table 1.1 organizes the GT/SOFC studies in this literature review

by these categories, with rows collapsing similar studies from the same group. This

dissertation focuses on the latter two propulsion-focused categories.

The first takeaway from the Table is that all of these published studies are

modeling studies rather than experimental. However, among those studies, there

is a wide range of model complexity and parameters addressed. Gas turbine per-

formance may be modeled as ideal theoretical components [38, 39], or derive an

efficiency from a performance map of real or simulated components. The fuel cell

has been modeled as everything from a simple constant efficiency reactor to full elec-

trochemical models with transport through the MEA and at least one-dimensional

transport along the fuel and oxidizer channels. Note that fixed efficiency models are

too crude to properly assess hybrid GT/SOFC over the range of operating conditions

experienced over a mission and that higher fidelity models are required.

At the level of implementation, modeling efforts are carried out using a range

of platforms depending on what aspect of the problem is of most interest. MAT-

LAB/Simulink is a common general-purpose choice, but aircraft-focused platforms

have also been used, particularly the Numerical Propulsion System Simulation

(NPSS) language. Other specialized platforms include gPROMS (a process sys-

tems modeling software), Flight Optimization System (FLOPS), and SysFuel. The

first of these might generally be applied to ground-based power plants, while the

latter two are aircraft-specific modeling platforms. The choice of platform should

be unimportant for identical mathematical representations of the system. At a
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practical level however, the details of how each platform operates means that math-

ematical representations of the systems will usually be at least slightly different.

This complicates efforts to compare results generated using different platforms and

to generate computational libraries that can be shared between platforms.

Regarding aircraft APU applications, an in-depth review article from 2018

by Fernandes et. al. provides a recent picture of the sub-field covering academic

articles, theses, reports, and patents [40]. The general takeaways from the review

were that many of the immediate issues with the technology remained with the

foremost conclusion being that “hybrid” systems (any combination of SOFC and

heat cycle including GT/SOFCs) generally did not reach the necessary weight-to-

efficiency ratio. Fuel choice also remained an open question. The authors predicted

that applications in smaller and unmanned vehicles were possible in the short- to

medium-term future, and that the focus would be on all-electric applications in

larger aircraft in the long-term. Finally, they also cited increased complexity and

unproven reliability of the SOFC systems as remaining concerns for aerospace use.xxii

The main challenges identified by Fernandes et. al. for SOFC-APU systems

also apply generally to other GT/SOFC systems in aircraft. Therefore, we should

address the state-of-the-art in more detail. The first concern is fuel choice, with one

of two paths generally considered: hydrogen or hydrocarbons. Pure hydrogen gas

provides the most energy per unit of fuel mass and the best SOFC performance, but

faces very challenging storage problems due to its physical characteristics: Whether
xxiiReliability concerns for the SOFC are generally acknowledged as an unknown for this applica-

tion (Stoia et. al. consider it in the context of the recycle blower necessary for their system [41]) but
are otherwise minimally addressed even though it is a substantial topic for SOFC researchers [42].
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as a gas or as a cryogenic liquid, the low volumetric density relative to hydrocarbons

adds drag penalties, from both the sheer size of the fuel storage on board the aircraft

and the heavier high-pressure/cryogenic storage tanks. The alternative, hydrocar-

bons (usually jet fuel in order to ease introduction into modern fuel distribution

infrastructure), are dense and readily stored in thin-walled fuel tanks. To be used

by the SOFC however, such a fuel needs to be desulfurized (either on the ground

or on the aircraft) and reformed into “syngas” which is a mixture of hydrogen gas

and carbon monoxide [40]. Most studies at least acknowledge or briefly consider

the trades between these two options with, with several studies considering carry-

ing hydrogen just for the fuel cell in addition to jet fuel [43–47]. If a hydrocarbon

fuel is chosen however—as it is in the majority of studies found—the method of

reformation is another research topic.

Reforming is a chemical process that breaks hydrocarbon fuels into H2 and

CO. The process is usually accomplished by one of three methods: steam reforming

(SR), autothermal reforming (ATR), and partial oxidation (POx), which exist on a

continuum of greater to lesser degree of water injection respectively. Methane steam

reforming consists of the three reactions in Equation 1.1. For larger hydrocarbon fu-

els (e.g. jet fuels), a thermal/oxidative decomposition, or “cracking,” process yields

shorter hydrocarbons like methane for these reactions. These preceding reactions

are more complex, but generally result in predictable distributions of products [48].

CH4 +H2O → CO + 3H2 ∆H = 206 kJmol−1 (1.1a)
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CO +H2O → CO2 +H2 ∆H = −41 kJmol−1 (1.1b)

CH4 + 2H2O → CO2 + 4H2 ∆H = 154 kJmol−1 (1.1c)

Steam reformation is endothermic, requiring large amounts of heat and molar

steam/carbon ratios in the 2.5:1 to 3:1 range. Optimum operating temperatures for

the most complete conversion of the fuels to syngas are in the range of 800◦C-900◦C.

Autothermal reforming adds the additional reaction in Equation 1.2

CH4 + 1/2O2− > CO + 2H2 ∆H = −24.5 kJmol−1 (1.2)

An ATR operates at higher temperatures (950◦C-1100◦C) and can be accom-

plished with overall ∆H ≈ 0 by adding a relatively small degree of air or other source

of oxygen such that this reaction balances the other largely endothermic processes.

In the most extreme case, Partial oxidation uses no additional water injection. In-

stead some of the fuel reacts with air under fuel-rich conditions to make the heat and

water needed to run reactions in Equation 1.1. Partial oxidation, especially over a

heavy-metal catalyst such as platinum (i.e. “catalytic partial oxidation” or CPOx)

is faster than steam reforming and requires a smaller reactor. However, as less wa-

ter is provided for reformation (i.e. the steam-to-carbon ratio drops) from SR to

ATR to CPOx, the process becomes less efficient—both energetically and in terms

of complete conversion—as more of the fuel’s combustion enthalpy is expended to

provide the heat and water needed to run the reactions.

The question is which process is best for use on aircraft. Ji. et. al. [49]
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discusses a variety of seam reforming issues and includes a discussion of optimization

on aircraft e.g. [50] and exhaust gas recirculation, whether from cathode (CGR) or

anode (AGR) exhaust flows [51,52]. Steam injection with carried water is considered

by Stoia et. al., but found to be universally not-worth-the-weight [41], with a similar

result found by Ibarreta and Sung [50]. As an additional wrinkle, reforming can

also be performed or continued inside the SOFC itself since the nickel-based anode

catalysts of high-temperature fuel cells are often active for the reformation reactions

as well, particularly the Water-Gas Shift reaction in Equation 1.1b [24, p. 435-436].

After fuel choice, the second looming issue is whether a sufficient specific power

within the SOFC may be achieved. As part of this balance of efficiency and specific

power, GT/SOFC hybrids can have a wide range of configurations. Recuperation

increases the efficiency of the GT while exhaust recirculation within the fuel cell

subsystem can improve SOFC and reformer performance. In practice, the perfor-

mance improvements offered by these more complicated configurations trade against

the additional mass and volume they require.

In the direction of simplicity, there are also “turbineless” hybrid systems (

[28, 49]) that drive the compressor via the SOFC electric power and a motor. The

advantage of these systems is that the temperatures exiting the combustor can be

much higher without the presence of the relatively-fragile turbine. All of the power

available in the Brayton cycle is harnessed by expanding the exhaust through a

nozzle. Among the challenges for a turbineless hybrid is an even further decrease

in propulsive efficiency vs. an equivalent turbojet, since the difference in exhaust

velocity and flight speed will be even greater.
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Optimizations can also be made in terms of high-level system settings such as

fuel utilization within the fuel cell—while high fuel utilization makes the most of

higher SOFC efficiency, achieving that utilization requires larger and heavier SOFC

components. For example, Yi and Kim made the point about the optimal fuel cell

utilization of a GT/SOFC hybrid being reduced versus a traditional fuel cell [53],

and variation of utilization with altitude for the same design [28]. On the other

hand, Braun et. al. suggest a high fuel utilization target of 88% by the SOFC

to minimize the fuel burn objective used for an aircraft APU system [51]. Finally,

technology improvements or design choices may be made at the SOFC stack level

that tailor them to the aircraft application [46].

In addition to weight concerns, the physical volume of the SOFC components

is another source of drag.xxiii The fact that the redox fuel/air reactions must occur

on a surface makes fuel cells inherently less compact than an equivalent combustion

chamber. An analysis by my own research group found that profile drag can easily

become the more substantial component, though this is highly dependent upon the

choice of GT/SOFC integration to the airframe [29]. In a similar vein, Litherland

et. al. also address the drag of an SOFC-carrying pod [54]. An ideal GT/SOFC

integration method remains to be identified but Blended-Wing-Body (BWB) aircraft

designs may be more suitable than traditional engine-pylon configurations [23].

At another level of the problem, studies consider different operating condi-

tions, which if modeled with some level of complexity will change the operating
xxiiiThis volume concern is separate from (and additive to) any increase in volume requirements
due to the use of low-density hydrogen fuel.
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performance of the fuel cell components as well as that of the turbomachinery.

Cruise conditions for the given aircraft are taken to be the representative condition

in most cases since it is the majority of flight time and fuel burn, and as such the

most beneficial target for improving performance. Some studies also add takeoff

as a bracketing high-performance-requirements condition [31]. In the most rigorous

cases, a full mission analysis is sometimes considered, integrating performance (e.g.

fuel burn rate) over the course of an entire flight to address the performance of the

GT/SOFC over the overall journey [51].

Finally, to date, little work has been performed considering the potential im-

pacts of SOFC exhaust streams’ reintegration into an aircraft combustor: a recent

conference paper by Cadou and myself appears to be the only discussion of the topic

for aircraft known [55].
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1.6 Objectives and Approach

In this work, we will consider several different directions of analysis for hybrid

GT/SOFC systems on aircraft. In the first chapter, we will derive a relatively simple

analytical performance model that takes into account the basic topping-cycle of the

GT/SOFC. We will couple this performance model with a variation of a previously-

derived range/endurance model for aircraft to identify basic relationships between

system performance and the performance of individual SOFC components that will

inform our further analyses.

The second chapter will expand on the simple analysis using an improved

NPSS system model that takes into account the physical design of the SOFC and

varying performance of the GT components for different system configurations. In

contrast to previous work using this model that considered generation of secondary

electrical power (ie. the SOFC as a replacement for an APU), we will address

configurations where 100% of the power output is electrical, and configurations

where the electrical power assists the fan enabling larger bypass ratios. We will also

develop new component models for exhaust gas recirculation and heat recuperation.

The former is important for fuel reforming while the latter improves the overall

efficiency of the cycle.

A third chapter will consider the effects of introducing fuel cell exhaust into

the main combustor. High concentrations of H2 and CO in the fuel cell exhaust

could lead to substantial changes in combustion characteristics such as local flame

speed and extinction strain rate which, in turn, could influence the stability of the
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combustor—and possibly enable operation at lower overall equivalence ratios than

previously possible without combustion instability.

1.7 Remaining Challenges

For completeness, there are some immediate open questions that should be

mentioned, but will not be considered in this dissertation. First, while NPSS is

capable of predicting transient performance, it is an additional level of complexity

that is not considered in this work. However, considering the changes in temperature

and heat transfer requirements over the operating range of a typical aircraft mission,

this is an important consideration that deserves future analysis.

Second, the reliability of any replacement power and propulsion system needs

to be approximately similar to that of modern aircraft engines; an in-flight shut-

down rate of approximately 0.020 for extended operations and 0.002 per 1000 hours

of operation is the current state of the art in turbofans. The same goes for main-

tainability; currently turbofans have reached 6,000-14,000 hours before removal for

overhaul (i.e. time-on-wing) [2]. As future-looking technologies, reliability and

maintainability have not been strongly examined in the aircraft application, which

is unfortunately different from modern usages of fuel cells for long-term baseload

power where startup/shutdown cycling is few and far between. For fuel cells this

cycling process is a substantial component of degradation [67]; however, research

continues on different SOFC materials that are more resistant to cycling as well as

tolerance to lower-temperature and lower-voltage operation [68].
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Additionally, acceptable pricing of the SOFC systems is also a difficult question

since SOFCs have not had the same level of commercial cost optimization that other

technologies such as batteries have received. However, if a GT/SOFC system is to

approach the capabilities of modern turbofans, manufacturers have tended to be

willing to spend about 15-22% of the total cost of the airplane consistently since the

1980s, such that a new technology should ideally avoid net engine manufacturing

cost [2]. A full techno-economic analysis is however beyond the scope of this thesis.
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Chapter 2: Ideal Parametric System Analyses

The goal of this chapter is to establish a simplified analytical model that can

provide high-level guidance to designing GT/SOFC systems, as well as help set per-

formance targets of individual components necessary in order to realize improvement

in the aircraft as a whole—whether that be a reduction in fuel burn or an increase in

range and endurance. We will start with a derivation of an ideal GT/SOFC “cycle”

followed by an integration with an aircraft range and endurance equation before

generating results. As applicable background for this chapter, a brief introduction

to the gas turbine and the Brayton cycle which it approximates may be found in

Appendix A. A similar introduction to the fuel cell is available in Appendix B.

It should be noted that this is not the first example of a cycle derivation

or model provided in the literature, though other works such as by Chinda and

Brault [69] and Tarroja et. al. [70] take different approaches and levels of their com-

plexity for ideal analysis. In this chapter, the focus is on providing a more intuitive

understanding of the cycle operation rather than extracting specific performance

predictions, especially for the fuel cell components. These questions are left for

Chapter 3 which considers the design of particular GT/SOFC systems.
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2.1 GT/SOFC Analytical Model

Thermodynamically, the GT/SOFC involves an SOFC operating within the

heat addition step of the GT’s Brayton cycle – specifically between stations 3 and

4 (see also Figure A.3) such that both waste heat and unburned fuel from the

SOFC exhaust can be accounted for as part of the heat addition. Physically, this

might be represented by the GT-SOFC in Figure 2.1 where power is extracted from

the turbine and electricity from the SOFC in lieu of thrust power produced by

accelerating hot working fluid through a nozzle. This configuration matches some

turboelectric concepts where electric power production is maximized.

This ideal analysis assumes the system to be at rest such that no ram drag

nor inlet compression (nor expansion of exhaust through a nozzle) are present.i

Accordingly, the flow velocities inside the different components are presumed to

be low (M << 0.3) such that the total temperatures and pressres are equivalent

static temperatures and pressures at each stage of the cycle. The full open cycle

of a gas turbine engine core, in accordance with Aerospace Recommended Practice

755A [71, p. 263], proceeds from stations 0 to 9. As such, the conditions at the

compressor inlet at station 2 match the conditions at station 0 (subscript “amb”)

and the free-power turbine outlet condition at station 6 is equivalent to station

9. With the static pressure matching at both ends of the cycle, the result is that
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P2 = P6 = Pamb, and we need only consider stations 2 through 6 during the analysis.

The cycle developed here will use assumptions of a calorically-perfect gas as

well as ideal isentropic compression and expansion during the applicable stages of

the cycle. Furthermore, it is assumed that the addition of fuel does not substan-

tially change the specific heat cp or specific heat ratio γ between any given points

in the cycle [71, p. 269]. Similarly, the difference in mass flow rates across the com-

pressor and turbine (and as such the work they require and produce respectively)

is presumed to be small. These assumptions are appropriate for most GT systems

where the fuel mass flow rate is relatively small (AFR ≈30-60 [71, p. 247]), but the

applicability of this assumption can be checked against the AFR found to achieve

the target heating in the cycle derived here.

To start, consider the flow-specific work of a simple Brayton cycle wGT , which

is the power produced ẆGT , normalized by the mass flow rate of the working fluid ṁ.

The flow-specific work for a calorically-perfect working fluid is given by Equation 2.1

when considered in terms of heat input and output, or Equation 2.2 when considered

in terms of work input and output.

wGT =
ẆGT

ṁtot

= qin − qout = cp(T4 − T3)− cp(T6 − Tamb) (2.1)

iFor an aircraft, this might normally be too extreme a simplification; however for our purposes
the power output does not become thrust directly such that the distortion of performance is
reduced. The actual required condition for the turboelectric system posed in Figure 2.1 might only
be that the momentum of the flow ṁv at inlet and outlet of the GT/SOFC is the same to achieve
zero-thrust for any given flight condition. A line of analysis for the ideal full extractable turbine
power may be found by solving for the turbine temperature ratio (and associated pressure ratio
via isentropic relations) via Mattingly’s Equation 5.29 after setting the thrust to zero [71, p. 282].
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Figure 2.1: GT/SOFC Configuration in Ideal Analysis with mass flow sources and
power outputs.

wGT =
ẆGT

ṁtot

= wout − win ≈ cp(T4 − T6)− cp(T3 − Tamb) (2.2)

Note that equation 2.2 assumes that the mass flow rates through the compressor and

turbine are approximately equal or ˙mair >> ˙mfuel. This is a reasonable assumption

for most gas turbines.

The heat input for this cycle qin is given by equation 2.3 where ∆h equals

the specific enthalpy released when a certain mass flow rate of fuel ṁf is burned

with a certain mass flow rate of air ṁair that together make up the total mass flow

rate ṁtot. The temperature reached is related to the fuel enthalpy hfuel and the

air-to-fuel ratio AFR = ṁair/ṁf . Substuting Equation 2.3 into Equation 2.1 gives

Equation 2.4.
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qin − qout =
Q̇

ṁtot

=
ṁfhfuel

ṁair + ṁf

= cp(T4 − T3) (2.3)

wGT =
ṁfhfuel

ṁair + ṁf

− cp(T6 − Tamb) (2.4)

A gas turbine’s performance is generally determined by its overall pressure

ratio OPR and the maximum temperature at the combustor exhaust or the turbine

inlet temperature (TIT) leading to T4 = TIT . Since we are presuming an ideal

gas turbine, we use isentropic relationships to convert between temperature and

pressure in a given component. This leads to Equation 2.5 which relates the turbine

inlet and exhaust temperatures to the ratio of pressures at the two stations.

TIT

T6

=

(
P4

P9

) γ−1
γ

= (OPR)
γ−1
γ → T6 = TIT (OPR)

1−γ
γ (2.5)

Substituting this into Equation 2.4 gives Equation 2.6.

wGT =
ṁfhfuel

ṁair + ṁf

− cp(TIT (OPR)
1−γ
γ − Tamb) (2.6)

Equation 2.6 is appropriate for a generic gas turbine cycle; however in a

GT/SOFC there is a split between fuel introduced in the FC and fuel introduced di-

rectly into the GT combustorii each of which will provide different degrees of heating

for the bottoming Brayton cycle.

Recall that the heat provided to the GT combustor from the FC will be the
iiFuel added directly into the combustor effectively serves to add whatever enthalpy necessary

to achieve the target TIT .
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result of waste heat and chemical energy from unburned reactants, which will total

to be some proportion of the original fuel enthalpy. Assuming no heat losses to the

outside environment for simplicity, the proportion of useful electrical power produced

by the FC (ẆFC) to the fuel enthalpy passed through the fuel cell (ṁf,FChfuel) is

defined as the fuel cell efficiency ηFC (Equation 2.7).

ηFC =
ẆFC

ṁf,FChfuel

(2.7)

The total fuel flow rate includes the flow through the fuel cell ṁf,FC and the

flow directly into the GT combustor ṁf,GT such that ṁf,FC + ṁf,GT = ṁf . The

ratio of the two flow rates is given by σFC = ṁf,FC/ṁf . The heat contributed to

the GT cycle by the fuel introduced into the fuel cell is: (1− ηFC)ṁf,FChfuel.

Substituting in these variables and the AFR into Equation 2.3 for the flow-

specific heat input qin, as well as the isentropic temperature relation for T3, we

can find the relationship between cycle station temperatures Tamb and T4, and the

fuel/air streams, shown in Equation 2.8. Additionally, this equation can be rear-

ranged to solve for the TIT (T4) as shown in Equation 2.9.

hfuel(1− σFCηFC)

AFR + 1
= cp

(
TIT − Tamb (OPR)

γ−1
γ

)
(2.8)

TIT =
hfuel(1− σFCηFC)

cp(AFR + 1)
+ Tamb (OPR)

γ−1
γ (2.9)

Substituting in Equation 2.9 for T4 and the FC fuel ratio, OPR, and AFR into
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Equation 2.6 and simplifying leads to Equation 2.10 which gives the specific work

per unit flow produced by the gas turbine portion of the GT/SOFC.

wGT =
hfuel (1− σFCηFC)

AFR + 1

(
1− (OPR)

1−γ
γ

)
(2.10)

Returning to the fuel cell, recall Equation 2.7 for the fuel cell efficiency and

note that the useful work generated by the fuel cell as electrical power, ẆFC is

unspecified. To rectify that, first consider the actual thermodynamic efficiency of

electricity production from the fuel and oxidant reactions, ηelec which is generally

represented in the cell voltage after all reversible and irreversible losses are accounted

for. A baseline approximation of ηelec can be calculated per Li [24, p. 99] based on

the thermoneutral voltage Vtn and the ratio of operating voltage Voper as shown in

Equation 2.11 where n is the number of electrons transferred per redox reaction of

the fuel, F is Faraday’s constant, and ∆h is the enthalpy change of the reaction per

mole of reactant.

ηelec =
Voper

Vtn

=
Voper

−∆h/(nF )
(2.11)

In the case of an SOFC operating on pure hydrogen fuel, the lower heating

value (LHV) of the combustion reaction with air is -241.8 kJmol−1 [24, p. 50] with

two electrons transferred per molecule of fuel, or equivalently 1.253 V. The resulting

ηelec for a reasonable operating voltage of 0.75 V is 60%. It is possible to do a similar

calculation for hydrocarbon fuels. In general, thermoneutral voltages go down with

increasing carbon content. For example, the thermoneutral voltage for methane

52



is 1.154 V, while it is 0.839 V for dodecane (a kerosene surrogate). At the same

operating voltage of 0.75 V, these yield thermodynamic efficiencies of 65% and 90%

respectively!

That larger hydrocarbons yield greater efficiencies may seem unintuitive at first

glance since hydrogen is traditionally considered to be the ‘better’ fuel. However,

this is due to the lower amount of energy stored in the hydrocarbon fuel per mole of

hydrogen that may be generated in the resulting syngas. There are conditions built

into this result that are helpful to consider.

First, the presumed operating voltage depends on the chemical condition of the

fuel entering into the SOFC with a general performance range set by the dominant

reaction (i.e. the fastest charge transfer reaction) taking place at the electrodes.

Even for hydrocarbon fuels, the dominant reaction tends to be the elemental hy-

drogen redox reaction if it is present even in small amounts [72, p. 2386]. This

hydrogen is provided by reforming the fuel into a syngas mixture via reaction with

some source of oxygen (e.g. air, steam) before that flow enters the fuel cell anode

(see Section 1.5).

Second, the process of fuel reformation itself consumes some degree of the

electron transfer capability within the fuel (on a molar basis) if any elemental oxygen

is added to the fuel stream without first reacting across the MEA. This is because the

added oxygen consumes part of the fuel streams capacity to absorb oxygen from the

cathode, and only this second oxygen source yields electrical power. The addition

of oxygen for reformation outside the fuel cell’s redox reaction lowers the effective

value of n in Equation 2.11, driving up the thermoneutral voltage and lowering the
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efficiency.

The optimal solution is to perform fuel reformation without adding any new

oxygen. This may be achieved using anode gas recirculation (AGR) in which exhaust

gas (carrying steam produced at the MEA) from the anode exit is rerouted upstream

and back into the reformer [73]. This may be an effective idea with the caveat that

the reformation reaction then required (the Water-Gas Shift reaction in Equation

1.1b) is endothermic and will require an additional source of heat (e.g. a smaller

amount of atmospheric air reacted with the fuel, as in the ATR method) to operate

the system. Internal reformation (via all of the reactions of Equation 1.1) inside the

fuel cell anode may also be possible if a suitable catalyst (like Nickel) is present.

However, the internal reformation process still requires some initial water to be

present, and the rates of reaction are strongly dependent on temperature [24, p. 435-

436]. .

If we consider a kerosene-analogous jet fuel using a CPOx reactor (as in this

work ), we can apply an AFR within the CPOx of between 6 and 9 (in terms of

mass) depending on the temperature and pressure conditions [64]. This corresponds

to roughly 36% and 54% of outside oxygen supplied for reformation respectively.

This reduces the effective n by the same proportion since that oxygen capacity is

not available for the transfer of oxygen inside the MEA. A CPOx is the simplest but

least efficient reformation option. In this case, if we take the more optimistic (i.e.

low AFR) case of AFR = 6 for a CPOx and use that to moderate the number of

electrons transferred in Equation 2.11, we find ηelec = 54% for the 0.75 V operating

voltage.
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Figure 2.2: Representation of idealized fuel cell energy inputs and outputs for
GT/SOFC cycle analysis.

A second consideration is that the fuel cell “burns” fuel progressively as it

flows along the fuel cell’s surface (anode) leading to some amount of fuel that is

converted into products (ṁf,FC,burned) by the time the fuel flow leaves the FC. An

idealized visualization of this breakdown is presented in Figure 2.2. This enables us

to represent the power produced by the fuel cell using Equation 2.12.

ẆFC = ṁf,FC,burnedhfuelηelec (2.12)

We can also represent the degree of fuel conversion nondimensionally in terms

of a “utilization” UFC = ṁf,FC,burned/ṁf,FC , i.e. the proportion of fuel introduced

into the fuel cell that is reacted by the fuel cell (with the enthalpy released as

electric power or waste heat). Substituting these terms into Equation 2.7, leads to

Equation 2.13. This is interesting in that it shows that one must have high electrical
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conversion efficiency and high utilization to achieve high fuel cell efficiency. However

improving each aspect has different impacts on thermal management and mass of

the SOFC.

ηFC = ηelecUFC (2.13)

We can also derive an expression for the specific fuel cell electrical power

generation wFC which is the power produced by the fuel cell ẆFC normalized by

the total mass flow rates of air and fuel (Equation 2.14). Note that this is the same

normalization performed for the GT portion of the cycle.

wFC =
ẆFC

ṁf + ṁair

(2.14)

Now that we have two expressions for the useful electrical work from the fuel

cell ẆFC , we can combine Equations 2.12 and 2.14, substitute the utilization and

air-to-fuel ratio into the expression, and solve for the fuel cell specific work:

wFC =
ηelecUFCσFChfuel

AFR + 1
(2.15)

For the purposes of the analysis in this chapter, we will not delve any further

into the inner workings of the fuel cell. Instead, we will take the efficiency and

utilization as design parameters (or performance targets) after establishing the rest

of the GT/SOFC cycle. In that vein, we define the system thermal efficiency of a

GT/SOFC system as the total extracted power divided by the maximum available
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fuel power in a manner that is similar to Equation 1 from Braun [51].

ηsys =
ẆGT + ẆFC

ṁfhfuel

(2.16)

Dividing both numerator and denominator of the right hand side of Equation

2.16 by the sum of the mass flow rates of air and fuel gives an alternate expression

for the system thermal efficiency of the system in terms of the AFR and the specific

power of the turbine and fuel cell:

ηsys =
(wGT + wFC) (AFR + 1)

hfuel

(2.17)

The specific work of the fuel cell and gas turbine can replaced with Equations

2.15 and 2.10 respectively, and after simplification leads to a new expression for the

system thermal efficiency in terms of the electrical efficiency and utilization of the

fuel cell, the overall pressure ratio of the turbine, and the ratio of the fuel mass flow

rate of fuel through the fuel cell to the total fuel mass flow rate (σFC). Note that

as with the traditional Brayton cycle, the system thermal efficiency is independent

of the station 4 maximum temperature (i.e. TIT ).

ηsys =
(
1− (OPR)

1−γ
γ

)
+ ηelecUFCσFC(OPR)

1−γ
γ (2.18)

One of the most important points to note in Equation 2.18 is that the system

thermal efficiency is the addition of two terms. The first term is just the thermal

efficiency of the Brayton cycle, which is dependent only on the pressure ratio. This
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is the bottom floor of the GT/SOFC system thermal efficiency, since the second

term consists of the fuel cell terms (all taking values between zero and one) and a

pressure ratio term, also always between zero and one for any pressure ratio above

one. The takeaway is that the system thermal efficiency of a GT/SOFC is always

greater than that of a gas turbine alone with the same design parameters, no matter

the efficiency or size of the SOFC subsystem. A more efficient or proportionally-

larger SOFC yields better benefits, but there is still a benefit even if the SOFC

subsystem is less efficient than the gas turbine cycle.

Equation 2.18 can also be rearranged to yield an expression for the electrical

efficiency:

ηelec =
ηsys + (OPR)

1−γ
γ − 1

UFCσFC(OPR)
1−γ
γ

(2.19)

We can also solve for other interesting quantities such as the AFR by solving

Equation 2.17 for AFR and substituting the specific work terms and Equation 2.18

for ηsys to yield Equation 2.20. Furthermore, the total specific power comes from the

addition of the specific work terms from Equations 2.15 and 2.10 to create Equation

2.21). The ratio of work produced by the fuel cell to that of the gas turbine cycle

comes from the division of those terms instead in Equation 2.22. Hereafter we will

define Equation 2.22 as θ.

AFR =
hfuel (1− ηelecUFCσFC)

cp

(
TIT − Tamb(OPR)

γ−1
γ

) − 1 (2.20)
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wFC + wGT = cp

(
TIT − Tamb (OPR)

γ−1
γ

)[(
1− (OPR)

1−γ
γ

)
+

ηelecUFCσFC

1− ηelecUFCσFC

]
(2.21)

θ =
wFC

wGT

=
ηelecUFCσFC

(1− ηelecUFCσFC)
(
1− (OPR)

1−γ
γ

) (2.22)

Of particular importance is the total specific power, Equation 2.21, which

consists of three major terms. The first is the heat addition to the Brayton cycle,

cp

(
TIT − Tamb (OPR)

γ−1
γ

)
with the square brackets containing the final two terms.

These last two terms are first the Brayton cycle efficiency
(
1− (OPR)

1−γ
γ

)
, and a

factor consisting of the SOFC design variables that will always evaluate to a value

greater than zero. Similarly to Equation 2.18 for the system thermal efficiency,

this arrangement implies that the presence of the SOFC subsystem at any size or

efficiency will increase the specific work of the GT/SOFC system.

At this point we have relationships for a GT/SOFC thermodynamic cycle as

a function of basic design parameters, omitting the electrochemical details of fuel

cell operation. However given reasonable fuel cell metrics for electrical efficiency,

fuel utilization, and the proportion of fuel sent to the fuel cell in the cycle in place

of those electrochemical details, we can implicitly determine performance for the

whole cycle collectively with the traditional Brayton cycle parameters of ambient

and maximum temperature conditions along with the overall pressure ratio.

The next section will discuss how we might represent this cycle graphically.
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2.2 GT/SOFC Cycle Representation

A traditional representation of a Brayton cycle is through a plot of temperature

and entropy, the so-called “T-s diagram,” an example of which is provided in Figure

A.3. One may be constructed from the ambient and maximum temperatures of the

cycle (T2 and T4 respectively) and the overall pressure ratio. In the GT/SOFC cycle

considered here, the fundamental processes of the Brayton cycle remain unchanged

but the there are now several sources of isobaric heat addition: (1) the net waste heat

emitted by the reformer/fuel cell during fuel reformation and electricity generation

∆hη, (2) the enthalpy remaining in the fuel not consumed by the SOFC ∆hU , and

(3) the enthalpy in the additional fuel added directly to the gas turbine combustor

∆hc. The latter is adjusted to complete the isobaric heat addition to T4.

The net heat released inside the fuel cell due to inefficiencies in the electro-

chemical oxidation process in the fuel cell can be inferred by replacing ηelec with

11− ηelec) in Equation 2.15 leading to:

∆hη =
(1− ηelec)UFCσFChfuel

AFR + 1
(2.23)

Similarly, the enthalpy of the fuel that is not oxidized in the fuel cell and is

later burned in the combustor can be inferred by replacing UFC with (1 − UFC) in

Equation 2.15 leading to: .

∆hU =
(1− UFC) σFChfuel

AFR + 1
(2.24)
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The sum of ∆hη and ∆hU is the net contribution of the fuel cell to the heat

addition to the cycle. Both of these heat additions can be expressed as temper-

ature and enthalpy additions to the cycle. These are plotted consecutively in T-s

space starting from the compressor exhaust temperature. Note that these heat addi-

tions are average temperature changes considering effects on the entirety of airflow

through the system; where flow necessarily splits inside the SOFC for example, there

may be different local temperatures or cycle paths.

Finally, there should be some representation of the “work” performed by the

fuel cell.

On a T-s diagram, work into and out of the ideal Brayton cycle is represented

by differences in temperatures between stations 2 → 3 and 4 → 6 respectively. For

the calorically perfect assumption, the net useful work produced by the Brayton

cycle is the difference between the work output and input (see Equation 2.2). The

problem is that part of the “work” done by the fuel cell is electrochemical in nature

(associated with driving electrons against a potential) and therefore not fully relat-

able to the pdv work of the Brayton and other thermally-based power cycles that

the temperature changes in T-s diagrams represent. The solution is to capture the

heat addition associated with the reformer/fuel cell assembly in the T-s plane while

adding a third orthogonal axis to capture the energy change.iii

An example of such a cycle diagram for the GT/SOFC is presented in Figure

2.3. The inputs used to generate it are presented in Table 2.1. Also indicated on
iiiEnergy on this third axis is reported in temperature units assuming a calorically perfect gas

(per ∆H = cp∆T ) in order to be consistent with, and to permit comparisons to, the temperature
axis in the traditional T-s space.
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the diagram are different components of heating between stations 3 and 4, as well

as the compressor-linked-turbine Ẇt,c/ṁcp and free-turbine Ẇt,f/ṁcp work compo-

nents between stations 4 and 6. The diagram shows that the specific work of the

fuel cell and turbine are roughly equal (θ = 0.998). It should be noted, however,

that the assumed efficiency of electrical conversion inside the fuel cell ηelec = 0.71

corresponds to approximately 0.9 V which may be unreasonably high once reversible

and irreversible losses are taken into account. Additionally, the heat released inside

the fuel cell (the red line) does not bring all of the flow up to the cell operating

temperature of 625◦C (898 K)—an appropriate temperature for the intermediate-

temperature SOFCs being considered here. This is why the fuel cell operating

temperature lies beyond the red region of the heat release profile that is associated

with electrochemical conversion.

Table 2.1: Baseline Inputs for GT/SOFC Cycle Results, unless otherwise stated.

Variable Value Units
OPR 15 n/a
γ 1.4 n/a
cp 1006 J kg−1 K−1

hfuel 5.55× 107 J kg−1

TIT 1600 K
Tamb 251.8 K
TFC 898 K
UFC 0.7 n/a
σFC 0.7 n/a
ηelec 0.6 n/a

However, this operating constraint is not guaranteed, and represents a physical

limitation within the assumptions of this ideal cycle.iv Specifically, if energy is to

be conserved within the cycle (and not cooled by some other means such as fan
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Figure 2.3: Sample T-s diagram of a hybrid GT/SOFC Cycle based on inputs from
Table 2.1.
.

bypass air), the isothermal assumption for the fuel cell is broken if the required

absorption of waste heat ∆hη drives the temperature of all flow through the system

above the safe operating temperature of the fuel cell. Temperatures may be locally

maintained at the operating temperature inside the fuel cell anode and cathode up

to this point, but more heat release after that point will necessarily increase the

temperature. This limitation is illustrated in Figure 2.4. Note in the figure that

the average temperature of the total air flow rate through the system (“combined

flow”) is the relevant value plotted in T-s space in the GT/SOFC cycle diagram.

This physical limitation is not absolute; the idealized fuel cell stage considered

here includes any fuel reformation process. Some reformation methods may be

operated at a higher temperature than the SOFC (for example, CPOx reformers)
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Figure 2.4: Conceptual sketch of GT/SOFC cycle fuel cell heat loss limit.

that might allow for a higher temperature exhaust via a counterflow heat exchanger.

However, from a practical perspective the excess heat produced in the fuel cell during

reformation is minimized as much as possible to improve efficiency. Furthermore, an

effective heat exchanger for this scenario is likely complicated—though not without

value! For this chapter considering ideal analysis, the fuel cell operating temperature

is considered an instructive limit regardless.

To account for this limit, we can mark a limit based on one of our design

variables, for instance the fuel cell efficiency ηelec which will linearly control the

amount of heat released within the fuel cell. If the design electrical efficiency is
ivNear-equivalent descriptions are mentioned in the literature as well, such as by Ji. et. al.,

but put in terms of compressor vs. SOFC outlet temperatures to enable air cooling [49]. This
particular study did not vary fuel cell characteristics, leading to specific operating limitations of
pressure ratio and flight Mach number.
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below this minimum limit, then the GT/SOFC cycle will be non-physical.

Once again considering the calorically-perfect gas assumption, we can deter-

mine the limiting specific heat release ∆hlim to be the enthalpy that reaches the fuel

cell operating temperature TFC . Equation 2.25 provides this relationship, after a

substitution for the compressor exhaust temperature via the isentropic relationships.

∆hlim = cp

(
TFC − Tamb(OPR)

γ−1
γ

)
(2.25)

Combining this equation with Equation 2.23 for the specific heat released

based on the other cycle inputs, and substituting for the AFR via Equation 2.20,

we can derive Equation 2.26 providing the minimum physical fuel cell electrical

efficiency, ηelec,min. Note however that this expression could be instead solved for

any of the other fuel cell design variables (UFC , σFC) if preferred, but the value of

ηelec is generally more constrained by fuel cell material characteristics than the other

design variables.

ηelec,min =
TFC + (σFCUFC − 1)Tamb(OPR)

γ−1
γ − (TIT ) σFCUFC

σFCUFC (TFC − TIT )
(2.26)

In practice, this equation should only come into play to indicate if the design

conditions are non-physical in terms of maintaining fuel cell operating temperature.
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2.3 Range Modeling

Alone, the GT/SOFC cycle immediately indicates some straightforward be-

havior: first, per Equation 2.18, the system efficiency always rises with increasing

OPR, as well as with increasing fuel cell efficiency, utilization, and fuel propor-

tion through the fuel cell—with the caveat of the fuel cell cooling limitation from

Equation 2.25. However this conclusion ignores the tradeoffs for improving these

characteristics, which for the most part will be an increase in mass due to the addi-

tion of the fuel cell components.

Those tradeoffs have large impacts on vehicle range and endurancev. We will

explore these by modifying the Breguet range equation [74, p. 152; 71, p. 41]for

aircraft with GT/SOFC propulsion systems. This derivation is an extension of a

similar analysis by Daniel Waters [31, p. 203].

One may design a range equation for a wide array of different analytical scenar-

ios and assumptions. In this case, we will consider an aircraft flying at a constant

velocity v and altitude, with the GT/SOFC power output scaling to match the

demand. This last condition implies a constant thrust-specific fuel consumption

(TSFC). The effect of energy conversion system weight is captured by representing

the lift to drag ratio of the aircraft using a drag polar. Increases in weight result in

increases in angle of attack and reduced lift/drag ratio.

In contrast with the prior work by Waters where the TSFC referred only to the

GT performance (as SOFC electric power was used for secondary purposes), here
vFor our purposes here, the presumed speed of the aircraft is constant such that range implies

endurance and vice versa. As such, we will only derive a range equation for simplicity.
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the TSFC is determined from the performance of the full GT/SOFC cycle for the

given scenario. More specifically, this derivation applies the electric power generated

to propulsion, and limits the total mass of the system mtot such that a larger engine

mass meng leaves less mass for the full fuel capacity mf,ini, rather than increasing the

overall mass as the propulsion system becomes heavier. This setup is intended to

maintain the overall expected handling performance for the given airframe, and helps

illustrate the tradeoffs between fuel-storage and GT/SOFC mass. Furthermore, this

approach is similar to that followed by Okai et. al. [45].

Building off of Appendix A.1 by Waters [31, p. 204], consider a fundamental

expression for the range R of a fuel-burning aircraft provided in Equation 2.27.

R =

∫ mini

mfin

v
dm

ṁf

(2.27)

Here mfin is the final aircraft mass (with all fuel expended) while mini is

the initial aircraft mass, fully loaded with fuel. Since the fuel flow rate is the

only substantial mechanism for changing the aircraft mass, we can track the other

contributions separately (i.e. mini = mf,ini +m0 +meng, with m0 representing the

aircraft’s structure and payload mass) allowing us to rewrite Equation 2.27 in terms

of just the fuel mass for Equation 2.28.

R =

∫ mf,ini

0

v
dmf

ṁf

(2.28)

With a given structure/payload and total mass for an aircraft, we only need to

establish an engine mass and a fuel flow rate based on our GT/SOFC cycle. Starting
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with the fuel flow rate, we assume that the aircraft is in straight, level, and constant

speed flight so that the propulsive power Ẇprop exactly equals the power to overcome

drag D or Ẇprop = vD. The thrust power is created from the GT/SOFC cycle’s

electric power, moderated by some propulsive efficiency ηprop of the distributed fans

necessary to convert the electrical power into a change in momentum of surrounding

air. Per Equation 5.13 by Hill and Peterson, except replacing the thermal efficiency

with our system efficiency, we find Equation 2.29 for the fuel flow rate [74, p. 151].

ṁf =
vD

ηsysηprophfuel

(2.29)

Presuming steady flight, we can also quickly reframe Equation 2.29 in terms

of the thrust-specific fuel consumption (TSFC) in Equation 2.30, which normalizes

the fuel flow rate by the produced thrust of the system.

TSFC =
ṁf

D
=

v

ηsysηprophfuel

(2.30)

A standard treatment in aircraft design is to express the lift and drag with

non-dimensional coefficients of lift CL = L
1
2
ρv2S

and drag CD = D
1
2
ρv2S

respectively,

and then relate those coefficients using a “drag polar” (that relates the coefficients

to each-other) of the form CD = CD,min + K (CL − CL,min)
2 [75, p. 262].vi Here ρ

is the air density, S is the wing area. The variables K, CD,min, and CL,min are all

fitted parameters for a particular airframe.
viOther forms of the drag polar may also be used, but they all include some reference to the lift

force such that the general steps of this derivation remain appropriate.

68



Replacing the drag in Equation 2.29 with the drag polar and expressing the

lift force L using a lift coefficient CL yields Equation 2.31.

ṁf =

v

(
CD,min +K

(
L

1
2
ρv2S

− CL,min

)2)
1
2
ρv2S

ηsysηprophfuel

(2.31)

In order to maintain a constant altitude, the lift must equal weight such that

L = mg, where g is the acceleration due to gravity. The mass however changes

from the initial mass over the course of the flight as the fuel is expended, with

the engine and structure/payload masses remaining constant. Additionally, from

the GT/SOFC cycle we can substitute in the system efficiency (Equation 2.18).

Together, these alterations yield Equation 2.32.

ṁf =

v

(
CD,min +K

(
mf+m0+meng

1
2
ρv2S

g − CL,min

)2)
1
2
ρv2S(

ηelecUFCσFC + (1− ηelecUFCσFC)
(
1− (OPR)

1−γ
γ

))
ηprophfuel

(2.32)

The fuel flow rate is now determined in terms of design constants, the fuel mass,

and the mass of the engine which has thus far been unspecified, but is required for

establishing the initial fuel mass in any case. We can make an estimation of the

engine mass by presuming that the engine needs to be designed to provide the

maximum required power, i.e. the power required at full fuel load Ẇprop,ini. The

basic mass relationship shown in Equation 2.33 is through the GT/SOFC structure-

specific power pGT/SOFC .
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meng =
Ẇprop,ini

pGT/SOFC

δfans (2.33)

The specific power of the GT/SOFC represents the total power produced,

normalized by the total mass of the system. As a substantial simplification, we can

consider both the power produced and the mass to be sums of the gas turbine and

fuel cell contributions to each characteristic, as in Equation 2.34. An additional

multiplicative mass factor δfans is included to account for the additional mass of

the electrical control system, propulsor fans, and motors necessary to convert the

electrical power to momentum in the flow.vii

pGT/SOFC =
ẆGT + ẆFC

mGT +mFC

(2.34)

If we recall the dimensionless variable θ defined in Equation 2.22 as the rela-

tionship between the flow-specific power produced by the fuel cell and gas turbine,

we can apply the same relationship to the non-normalized powers such that we can

put the fuel cell power produced in terms of the gas turbine power via ẆFC = θẆGT ,

such that Ẇprop,ini = (1 + θ) ẆGT .

We can also provide reasonable values of the structure-specific powers of the

gas turbine pGT = ẆGT

mGT
and fuel cellviii pFC = ẆFC

mFC
components. Structure-specific

power values are often available in the literature for real systems (modern turbofans

are currently approximately 15kW/kg [2]), or can be modeled separately, for example
viiThese masses might also be included in pGT/SOFC , but they are not directly dependent on the

GT/SOFC cycle characteristics, instead scaling primarily with the overall power produced.
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as in Waters [31, Ch. 4.3].

With the structure-specific powers, we can substitute for the masses in Equa-

tion 2.34 as well as the maximum propulsive power in terms of θ and the gas turbine

power contribution. The result after all GT power contributions cancel is Equation

2.35, which leaves the specific power of the combined GT/SOFC system in terms of

θ and the individual component specific powers alone.

pGT/SOFC =
1 + θ

1
pGT

+ θ
pFC

(2.35)

Returning to the GT/SOFC “engine” mass from Equation 2.33, first recall

that Ẇprop = vD. The maximum power required in Equation 2.33 can be found

by substituting for the drag D again with the drag polar form as in Equation 2.31,

except with the static value for the mass of mini. Substituting both the propulsive

power and GT/SOFC specific power from Equation 2.35, we arrive at Equation

2.36.ix

meng =

v

(
CD,min +K

(
mini
1
2
ρv2S

g − CL,min

)2)
1
2
ρv2S

(
1

pGT
+ θ

pFC

)
1 + θ

δfans (2.36)

With the GT/SOFC engine mass established, we can substitute this expression
viiiThe specific power of the fuel cell is taken to be that of the whole stack with supporting

interconnects, etc. and will vary as a function of multiple variables including the electrical efficiency
and the utilization

ixThis mass formulation bears a close resemblance to that used by Okai et. al. [44], with the
addition of θ and without consideration of power conditioning or fan mass. Since these latter
components are (arguably) linearly-dependent on the power produced, they are encapsulated in
the single correction factor δfans.
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into the fuel flow rate (Equation 2.32) which is in turn substituted into the range

equation (Equation 2.28). Finally, recall that the upper limit of integration mf,ini

in Equation 2.28 is solvable via mf,ini = mini −m0 −meng.

The resulting range equation is provided below in Equation 2.37, though the

expressions that result in constants (θ, meng, mf,ini) are left un-substituted for sim-

plicity.

R =

∫ mf,ini

0

(
ηelecUFCσFC + (1− ηelecUFCσFC)

(
1− (OPR)

1−γ
γ

))
ηprophfuel(

CD,min +K
(

mf+m0+meng
1
2
ρv2S

g − CL,min

)2)
1
2
ρv2S

dmf

(2.37)

If we carry out this integration, using now the un-substituted ηsys from Equa-

tion 2.18 for compactness, we reach Equation 2.38. This expression provides a single

performance metric (an aircraft’s range) through which we can compare the overall

effect of different GT/SOFC cycle design parameters on a notional aircraft.

R = −ηsysηprophfuel√
KCD,ming

tan−1

(√
K

CD,min

(
CL,min

1
2
ρv2S − g (mf +m0 +meng)

)
1
2
ρv2S

)∣∣∣mf=mf,ini

mf=0

(2.38)

Note that in order to use Equation 2.38, θ, meng, mf,ini, and AFR need to be

substituted for as well along the way.
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Figure 2.5: Ideal Brayton cycle with recuperation, T-s diagram and block diagram.
Reproduced from Mattingly [71, p. 256] with minor modification of station numbers
to match Figure 2.7

2.4 Recuperation

One common strategy for improving the efficiency of the Brayton cycle, with

or without fuel cell components, is recuperation.x This section will provide an

analysis that includes this strategy into the previous GT/SOFC cycle derivation.

Recuperation, illustrated in Figure 2.5, places a heat exchanger (HEX) between

the compressor and turbine exhausts (stations 3 and 9 respectively in Figure 2.5)

allowing waste heat in the turbine exhaust to preheat the compressor exhaust be-

fore it enters the combustor lowering the amount of fuel needed to raise the flow

temperature to the turbine inlet temperature. The cycle is illustrated in Figure

2.5) [71, p. 252-257]. Note, however, that recuperation only works if the turbine

exhaust is hotter than the compressor exhaust.
xAn alternative term for this process is “regeneration” (usually used in power plant contexts)

and the equivalent component a “regenerator” instead of a recuperator.
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Figure 2.6: Efficiency of ideal Brayton cycle with recuperation at varying pressure
and temperature ratios. Reproduced from Mattingly [71, p. 256]

Presuming a perfect recuperating heat exchanger, the resulting ideal thermal

efficiency ηT can be calculated from Equation 2.39 [71, p.257]. At low pressure

ratios PR, the efficiency improvements can be substantial—and in fact recuper-

ation is common in ground-based power generation with steam turbines. How-

ever the advantage drops away rapidly with increasing pressure ratios at any given

maximum-to-ambient temperature ratio, as can be seen in Figure 2.6. For context,

the temperature ratio of modern jet engines can be between 5–8 for a T4 = TIT of

1600K, depending on operating altitude (which determines T2).

ηT = 1− (PR)(γ−1)/γ

T4/T2

(2.39)
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Ground applications of GT/SOFC systems often incorporate some kind of re-

cuperation process as part of the overall cycle [76]. At least one analysis comparing

system configurations with and without the recuperative cycle show that it is effec-

tively a trade between higher pressure ratios (for the GT components) and higher

weight/comnplexity (for recuperator) [32]. Although the concept has also been con-

sidered for many years in un-hybridized aircraft applications [77–79], recuperation

tends to be difficult to implement. This is because air-to-air heat exchangers with

high effectiveness (i.e. approaching ideal behavior) are large, heavy, and add sub-

stantial complexity to the flowpath. These disadvantages are much less problematic

in ground-based scenarios. Furthermore, the recuperation strategy depends upon

a relatively low overall pressure ratio to maintain the exhaust temperature differ-

ence, which goes against the standard trends for aircraft turbomachinery to target

higher pressure ratios for greater compactness and flow-specific workxi in addition

to improved efficiency.

However, in the case of an airborne GT/SOFC, there still could be an opti-

mal middle-ground since GT/SOFC systems already require additional flow path

complexity, and provide enhancement to the flow-specific work. On the other hand,

the heat added to the flow via recuperation contributes to the cooling limitation

discussed in Section 2.2.
xiA similar thermodynamic strategy for improving the flow-specific work of the Brayton cycle is

called reheat. Reheat adds more energy to the flow after the turbine used to drive the compressor,
but before the additional power extraction turbine [71, p. 252-257]. Since the first turbine’s exhaust
is still at higher pressure than ambient, the additional heating functions as a second Brayton cycle
at a lower OPR. Operating with reheat dodges turbine temperature limits to extract more work
per unit of flow through the system, but lowers the system efficiency since the reheat stage is less
efficient with the lower OPR. Reheat is usually applied in scenarios like afterburners for combat
aircraft rather than airliners, so the process is not considered further here.
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Figure 2.7: GT/SOFC Configuration with Recuperator in Ideal Analysis with mass
flow sources and power outputs. Arrows “A” and “B” denote connected flow loca-
tions and direction

Without further preamble, we can consider a recuperating HEX placed into

the GT/SOFC cycle, perhaps as depicted in Figure 2.7. Using the same assumptions

as Section 2.1, we can represent the thermal efficiency of the baseline Brayton cycle

with recuperation in terms of the work produced ẆGT and the cycle heat input Q̇in

in Equation 2.40 per Mattingly [71, p. 22].

ηT =
ẆGT

Q̇in

(2.40)

With the presumption that the fuel mass flow rates are relatively small, we

can again approximate that the mass flow rates through the compressor, combus-

tor, and turbine are equal. As such, following Equation 2.2 the flow-specific work
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produced by the Brayton cycle may be written as the difference between the work

input (compressor) and output (turbine), differences in enthalpies across the compo-

nents, differences in temperatures across the components (assuming constant specific

heats).

However, the flow-specific heat qin = Q̇/ṁtot that is added varies from Equa-

tion 2.3 in the starting temperature: instead of starting at the compressor ex-

haust temperature T3, it begins at the cold-side recuperator exhaust temperature

T3.5 = T3 + ∆Tcomp. Also recalling that T4 = TIT , we can generate Equation

2.41. Noting that the heat output will be similarly impacted, we can also generate

Equation 2.42 from a similar process through T6.5 = T6 −∆Tturb.

qin =
Q̇in

ṁtot

=
ṁfhfuel

ṁair + ṁf

= cp(TIT − T3.5) (2.41)

qout =
Q̇out

ṁtot

= cp(T6.5 − Tamb) (2.42)

In turn, both recuperator exhaust temperature differences are calculated from

the (here given) effectiveness ϵ, which is the ratio of the actual heat transfer rate

achieved by the HEX to the maximum possible heat transfer rate between the two

flows (Equation 2.43).

ϵ =
Q̇HEX

min (ṁ1cp1 , ṁ2cp2) (T6 − T3)
(2.43)

Here ṁ1 and ṁ2 are the flow rates on each side of the heat exchanger. However
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in this analysis so far we have made the assumption that the fuel mass flow rate

is relatively small such that the flow rates through the compressor and turbine are

taken to be equal. Similarly, the specific heat of air has also been taken to be

constant, such that cp1 = cp2 . As a result, noting that because of these assumptions

Q̇HEX = ṁcp∆T and that ∆Tcomp = ∆Tturb, Equation 2.43 simplifies substantially

to a ratio of temperature differences, ϵ = ∆T/(T6 − T3) through which we may

substitute and solve for T3.5 (Equation 2.44) and T6.5 (Equation 2.45).

T3.5 = ϵ (T6 − T3) + T3 (2.44)

T6.5 = T6 − ϵ (T6 − T3) (2.45)

Substituting Equation 2.44 into Equation 2.41 and 2.45 into Equation 2.41 as

using isentropic relationships (see Equation 2.5) to write temperatures in terms of

pressures leads to Equations 2.46 and 2.47

qin = cp

(
TIT

(
1− ϵ (OPR)

1−γ
γ

)
+ Tamb (OPR)

γ−1
γ (ϵ− 1)

)
(2.46)

qout = cp

(
TIT (OPR)

1−γ
γ (1− ϵ) + Tamb

(
(OPR)

γ−1
γ ϵ− 1

))
(2.47)

We can now return to the same process as the previous GT/SOFC cycle deriva-

tion, equating the two expressions for qin from Equation 2.46 and the FC-parameter
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left-hand-side of Equation 2.8 which represents the heat addition. The result is

Equation 2.48.

hfuel(1− ηelecUFCσFC)

AFR + 1
= cp

(
TIT

(
1− ϵ (OPR)

1−γ
γ

)
+ Tamb (OPR)

γ−1
γ (ϵ− 1)

)
(2.48)

From here we may derive other quantities of interest as before, including AFR,

wFC , θ, and ηsys, which are provided in Equations 2.49, 2.50, 2.51, and 2.52 respec-

tively. The flow-specific gas turbine work for this scenario (wGT ) reduces to Equation

2.1, which is appropriate since the only changed characteristic of the Brayton cycle

are the different contributions to the heating between stations 3 and 4.

AFR =
hfuel (1− ηelecUFCσFC)

cp

(
TIT

(
1− ϵ (OPR)

1−γ
γ

)
+ Tamb (OPR)

γ−1
γ (ϵ− 1)

) − 1 (2.49)

wFC = cp

(
TIT

(
1− ϵ (OPR)

1−γ
γ

)
+ Tamb (OPR)

γ−1
γ (ϵ− 1)

) ηelecUFCσFC

1− ηelecUFCσFC

(2.50)

θ =
wFC

wGT

=
TIT

(
1− ϵ (OPR)

1−γ
γ

)
+ Tamb (OPR)

γ−1
γ (ϵ− 1)

TIT
(
1− (OPR)

1−γ
γ

)
+ Tamb

(
1− (OPR)

γ−1
γ

) (
ηelecUFCσFC

1− ηelecUFCσFC

)
(2.51)
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ηsys = ηelecUFCσFC + (1− ηelecUFCσFC) β (2.52a)

β =

(
1− (OPR)

γ−1
γ

)(
TIT − Tamb(OPR)

γ−1
γ

)
(OPR)

γ−1
γ

(
TIT

(
ϵ(OPR)

1−γ
γ − 1

)
− Tamb(OPR)

γ−1
γ (ϵ− 1)

) (2.52b)

These equations reduce to their equivalents in Section 2.1 when ϵ = 0.

A GT/SOFC with a recuperator is subject to the same turbine inlet tempea-

ture limit as the non-recuperated cycle investigated in Section 2.2. This, in turn,

limits how much heat may be released within the SOFC. Following the same process

for derivation, consider that the heat addition limit Equation 2.25 is bracketed again

by the SOFC operating temperature, but now on the low-temperature side by the

recuperator exhaust temperature instead of the compressor exhaust’s. This leads to

Equation 2.53 where T3 is replaced by T3.5 as per Equation 2.44, and re-written in

terms of OPR and ambient conditions using isentropic relations.

∆hlim = cp

(
TFC − ϵ

(
TIT (OPR)

1−γ
γ − Tamb(OPR)

γ−1
γ

)
− Tamb(OPR)

γ−1
γ

)
(2.53)

With an expression for the heat limit, we may again combine this equation

with Equation 2.23 for the specific heat released based on the other cycle inputs,

and substituting for the AFR with recuperator via Equation 2.49, leads to Equation

2.54 for the minimum physical fuel cell electrical efficiency, ηelec,min. Note again that

this expression could be solved for the other fuel cell design variables if preferred.
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ηelec,min =
A− σFCUFC

σFCUFC (A− 1)
(2.54a)

A =
TFC − ϵ (TIT ) (OPR)

1−γ
γ + Tamb(OPR)

γ−1
γ (ϵ− 1)

TIT
(
1− ϵ(OPR)

1−γ
γ

)
+ Tamb(OPR)

γ−1
γ (ϵ− 1)

(2.54b)

The cycle diagram presented in Figure 2.3 is modified to illustrate the effect

of recuperation in Figure 2.8 for an effectiveness of ϵ = 0.8 and other parameters

identical. The blue segments illustrate the effects of the recuperator which occur at

the compressor and turbine exhausts. The heat transfer that occurs via the HEX,

∆hϵ, is also shown normalized by the specific heat of air at constant pressure.

Figure 2.8: Example T-s diagram of GT/SOFC cycle with recuperation based on
inputs from Table 2.1 and a HEX effectiveness of ϵ = 0.8.

Immediately we can see that in comparison to the scenario without recuper-

ation (Figure 2.3), the heat added after the compressor exhaust (station 3) pushes
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the temperature after heat release within the fuel cell above the fuel cell operat-

ing temperature TFC of 898K. As discussed earlier, this set of parameters is not a

physically viable operating condition.

2.5 Results and Discussion

With analytical equations for the GT/SOFC cycle in hand, let us next examine

some results, both qualitative and quantitative. As done for the derivations, we’ll

first look at the basic cycle, then consider range analysis results and the impacts

recuperation can have on the cycle.

2.5.1 GT/SOFC Cycle Model

There are many places to begin an analysis of the GT/SOFC cycle since there

are many questions that may be asked. These include but are not limited to global

performance questions like optimizations of efficiency and specific power per unit

flow rate, internal characteristics like the amount of power produced by the SOFC

relative to the turbine, etc.

We will start with a qualitative description of the effects of some specific design

variables on the GT/SOFC cycle that may be freely specified. They are the amount

of fuel diverted through the fuel cell σFC , the fuel cell utilization UFC , and the overall

GT pressure ratio OPR. See Table 2.1 for a more complete list of design parameters.

The values of σFC and UFC are always between zero. OPR is limited by the practical

capabilities of turbomachinery—higher OPR hardware is generally more expensive

82



and exists in the range of OPR ≈ 1 ↔ 50 with higher capabilities at the state-of-

the-art for aircraft use. All other variables in Table 2.1 are broadly constrained by

higher- or lower-level design choices (e.g. fuel cell operating temperature and fuel

enthalpy), materials limitations (TIT ), or operating conditions.

Consider Figure 2.9, which shows GT/SOFC cycles for three different OPR

values and all other values specified in Table 2.1.xii Some immediate observations we

can make are that the usual characteristics of Brayton cycle apply normally, with

increasing compressor exhaust temperatures and lower changes in entropy achieved

with increasing OPR.

We also see that as OPR increases, the heat release within the SOFC (red along

the Brayton cycle outline) drives the fuel cell exit temperature toward the SOFC op-

erating temperature limit (large black dot). Increasing OPR also increases the power

extracted from the turbine (stations 5 to 6, per Figure 2.8) which reduces the amount

of power produced by the SOFC (red dashed line rising from the Brayton-plane)

relative to the power produced by the turbine. In most ground-based GT/SOFC

systems, pressure ratios are low as they are applied to a steam-generating Rank-

ine cycle such that the increased importance of the SOFC contributions for ground

power production is consistent. At the same time, the system thermal efficiency

increases with OPR as the Brayton cycle turbine is operated more efficiently.

Instead of viewing each scenario as a cycle plot, we can generate contour

diagrams, with the axes representing some design variables of interest. Figure 2.10

shows contours of system thermal efficiency as a function of σFC and OPR. Cases in
xiiUnless otherwise noted, the baseline variable values used in all results match Table 2.1.
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Figure 2.9: GT/SOFC T-s cycle diagrams for OPR = 5,15,24 (top to bottom). The
corresponding system thermal efficiency are ηsys = 55%,67%,73% respectively. The
red portion of the curve show the heat addition associated with chemical reaction in
the fuel cell. The green portion shows the heat addition in the combustor from fuel
that was not converted in the furel cell. The large black dot shows the FC operating
temperature.
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Figure 2.10: System thermal efficiency (ηsys) as a function of overall pressure ratio
(OPR) and proportion of fuel through the fuel cell (σFC). The values of other
system parameters are given in Table 2.1.

which the SOFC exit temperature exceeds the isothermal SOFC temperature limit

are excluded and shown on the plots as blank white space.

There are several immediate observations. First, we see the approximately

linear decrease of the temperature limit cutoff as OPR increases: raising OPR

raises the fuel cell inlet temperature meaning that less fuel will have to be converted

in the fuel cell to reach the isothemal operating limit TFC . Note that the relationship

is not exactly linear (see Equation 2.26) but appears so in this case.
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Next, note the general trend that higher values of both OPR and σFC im-

prove the system thermal efficiency. This makes sense because the Brayton cycle’s

efficiency increases with OPR and the fuel cell is more efficient than the Brayton

cycle. The slope of the contours indicate that system efficiency is more sensitive to

OPR when OPR and σFC are low and becomes slightly more sensitive to σFC as

OPR increases. To see this, notice how the direction of the gradient vector (which

is perpendicular to the contours) changes as one moves around in the space.

Turbomachinery limitations in cost or achievable efficiency favor lower OPR

values, but even a relatively modest OPR = 24 (seen in engines powering modern

regional airliners) can achieve ηsys = 70%. This is substantially greater than the

thermodynamic efficiencies of modern turbofans ( see Figure 1.8).

While the system efficiency results appear promising, efficiency is only one

metric of a thermodynamic cycle’s performance. Another is the total flow-specific

work which is presented in Figure 2.11. The figure shows that there is a particular

value of OPR that maximizes flow specific work for any given σFC . The flow specific

work increases as σFC increases while the optimum value of OPR decreases. An

optimum OPR also exists for σFC = 0 (i.e. a pure GT without a fuel cell subsystem)

and finding it is a standard optimization problem for the Brayton cycle [71, p. 253].

The decrease in optimum OPR with increasing σFC reflects the fact that as the more

efficient fuel cell contributes more to the system’s overall power, it is less necessary

for the turbomachinery to be efficient. The results also indicate that there is a

tradeoff between efficiency (see Figure 2.11) and flow specific work: System thermal

efficiency increases as one increases OPR and decreases σFC whereas flow specific
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Figure 2.11: Total flow-specific work ( ẆGT+ẆFC

ṁtot
) as a functino of overall pressure

ratio (OPR) and proportion of fuel through the fuel cell (σFC). The values of other
system parameters are given in Table 2.1.

work increases as one increases σFC and moves OPR toward the optimum value.

Gradient vectors in the space point mostly upward indicating that the flow-

specific work is much more sensitive to the value of σFC than the OPR. For example,

a value of σFC = 0.6 results in an over 50% improvement in flow-specific work over

that of a baseline GT alone! This is an encouraging result, since higher flow-specific

work leads to a relatively more compact engine. We should note that in this case we

may only achieve a smaller inlet size, considering that more power generation by
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the fuel cell will generally require a proportionally larger (and heavier) fuel cell.

The effect of varying OPR and sigmaFC on the relative proportion of power

generated by the fuel cell and gas turbine subsystems is presented in Figure 2.12.

While an optimized design will also take into account other factors like mass (see the

range model in Section 2.5.2) and turbomachinery efficiencies, we can see that the

power split becomes more sesitive to OPR as σFC increases. We can also see that

the maximum allowable value of σFC decreases with OPR reflecting the constraint

imposed by the maximum SOFC operating temperature. This does not necessarily

indicate that hybridization becomes less favorable with increasing OPR since the

system thermal efficiency also increases (see Figure 2.10).

The variation of air-to-fuel ratio (AFR) with OPR and σFC is illustrated in

Figure 2.13. The immediate use for this information is to confirm that we are operat-

ing in a reasonable range for our constant specific heat assumption. Unsurprisingly,

AFR is lowest when most fuel is injected through the SOFC subsystem at low OPR

(emphasizing the SOFC contribution), and highest in the opposite scenario that

emphasizes the gas turbine.

With cycle performance broadly established, we can now move on to the overall

effects these different cycle impacts have on aircraft operating range.
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Figure 2.12: Ratio of fuel cell to gas turbine specific work as a function of overall
pressure ratio (OPR) and proportion of fuel through the fuel cell (σFC). The values
of other system parameters are given in Table 2.1.
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Figure 2.13: Required system-level Air/Fuel ratio (AFR) for varying OPR and
proportion of fuel through the fuel cell.
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2.5.2 GT/SOFC Range Model

In looking at the range modeling results, we use the same default system

parameters as before in Table 2.1. Additional variable values regarding aircraft

mass breakdown and airframe performance in Table 2.2. Where available, these

values match those provided in prior work for a regional transport jet such as the

ERJ-145 [64]. As before, and in the discussion that follows, both sets of default

values only vary where explicitly stated.

Table 2.2: Baseline Inputs for GT/SOFC Range Model Results, unless otherwise
stated.

Variable Value Units
ηprop 0.8 n/a
pGT 3.37 kWkg−1

pFC 1.00 kWkg−1

m0 15000 kg
mtot 20524 kg
v 237.29 ms−1

ρ 0.3806 kgm−3

S 50 m2

δfans 1.5 n/a
CD,min 0.016 n/a
CL,min 0.1 n/a
K 0.09 n/a

Figure 2.14 shows range (comuputed using Equation ??) as a function of OPR

and σFC . First of all, the range values are much higher than seen in actual aircraft

of this class. For example, the ERJ-145LR has a range of 2,873 km whereas the

range estimate here is a little under 11,000 km for GT alone (a pure Brayton cy-

cle) at an OPR = 23 with no fuel cell. This factor of 3-4 difference might be
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accounted for by the (1) ideal turbomachinery efficiency, (2) lack of safety margin,

taxi/takeoff/landing fuel usage, and (3) an optimistic value of propulsive efficiency

expected for driven fans.
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Figure 2.14: Range as a function of overall pressure ratio (OPR) and proportion of
fuel through the fuel cell (σFC) for a reformer/fuel cell element with a specific power
of 1kW/kg and turbomachinery with a specific power of 3370W/kg. The values of
other system parameters are given in Table XXX.

In any case, for this ’toy’ model the greatest interest is in the performance

trends. Immediately, we can see that the range follows the same general trend as

efficiency illustrated in Figure 2.10 of the previous section: range increases with

increasing OPR and σFC but is much more sensitive to OPR. However, the shapes
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of the curves are different: the efficiency contours in Figure 2.10 are concave up

whereas the range contours here (Figure 2.14) are concave down.

The total weight of the ESPG (ie. energy conversion system plus fuel) upon

which Figure 2.14 is based is constant as is its power output. What changes as one

moves vertically in the space (ie. as one adds fuel cell components) is the distribution

of weight between the turbomachinery, fuel cell, and fuel. Since ESPG power output

remains constant, adding fuel cells reduces the size of the turbomachinery needed.

However, since the specific power of the turbomachinery is greater than that of the

fuel cell, fuel mass must also be reduced in order to maintain constant ESPG weight.

Figure 2.15 shows how fuel capacity varies in the OPR–σFC space. The greatest

amounts of fuel (and so the smallest ESPG) can actually be found at the extremes

of the σFC limits, with either no SOFC (i.e. σFC = 0) or nearly all fuel passing

through the SOFC first. However, the variation in general is not substantial, only

varying about 200 kg over the entire space. Note also that these limits do not confer

the greatest range; the range capability is a function of the cycle efficiency of the

system, as well as the amount of fuel carried.

Since for a range calculation we are now considering the masses of our ESPG

components, other variable trades can be particularly important. For example,

consider the effects of fuel cell electrical efficiency and specific power which trade

against each other via the choice of SOFC operating voltage: increasing stack op-

erating voltage increases efficiency but decreases current and thus specific power.

Figure 2.16 illustrates the effect of fuel cell efficiency and specific power on range for

OPR = X and σFC = Y . Unsurprisingly, range increases with increasing fuel cell

93



4450
4450

4450

4500
4500

4500

45504550

45
50

5 10 15 20 25 30 35 40 45 50 55

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 2.15: Maximum fuel capacity (kg) as a function of overall pressure ratio
(OPR) and proportion of fuel through the fuel cell (σFC) for a reformer/fuel cell
element with a specific power of 1kW/kg and turbomachinery with a specific power
of 3370W/kg. The values of other system parameters are given in Tables 2.1 and
2.2.

specific power and cell efficiency. Range is most sensitive to fuel cell specific power

when specific power is low but gets progressively less sensitive to specific power as

it increases and by 1600Wkg−1 is equally sensitive to efficiency and specific power.

As indicated earlier, efficiency and specific power are not independent of each other

in a fuel cell which means that a single cell cannot access all portions of this space.

Note that the plot has excluded values below a minimum efficiency which corresponds

to the heat release limit for the chosen value of σFC = 0.5, since specific power does
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Figure 2.16: Aircraft range as a function of SOFC efficiency and specific power
for a hybrid power system with OPR = 15 and σFC = 0.7. The values of other
system parameters are given in Table 2.1. Overlaid on this space is a notional
SOFC performance curve along with the SOFC operating point (indicated by the
red circle with black dot) that maximizes range.

not impact the cycle performance.

|

The notional curve shown on Figure 2.16 represents the SOFC polarization

curve; in a fuel cell stack, varying the operating voltage effectively changes the effi-

ciency per Equation 2.11. The result is a larger current density in the same physical

SOFC active area, and—to a point—greater electrical power generation that in-

creases the device’s specific power. With some conversion of per-active-area SOFC
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performance to stack mass, we can map this onto with any empirical polarization

curve for the SOFC operating condition (i.e. temperature and pressure). Depend-

ing on the specific performance and conditions, we can determine an range-optimal

operating voltage, as indicated by the black dot on the curve.

In a similar efficiency and fuel cell specific power space, we can generate a plot

of the fuel mass necessary for these different variables, yielding Figure 2.17. While

there are small effects from the variation in efficiency across the space changing

the expected engine mass through changes in the resulting θ, the fuel cell specific

power is far more impactful in terms of the amount of fuel available—at least at

this location in the OPR/σFC space.
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Figure 2.17: Maximum fuel capacity (kg) as a function of SOFC efficiency and
specific power for a hybrid power system with OPR = 15 and σFC = 0.7. The
values of other system parameters are given in Table 2.1.
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2.5.3 Recuperation Results

The presence of the recuperator in the GT/SOFC system has several significant

effects. First, the system thermal efficiency is improved when the turbine exhaust

(T6) temperature is substantially higher than the compressor exhaust temperature

(T3), i.e. at low pressure ratios or high T4/Tamb values. When the temperature

relationship is reversed (i.e. T6 < T3), the recuperator actually becomes harmful to

performance and should be bypassed. Second, the upper limit on σFC is reduced

since the heat passed into the compressor exhaust by the recuperator lowers the

amount of waste heat that may be absorbed below the SOFC operating temperature.

These effects are seein in Figure 2.18, which overlays contours for 50% recuperation

onto an equivalent scenario to Figure 1.12.

We can also discuss the impact of a recuperator for a continuous range of

effectiveness rather than just a single value. Consider Figure 2.19 which shows

the system thermal efficiency as a function of recuperator effectiveness and σFC .

The figure shows that both variables have similar substantial positive impacts on

the system thermal GT/SOFC efficiency; at the same time parts of the space are

restricted again by the SOFC operating temperature limit.

This is unsurprising, since both strategies (SOFC integration and recupera-

tion) pre-heat the compressor exhaust flow before it reaches the combustor. The

difference is that the integrated SOFC draws additional energy from fuel injected

into the cycle before adding waste heat and enthalpy into the combustor, effectively

augmenting the Brayton cycle power output with thermodynamically “free” SOFC
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Figure 2.18: GT/SOFC cycle efficiency as a function of OPR and σFC with red
dashed contours corresponding to 50% effective recuperation and black solid con-
tours corresponding to 0% recuperation. Dash-dotted vertical line indicates OPR
at which turbine exhaust becomes colder than compressor exhaust. The values of
other system parameters are given in Table 2.1.

99



0.56
0.58

0.6

0.62

0.62

0.64

0.64

0.66

0.66

0.66

0.68

0.68

0.68

0.7

0.7

0.72

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 2.19: GT/SOFC cycle efficiency as a function of recuperator effectiveness
and σFC The values of other system parameters are given in Table 2.1.

output.xiii In contrast, recuperation recovers waste heat from the turbine exhaust

into the compressor exhaust. Per Equations A.1 and A.2, this results in a direct and

equivalent lowering of both Q̇in and Q̇out from the heat cycle. While their difference

(and so the work produced) is the same, the efficiency (dependent only on Q̇in) is

improved.

This difference is also observable in the resulting work per unit of flow. Con-

sider Figure 2.20 which shows substantial increases in flow-specific work as the

relative size of the SOFC (ie. σFC) increases. As expected for a recuperated Bray-
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Figure 2.20: GT/SOFC Flow-Specific Power (kJ kg−1) as a function of recuperator
effectiveness and σFC . The values of other system parameters are given in Table
2.1.

ton cycle, the flow-specific work is insensitive to HEX effectiveness at small values

of σFC . A small decrease in flow specific work with effectiveness is observed at

higher values of σFC . This is caused by the reduction in the total amount of fuel

necessary to reach the TIT with increasing effectiveness of the HEX. Since the total

fuel amount is smaller, the constant σFC represents a progressively smaller SOFC

as well. A constant-sized SOFC in such a system would see no change in specific

power with varying effectiveness.

To summarize, while recuperation can substantially improve efficiency, it is
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most effective at lower pressure ratios and higher turbine inlet temperatures. It also

competes with the SOFC for “room” to inject waste heat into the cycle thereby

limiting the relative size of the SOFC in the hybrid system.

2.6 Conclusions and Future Work

This chapter has presented a detailed analysis of the thermodynamic cycle

associated with a hybrid gas turbine/fuel cell where the fuel cell is integrated into

the hot section of the engine. The performance of the fuel cell is represented in very

simple terms but doing so enabled us to derive analytical relationships for impor-

tant heat cycle performance characteristics like flow-specific work, thermodynamic

efficiency, and the necessary AFR. These relationships allow one to analyze wide

swaths of the GT/SOFC design space to inform and guide more complex modeling

efforts.

2.6.1 Conclusions

From the cycle, we can also provide some immediate takeaways. First, the

integrated GT/SOFC offers the potential for both improved efficiency and flow-

specific work in the same system. This will be true for any level of SOFC perfor-

mance, though either a larger or a more efficient SOFC will yield higher efficiency

operation. Furthermore, the improvement in flow-specific work from the SOFC in-

tegration far exceeds improvements from optimizing the cycle OPR. An increased

flow-specific work capability opens the door to smaller core flow rates necessary to
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produce the necessary power. This concept will be tested later with more complex

modeling in Section 3.6.

Additionally, for the surveyed design space where the TIT remains well above

the SOFC operating temperature, the SOFC is expected to be roughly the same

size or smaller than the GT in terms of power production. The identification and

illustration of the cooling limitation to the SOFC operating temperature is a key

contribution of this work.

The range analysis performed here is best interpreted in terms of trends, but

those trends suggest a capability to trade between SOFC specific power (in terms of

system mass) and efficiency (via operating voltage) to achieve the maximum range

capability for an aircraft with a given drag polar. While the range was found to be

highly sensitive to SOFC specific power, reasonable GT/SOFC configurations were

identified that yield improvements over a gas turbine alone.

Finally, recuperation as an efficiency improvement strategy was added to the

cycle model. The resulting performance showed that while even greater improvement

to efficiency was possible, the recuperator competes with the SOFC in the hybrid

system to store waste heat , and provides limited utility—and eventually negative

utility—at higher pressure ratios.

2.6.2 Future Work

The cycle developed in this chapter is highly simplified, and contains several

strict assumptions and important omissions in order to remain reasonably compact
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and intuitive. However, to better serve in the model’s intended role to broadly

evaluate the GT/SOFC design space, there are several future improvements that

can be identified. Perhaps most fundamentally to the aircraft application, the cycle

does not account for countering drag generated at any given flight speed (with

associated ram compression), or the thrust of the exhaust—though an approach to

perform such an analysis has been identified in the text.

Analytically, the next step might be to evaluate expressions that optimize sys-

tem flow-specific power or other performance parameters. Thermodynamically, the

immediate improvement would be to incorporate engine component efficiencies, as

by Chinda et. al. [69] . This may be most easily achieved by re-deriving the equa-

tions in terms of temperature ratios τ (see Equation 2.55) to replace the isentropic

gas relationships, as per Mattingly [71, Ch. 5]. Furthermore, we can apply trends

in turbomachinery efficiency with OPR (usually a negative correlation) or flow rate

that may trade off against ideal cycle benefits.

τc =
T3

Tamb

= 1 + η−1
c

(
π

γ−1
γ

c − 1

)
(2.55a)

τt =
T6

TIT
= 1− ηt

(
1− π

1−γ
γ

t

)
(2.55b)

In the same vein but with device masses, we can expand the recuperation

analyses to include the non-negligible mass of the recuperator itself in range or

ESPG specific power and energy calculations. Variations in the specific power of

the turbomachinery could also apply.

Finally, the cycle analysis generally only applies for a single operating point;

104



the actual application of the system will be over the course of a full mission, including

takeoff, cruise, landing, and all of the steps between. While the analytical model

is not an appropriate tool for transient analysis, systems that work over the entire

range of mission operating points could be identified.

After that, further system design may be better performed with different tools,

leading us into Chapter 3.
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Chapter 3: GT/SOFC System Modeling

In Chapter 2, a wide variety of assumptions were made in order to simplify the

analysis of the GT/SOFC cycle—not the least of which was a complete neglect of

the inner workings of the SOFC. To predict the performance of real systems, more

complex modeling is required that takes into account the detailed performance of

specific components. This chapter will provide the setup and results from such a

model for two promising system configurations.

The GT/SOFC analysis provided in this chapter is performed using the Nu-

merical Propulsion System Simulation (NPSS) modeling framework developed by

NASA for which there is a good introduction by Jones [80]. The framework is de-

signed specifically for design and performance modeling of GT engines at aircraft

flight conditions. However,it is flexible enough to address a variety of thermody-

namic configurations (up to and including nuclear thermal rockets [81]) as well as

both steady-state and transient operation.

3.1 Model Setup

To create a system model for a propulsion system, different component models

are linked together by flow, bleed, and shaft connections. All flow paths begin with
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Figure 3.1: NPSS model schematic of a turbojet. Reproduced from Waters [31,
fig. 47].

an Inlet Start component, and end with a Flow End component. Flow conditions

are calculated by determining flow conditions through successive component models

along the flow path, all together representing a system such as gas turbine engine.

A relatively simple turbojet model example is provided in Figure 3.1.

Systems with multiple flow paths such as turbofan engines may be modeled

as well. Elements are executed in a specified linear sequence such that component

inputs are already calculated from the outputs of previous components. In the case

of loops or heat exchangers where some inputs are from “downstream” component

outputs, it is not possible to complete this linear calculation. Analytically this may

be possible (see Chapter 2) but not so in NPSS considering that each component

model is treated as a “black box”. Instead, the looped characteristic (e.g. heat trans-

fer across an exchanger) may become a system-level solver variable (see Section 3.2).

The most common application of this in NPSS is actually for the Shaft components

linking compressor and turbine components. In steady operation, the net torque on

the shaft should approach zero even though the loads and torques applied to the

shaft may occur at many different points along the calculation sequence. As such,
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effectively all steady-state models include a system-level solver target for this sort

of condition.i

Once a system model of linked components is established, the model may

be run for arbitrary initial conditions in various modes. A particular mode set-

ting changes the way that certain component models operate. Many models have

modes distinguishing “Design” and “Off-Design” modes. “On-Design” mode typi-

cally changes physical design parameters (i.e. the sizing) of several components in

order to achieve a certain performance at a given condition. “Off-Design” mode on

the other hand determines performance as a result of the given operating condition

for a set of physical design parameters. In normal NPSS practice, an On-Design

case is run to “create” a system before Off-Design cases specify the range of perfor-

mance [80]. Regardless of the mode, each case must be “solved” as a system.

3.2 System Solver

A system model may be run once for a given set of inputs to yield (depending

on the mode) an accompanying state (including performance or sizing). However, in

most analytical cases, some characteristics must be met for the system to be useful,

e.g. zero net torque on a shaft for steady-state operation, or producing sufficient

thrust to remain in steady flight. In these cases, an equal number of variables each

are set as “independents” and “dependents”. Independent variables may be changed
iThis approach works sufficiently for single-characteristic loops, e.g. net torque on a shaft, or

heat transfer across an exchanger. The situation is rather more difficult for multiple characteristics,
e.g. mixing two flows with varying chemical composition, temperature, and pressure that are
determined from downstream conditions. For every additional parameter the size of the Jacobian
necessary for the solver increases exponentially.
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by the solver in order to yield the targeted characteristic values for the dependent

variables. Put another way, independents are “knobs” that may be turned until the

dependent “dials” are in their intended position.

Mathematically, the dependent variables represent a system of differentiable

functions, taking the independent variables as inputs (i.e. X equations, X un-

knowns). The different component models are defined independently and may op-

erate at different levels of complexity. However they are still strongly interrelated

at the system level. As such, the problem is best described as a system of nonlinear

equations that must be solved numerically. NPSS approaches this problem using a

quasi-Newton’s Method solver that generates a partial derivative matrix (the “Ja-

cobian”) via finite-difference methods. The finite-difference methods make small

changes in individual variable inputs to a complex system to estimate the partial

first derivatives near a given system operating point.

The Jacobian may then be used to help extrapolate the changes necessary to

the independent variables to iteratively converge on the desired dependent function

results. Furthermore, because of the high computational cost of each system model

calculation, the number of finite-difference calculations can be minimized through

Broyden updates. Broyden updates adjust the first derivative calculation using

the additional information from the next iteration result. Again, greater detail is

available from Waters [31, App. B] and Jones [80].

The numerical method of solution for the system level described above allows

for the flexibility to run different “black box” component models from a variety

of contributors that may only provide information on the component outputs for
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some given inputs. While this works well for systems with linear flow paths and

fast-computing components, NPSS bogs down for computationally-expensive cal-

culations or looped flows where components are both upstream and downstream

from each other. Unlike environments working with systems of interrelated equa-

tions between components, any “slow” component in NPSS will need to be run in

full repeatedly, with an exponential increase in component runs with the number

of solver dependent variables. For looped flows, as may be found in recuperating

systems, each looped property must be checked for consistency and/or set as part

of the global solver’s dependent variables—increasing the size of the Jacobian, and

so the number of required calculations, exponentially. Unfortunately, for this work

both of these concerns can come into play such that minimizing computational cost

and the number of solver variables considered is a constant tension.

For the system configurations presented in this work, a system design is usually

built up in progressive complexity, “solving” for turbomachinery conditions before

adding smaller or simplified versions of the fuel cell subsystem models, and pro-

gressively increasing the size of those subsystems or otherwise slowly altering the

characteristic(s) of interest.

3.3 Component-Level Models

The flexibility of NPSS stems from its modularity: information regarding air,

fuel, and shaft connections (or other characteristics as applicable) is passed between

objects representing different physical components at standardized “port” connec-
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Figure 3.2: Schematic of Generic NPSS Component, including Input/Output Port
Types.

tions as depicted in schematic Figure 3.2. NPSS has standard object definitions for

GT components like turbines, compressors, inlets, and fans. Customized component

models or performance maps may also be written to address the specific needs of the

user. Individual component models can vary widely in complexity “inside the box,”

from lookup tables, to numerical solvers, to wrappers for external codes. Indeed,

one of the features of NPSS is that the precise workings of a modeled component

can be obscured to better enable different organizations to work on the same model

without disclosing intellectual property.

Additionally, many component models can expand their capabilities with the

use of “Sockets” which are optional subsidiary calculations that are subordinate only

to the component itself. One example of this is the optional pressure-drop socket

111



for the HeatExchanger component. A performance map or other calculation can be

associated with the component, passing information back and forth via the socket.

Fluid properties inside and between components may be tracked and calcu-

lated using several different thermodynamics packages. We use the Chemical Equi-

librium with Applications (CEA) [82] package which allows for arbitrary chemical

equilibrium reactions and flow property calculations to be performed at any point

as appropriate to the model.ii

This work exploits the flexibility of NPSS by using two sets of models. The

first set are ’off the shelf’ models for standard turbomachinery model components,

including compressor and turbine performance maps from the Energy Efficient En-

gine (E3) program [83] that are included with the standard NPSS distribution.

The second set are models of the SOFC subsystem-specific components that have

been developed ’in-house’ specifically for the GT/SOFC application. The basics of

both sets of models have been described in detail in two previous works by Wa-

ters [31, Ch. 2] and the author [17, Ch. 8]. However, many of the SOFC subsystem

components received updates for the current work, and the standard Heat Exchanger

component used here (see Section 3.3.3) is new to this research application and so

has not been fully described before.

Table 3.1 lists the standard components, their input/output connections, and

provides brief descriptions of their purpose and calculations carried out in the model.

Additional information on the standard components is available from the current
iiThe implementation of CEA is not exactly comparable to similar calculations in dedicated

chemical equilibrium tools such as CHEMKIN or Cantera. For example, CEA in NPSS will round
small equilibrium values to zero which may cause divide-by-zero errors in electrochemistry calcu-
lations.
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consortium manager (Southwest Research Instituteiii).

iiiCurrent link to consortium page: https://www.swri.org/consortia/numerical-propulsion-
system-simulation-npss
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The workings of earlier versions of the custom components have been discussed

previously in great detail by Waters [31, Ch. 2] and the author [17, Ch. 8]. These are

the CPOx Reformer, Fuel Cell Inlet, Solid Oxide Fuel Cell, and Combiner compo-

nents. These components have not been altered substantially in terms of the phys-

ical modeling they carry out. However, they have received many under-the-hood

changes and bug-fixes for substantial improvements to stability, calculation speed,

and operating modes to better perform within NPSS. These changes are elaborated

explicitly in Appendix D. Finally, two new custom components were also developed

specifically for this work to represent a generator and an electric motor.

Given the centrality to this work of the components used to incorporate the

reformer and fuel cell, the workings of all (even standard NPSS components or those

originally developed by Waters) are described next in greater detail.

3.3.1 Electric Motor

Schematic illustrations of the electric motor is presented in Figure 3.3. The

motor applies torque to a shaft in response to electric power input and efficiency.

The amount of torque applied is calculated to match the useable electric power

input in proportion to the rotational speed of an attached Shaft component. The

mass of the motor is estimated based on its power output and an assumed spe-

cific power. The electric motor is presumed to be 16kWkg−1, following the High

Efficiency Megawatt Motor project from NASA Glenn Research Center [84, 85].

Associated converter/inverter power electronics (19kWkg−1 per Hall et. al. for an
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Figure 3.3: Schematic illustration of NPSS custom electrical components.

optimistic 2035 target [86]). Together, the overall component has a specific power of

8.7kWkg−1. An efficiency of 95% has been assumed, taking account of the efficiency

of both the motor and power electronics.

3.3.2 Generator

Schematic illustrations of the electric motor and generator components are

presented in Figure 3.4. The motor applies torque to a shaft in response to electric

power input based on the rotational speed of an attached Shaft component. The

generator does the opposite, outputting electric power in response to torque and

rotational speed of the attached Shaft. The mass of each component is estimated

based on its power input/output and an assumed specific power. The specific power

of a state of the art electric motor is not the same as that of a state of the art

generator. In this work, the generator presumes a specific power of 6.55kWkg−1

to include the mass of the generator itself (10kWkg−1 SOA per Madonna et. al.

[19]) and converter/inverter power electronics (19kWkg−1 per Hall et. al. for an

optimistic 2035 target [86]). The electric motor is presumed to be 16kWkg−1,
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Figure 3.4: Schematic illustration of NPSS custom electrical components.

following the High Efficiency Megawatt Motor project from NASA Glenn Research

Center [84, 85].

3.3.3 Heat Exchanger

The HeatExchanger component (shown as a schematic in Figure 3.5) is an off-

the-shelf component module provided with NPSS. The model calculates basic heat

transfer between two parallel (i.e. co-current) streams. This calculation assumes

no particular scaling or geometry besides parallel flow. However, pressure losses

on each side may also be supplied through a subordinate calculation via an NPSS

socket component (see Section 3.3) or as a direct pressure loss value setting. , This

component does not calculate counter- or cross-current heat exchanger performance.

The calculation is carried out according to Kays and London [87] for a steady-

state condition only. The calculation may be operated in two modes, using either

an effectiveness or absolute rate of heat flux rate Q̇ as a given parameter applied

to the two streams. In the former case, the effectiveness rating will imply the heat

energy passed between the two streams as a function of their temperature and heat
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Figure 3.5: Schematic of NPSS HeatExchanger Component, including Input/Output
Port Types.

capacity; in the latter the heat transferred will imply an effectiveness.

While not necessarily aligned with an On-Design or Off-Design mode (see

Section 3.3) , in this work we use the heat transfer rate input mode during the

design process to achieve a target outlet temperature. The required effectiveness

becomes an output during the design process. While Using the effectiveness mode

during subsequent off-design calculations may be reasonable since this characteristic

can be reasonably stable for different flow conditions, at least as used here with the

constraints of similar flow rates on both compressor- and turbine-exhaust sides.

3.3.4 Catalytic Partial Oxidation Reactor (CPOx)

The catalytic partial oxidation reactor model (hereafter referred to as the

“CPOx”) component serves to reform hydrocarbon fuel species into some proportion

of syngas species (i.e. H2, CO) to enable the SOFC to begin reacting with the

fuel. As described in the Introduction, a CPOx reactor is the most compact—

though least efficient in terms of conversion—reformation method. The CPOx model
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Figure 3.6: Geometry of single catalytic partial oxidation reactor. Component in-
cludes multiple cylinders surrounded by cooling bypass air.

described in this section has only been modified slightly from the prior development

by Waters [31, p. 68], with those modifications elaborated in Appendix D.

The presumed geometry of the CPOx is that of a number of circular tubes

containing an alumina foam catalyst, represented in Figure 3.6. The outside of each

tube is surrounded by a layer of insulation to moderate heat loss. All of the tubes are

contained in a duct through which bypass air is passed for cooling and pass-through

to the fuel cell inlet and SOFC.

As depicted in Figure 3.7, the CPOx model splits incoming air into bypass and

CPOx streams. Fuel is combined with the CPOx air stream ahead of the reaction

zone (lower path in light purple). The reaction zone itself is divided into a number

of segments along a quasi-1D flow path.

The CPOx takes inputs of air and fuel conditions, and determines an appro-

priate AFR for the fuel passing through the reaction zone (“reax” in Figure 3.7).
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Figure 3.7: Schematic of NPSS Catalytic Partial Oxidation Reactor Component.
Quasi-1D segments and processes illustrated.

An appropriate AFR is defined to be marginally greater than a limiting-value that

forms soot [88]. Soot is elemental carbon that remains in the mixture of air and

fuel after the equilibrium is calculated (i.e. post-burning). The soot formation limit

depends on the temperature and pressure of the reformer exhaust. In general, in-

creasing the temperature decreases the limiting AFR while increasing the pressure

raises the limiting AFR [64]. The lowest appropriate AFR values (i.e. just above

that of soot formation) are preferred as this results in the greatest concentration of

fuel species in the anode flow.

For performance, a table of AFR values across a range of output temperatures

and pressures has been pre-calculated. Computationally, the CPOx element starts

at an initial guess for the AFR, then adjusts the AFR based on the tabulated result

based on the exhaust temperature and pressure conditions. The CPOx iterates the
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calculation until the AFR determined is converged, i.e. varying by less than 1%

between iterations.

As part of the calculation of exhaust temperatures and pressures, pressure

losses through the alumina foam catalyst are calculated as a quasi-1D segmented

calculation, with losses in each segment determined using the Forscheimer equation.

Heat losses from the reaction zone to the bypass in each segment are accounted for

by Nusselt number correlations . Within each segment, an iterative loop converges

upon the exit temperature until energy conservation is satisfied.

3.3.5 Solid Oxide Fuel Cell

The SOFC model used in this work is built directly from that in Waters [31,

p. 73]. More detail is available there with modifications as identified here. A basic

description of the model, shown schematically in Figure 3.8, is as follows: Three

flows are taken as inputs: the anode fuel flow (usually at least partially reformed

methane), a cathode oxidant flow (usually air), and bypass air flow that is used for

cooling. Within the component, oxygen diffuses to the surface of the cathode where

it is ionized picking up two electrons. The oxygen ions (O2+) diffuse through the

electrolyte to the anode side where they give up their electrons as they react with

H2 and CO to form H2O and CO2 respectively. This reaction is exothermic and

generates heat which is partially transferred to the cooling bypass. The electrons on

the anode side flow back to the cathode side via the electrical load thereby generating

electric power equal to the product of the cell voltage and the current (ie. V i). The
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Figure 3.8: Schematic of NPSS Solid Oxide Fuel Cell Component. Figure reproduced
with minor modification from Waters Figure 36 [31, p. 73].

component model outputs the state (temperature, pressure, and composition) of the

anode, cathode, and bypass flows as well as the electrical power generated. All of

these steps are calculated according to physical and electrochemical principles. .

The model has been described as “intermediate fidelity” [31, p. 45]since such things

like velocity profiles in the channel are not accounted for but property/composition

variations ’down the channel’. However, this level of fidelity is higher than that used

in most aerospace contexts (see Table 1.1).

3.3.5.1 Calculation Procedure

The SOFC model works at several different levels. First is a generalized ge-

ometry and sizing that splits the incoming flows to set flow rates for a single set of

anode/cathode channels to simulate in greater detail. Next, the single channel is
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divided into a number of segments to model varying “down-the-channel” conditions.

Inside each segment, an iterative solver determines the SOFC performance at that

point and the resulting exhaust conditions.

The SOFC takes the form of a stack with a generalized geometry that is

composed of a series of identical ’unit cells’. The intial sizing determines how many

of those unit cells are required to provide the desired amount of electrical power

from the incoming flow. The conservation equations (mass, energy, momentum,

and charge) determines the electrical power produced and the state of the anode

and cathode flows exiting the unit cell. The total power of the SOFC is the power

produced by one unit cell times the number of unit cells. The state and composition

of the SOFC exhaust is assumed to be the same as that of the unit cell. The length

of the unit cell can be adjusted to achieve the desired level of utilization. This length

along with the size of the unit cell and the number of unit cells are inputs to the

SOFC mass model.

The geometry, illustrated in Figure 3.9, is a set of co-flowing anode and cathode

channels of a given length separated by MEA layers using a unipolar arrangement.

For a single “unit,” there is a number of repeating MEAs-and-channels (“reps”) that

determine the ‘height’ of the SOFC stack, while the ‘width’ is set by the number of

units placed side-by-side. The top and bottom of the stack has a layer of insulation
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Figure 3.9: SOFC Stack Geometry.

separating the channels from the cooling bypass flow.iv

The number of SOFC units and reps determine the total number of channels

between which incoming anode and cathode flows must be divided. Given the

size of a single channel, a quasi-1D flow calculation determines the internal state

and performance as flow progresses down a channel of the SOFC. Three separate

flows—anode, cathode, and cooling bypass flows specifically—are considered. As

illustrated in Figure 3.10, the channel length is divided into segments. In each

segment, several different calculations are performed: (1) pressure loss for anode
ivIn prior work [64], the SOFC was nominally placed as an annulus around a cylindrical gas

turbine, and so the sides of the channel were connected such that heat could only transfer to the
bypass flow through the top and bottom sides. In this work, this assumption is retained even
though the annular geometry is not presumed due to the expected scale of the SOFC being too
large to fit in the space without extreme or complete flow disruption (a conclusion of the prior
work). The assumption should still hold however so long as the stack aspect ratio (width/height)
is sufficiently large enough that the top and bottom faces represent the vast majority of the surface
area for heat loss. In practice, this condition is consistently satisfied.
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Figure 3.10: SOFC Channel Model Arrangement. Figure reproduced with minor
modification from Waters Figure 40 [31, p. 77].

and cathode channels, (2) the electrochemical transfer of oxygen from cathode to

anode flow, and the resulting electric power generated, (3) chemical reactions via

the Chemical Equilibrium with Applications [82] thermodynamics package built into

NPSS, and (4) the heat loss from the anode and cathode each to the bypass flow.

Within each segment, a self-consistent temperature and amount of oxygen

transfer is accounted for through an iterative solver that performs each of these

calculations per Figure 3.11 with varying anode/cathode operating temperature and

SOFC current density. The operating temperature is the result of the balance of

heat lost to the bypass air and heat release by reactions within the SOFC. In turn,
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Figure 3.11: SOFC segment solver process diagram. Figure reproduced with minor
modification from Waters Figure 41 [31, p. 78].

the current density determines the amount of power generated and heat released,

and is the result of the internal conditions including temperature.

The internal adjustments to the current density and operating temperature

take the form of another quasi-Newton solver written into the model, fortunately

limited to two equations and two unknowns such that an analytical solution exists.

A difference approximation is used to determine the four entries to the Jacobian to

inform the guesses for the next iteration. Convergence over the iterations is achieved

when both energy conservation and the target operating voltage are sufficiently

satisfied. The strong and nonlinear interdependence of operating temperature and
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current density in this system both requires an iterative process and often leads to

instabilities over repeated iterations.

3.3.5.2 Electrochemical Model

The nature of the temperature and current density’s interdependence is dic-

tated by the electrochemical model of the SOFC, which provides an operating volt-

age for input operating conditions (temperature, pressure, composition) and a tar-

get current density for a given segment of the MEA. Electrochemical models for

SOFCs vary in complexity: relatively simple versions use open-circuit voltages with

linear relationships of voltage and current density given in terms of slope values

called “Area-Specific Resistance” or ASR. ASR values are simplified empirical re-

sults rather than physical models, and do not account for conditions beyond the

available data.

For both this and prior work however, the SOFC component is expected to

encounter widely-varying temperature, pressure, and composition conditions due to

the nature of the aircraft application (see Section 1.2). As such, a more physics-

based electrochemical model is employed that is based heavily on work by Zhu

and Kee [72, 89–95]. The goal of the electrochemical model can be summarized

(with greater detail again from Waters [31]) as the means by which the operating

voltage of the SOFC is determined for a given current density. This is accomplished

by calculating the reversible potential and subtracting several overpotentials (η)
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representing irreversible losses. This is summarized in Equation 3.1.v

Vcell = Vrev − ηohm − ηact,a − ηact,c − ηconc (3.1)

The overpotentials considered by the model are: (1) ohmic (ηohm) which ac-

counts for resistive losses of electrons and oxide ions through the MEA, (2) cathode

and anode activation (ηact,c,ηact,a) account for activation energy barriers for charge

transfer reactions occurring at the respective interfaces, and (3) concentration over-

potentials that account for mass transfer limitations through the porous anode and

cathode materials. The latter result in lower reactant concentrations at the “ac-

tive” layers of the anode and cathode near the electrolyte where the majority of

charge transfer reactions occur. Ohmic losses are calculated using a temperature-

dependent Arrhenius fitting for the ionic conductivity of the electrolyte (YSZ), and

the electrical conductivities of the anode (Ni-YSZ) and cathode (LSM). Activation

overpotentials for the anode and cathode are found using an iterative solution to

the Butler-Volmer equation.

Concentration overpotentials are calculated using the Dusty Gas Model (DGM)

[96]. The DGM appears to be preferred over simpler models such as Fick’s Law Dif-

fusion or an Advective Diffusion Model (ADM) alone in SOFC applications like this

one [97]. The DGM is used to calculate the changes in reactant concentrations from

the bulk channel flow to the functional layer of the anode and cathode near the
vUnfortunately the standard use of the greek letter η for efficiency in an aerospace context,

and for overpotentials in a fuel cell context can be confusing. However this work is not so in-
terdisciplinary that both uses overlap in any equations. If they do, it will be explicitly noted by
subscript.

128



electrolyte surface, per Figure 3.12 for the anode specifically. In this implemen-

tation, linear first-order approximations are made for pressure and mole-fraction

differences marching inward from the channel towards the solid electrolyte over a

series of steps of size δ. The changes in species composition across the SOFC chan-

nel segment (presuming equilibrium) are used to determine the number of moles of

each reactant and product species that passes through the anode/cathode interfaces

(e.g. a2 − a1 per Figure 3.12). The diffusion processes accounted for in the DGM

result in changes in pressure and species partial pressures across the anode/cathode.

Since the SOFC electrochemical reactions generally occur at the functional layer,

the concentration overpotential is the difference between the reversible potential

calculated using the bulk partial pressures, and the reversible potential calculated

using the partial pressures at the functional layer.

The precise implementation of the DGM was improved over the method used

in Waters but some issues remain. First, Equation 3.2 provides a correction to the

derived expression for the first-order concentration changes (Equation 62 in [31])

used in prior work, which includes an extraneous 1/p− term.

xk,+ − xk,−

δ
≈ −RT

p−

(∑
l ̸=k

xl,−Nk − xk,−Nl

De
kl

+
Nk

De
k,Kn

)
−∇p

xk

De
k,Kn

Bg

µ−
(3.2)

Additionally, a single linear pressure differential calculation for the anode and

cathode layers was used previously, followed by a first-order approximation of the

mole fraction profile over a certain number of steps. However, there is some argument
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Figure 3.12: Schematic of Dusty Gas Model Implementation (Anode Side Only).

130



0 100 200 300 400 500 600 700 800 900
0

0.1

0.2

0.3

0.4

0.5

0.6

8

10

12

14

16

18

20

Figure 3.13: Representative Results from Dusty Gas Model for Anode, 0.725V with
JP-5 reformate at AFR = 6.

regarding the level of complexity appropriate to the DGM implementation used. The

most common difference in assumption is with regard to pressures. Fu found that

an isobaric assumption was reasonable [98, 99], while Zhu et. al. [91] found that a

linear pressure gradient was sufficient for appropriate calculations across the range of

operating parameters. In a paper specifically addressing these concerns, Bertei and

Nicolella [100] found that at least the uniform pressure assumption was inconsistent

with stoichiometry for porous electrodes, especially for multi-component mixtures.

The approach taken here, which is to update the pressure gradient in each segment,

is consistent with a linear pressure gradient per Zhu et. al. [91] since the mole

fraction profile is also linear per each segment.A representative result is provided in

Figure 3.13
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Figure 3.14: Problematic Results from Dusty Gas Model for Anode, 0.625V with
JP-5 reformate at AFR = 6. Zero-concentration point of CO circled in red.

There is however an observed problem in the implementation of the DGM

in this work. At higher current densities, the predicted concentrations of some

species—particularly carbon monoxide—drops to zero well before the boundary of

the anode as is shown in Figure 3.14. This is non-physical since there must be a

concentration of a species in order for diffusion to continue through the boundary.

One possible cause is that internal reformation reactions through the anode

are not accounted for except at the anode functional layer at the boundary between

the anode and solid electrolyte. However, that explanation has not been confirmed.

An alternative path for future work that could address these concerns is to abandon

a multi-segment 1-D process. Instead, a linear single-segment model could be used

that iterates until convergence on the correct pressure and mole-fraction gradients,
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per Zhu and Kee [93]. However, this alternative and further troubleshooting is left

for future work.

Finally, the reversible potential Vrev is determined by the global oxidation reac-

tion for the fuel and oxidant species, which takes account of the bulk concentrations

of reactants and products in the anode and cathode channels. This is a slight de-

parture in nomenclature from Waters, where the reversible potential was calculated

for the species concentrations at the active layers, which made the concentration

overpotential implicit. In this work, a reversible potential is calculated at both the

active layer and bulk channel flow, and the difference in voltage identified as the

concentration overpotential. Further calculation details and specific electrochemical

parameters applied in this work are left identical to Waters [64], and so are not

repeated here in detail except if and when they deviate.

The resulting electrochemical performance is illustrated in the polarization

curves shown in Figures 3.15 and 3.16. These show the significant sensitivity of

performance to operating temperature and pressure, set to be equal in both the

anode and cathode. In both figures, increasing the temperature or pressure improves

electrochemical performance on JP-5 reformate (reformate AFR = 6). Here the

effects of operating temperature and pressure variation in Figures 3.15 and 3.16

appear to be similar in magnitude. However, it should be emphasized that the plots

use linear steps of temperature (50K increments) and exponential steps in pressure

(≈ doubling).

The specific sources of the performance trends shown above can be seen from

the variations in overpontentials with temperature and pressure illustrated in Figure
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Figure 3.15: Polarization curves of YSZ-based SOFC at varying temperatures and
1 atm pressure, with air and JP-5 reformate at AFR=6.

134



0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0.5 atm
1 atm
2 atm
5 atm

Figure 3.16: Polarization curves of YSZ-based SOFC at varying pressures and 800◦C
temperature, with air and JP-5 reformate at AFR=6.
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Figure 3.17: Variation of overpotentials with temperature and pressure in YSZ-based
SOFC operating on air and JP-5 reformate at AFR=6.

3.17. Notably, the greatest contributing overpotential is due to concentration. In

this scenario (and to some degree, all scenarios using a CPOx reformer), the concen-

trations of fuel species are relatively low (≈ 3%H2 by mass) because of significant

dilution by reaction products (H2O and CO2) that form at the anode.

The minor discontinuity in the concentration overpotential trend around 800

mAcm−2 corresponds to the non-physical onset of zero-concentration of carbon

monoxide shown in Figure 3.14.

Pressure and temperature variations also affect the reversible potential through

the Gibbs Free Energy: higher temperatures lower the Gibbs Free Energy for a given

reaction (per ∆G = ∆H − T∆S) while higher pressures increase it by increasing

the concentration of reactants to products in the reaction equilibrium. Figure 3.18
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Figure 3.18: Variation in Open Circuit Voltage with Changes in Temperature and
Pressure. Shared point represents the same 750◦C and 1 atm baseline conditions.

shows that these effects are relatively small amounting to only about 0.03 Volts

across the expected range of conditions.

3.3.6 Fuel Cell Inlet

The fuel cell inlet model functions as a heat exchanger placed between the

reformer and the SOFC components. The purpose of the inlet is to prevent thermal

shock at the entrance of the SOFC by minimizing the difference in temperature

between the anode and cathode flows. In the NPSS model, the inlet also splits

a fraction of the incoming airflow into a bypass that is used to cool the stack.

However, this bypass is assumed not to be in thermal contact between the anode

and cathode flows which only exchange heat with each other. This keeps the bypass

flow from a) removing heat from the reformer potentially quenching reaction and

b) prevents it from heating up enabling it to more effectively absorb heat from the
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Figure 3.19: Schematic of NPSS Fuel Cell Inlet Component. Figure reproduced
with minor modification from Waters Figure 43 [31, p. 90].

SOFC downstream.

The fuel cell inlet is intended to be a physical part of the SOFC stack. As

such, in terms of both presumed geometry (see Figure 3.9) and the segmented quasi-

1D calculation process, the fuel cell inlet functions similarly to the SOFC model,

only with the SOFC electrochemical model removed. Heat exchange is determined

through Nusselt number correlations, while pressure drop is found through the same

Nusselt number correlations as the SOFC model. Details of both the heat exchange

and pressure drop calculations are available in great detail from Waters [31, p. 89]

and are not elaborated here.

Several changes have been made to the fuel cell inlet model since this prior

work. First, the heat passed to the bypass flow now changes the bypass flow tem-

perature progressively after each segment rather than as a single addition at the end

of the component. This allows for a more accurate heat flux calculation within each

segment and prevents heat additions that make the co-flow bypass cooling hotter
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than the inlet flow itself. Second, separate design and off-design modes for the fuel

cell inlet have been specified. In the design mode, the SOFC inlet increases in length

by adding segments until the temperature difference between the anode and cathode

flows is driven below a maximum allowable temperature difference - usually 50K.

In off-design mode, the length of the inlet is fixed, and the temperature difference

is determined soley by the input conditions.

3.4 Sizing and SOFC Subsystem Design

For a designed system, the physical size of the fluid flows through the system

correlate to the physical size and weight of the device(s) containing those flows. In

prior work, piecewise models of mass and volume for both turbomachinery and fuel

cell components were created and validated. The turbomachinery models are based

on work by Onat and Klees [31, Ch. 4; 101], while the fuel cell models are based on

a quasi-annular SOFC geometry developed by Waters [31, Ch. 4].

These mass and volume models are used in this dissertation without substan-

tial alteration, but it should be noted that the “unipolar” SOFC channel geometry

used in the model does not match the standard practice of planar SOFCs, as are

most commonly available. Standard planar SOFC stacks use an additional inter-

connect layer (also called a “bipolar plate” design) that can make up over half of

the total stack mass. This is avoided in the Waters geometry at the potential cost

of losses in current collection due to longer electron paths.vi

viA further discussion of the unipolar/bipolar distinction by Li is available [24, p. 234].
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Figure 3.20: SOFC Assembly Diagram, reproduced with minor modification from
Waters Figure 30 [31, p. 67].

3.4.1 SOFC Assembly

Together with some off-the-shelf components, the custom SOFC system com-

ponents are used to represent the SOFC assembly of the GT/SOFC as shown previ-

ously in Figure 1.11. Figure 3.20 (reproduced with minor modification from Waters’

Figure 30 [31, p. 67]) shows how those components are connected within NPSS.

Figure 3.20 also includes a Splitter (a standard NPSS component) that is connected

upstream of the CPOx reformer to allow a set fraction of the air flow to bypass the

SOFC components. The bypass and SOFC flows are re-combined in the ’Combiner’

element prior to entering the combustor.

3.5 Performance Metrics

In prior work, these NPSS models were used for additional secondary power

generation (i.e. non-propulsive power) [29, 64]. The performance metric then was

the relative fuel flow rate consumed to maintain constant flight versus a baseline

traditional jet engine using a mechanical generator for secondary power instead.
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Any improvement in efficiency provided by the GT/SOFC was balanced against the

impact of the increased weight of the hybrid system on the aircraft’s drag polar.

Furthermore, drag impacts for notional pylon-based configurations were accounted

for as well, further changing the drag to be overcome.

In this work, we are also interested in using the SOFC power for propulsion,

and shifting our performance metric where possible to the thrust-specific fuel con-

sumption (TSFC), and a range estimation. The TSFC may be calculated directly

from the model outputs of thrust and fuel flow rate (per Equation 2.30), while the

range calculation is based on a fuel flow rate equation similar to Equations 2.31 and

2.32, all derived previously. The combined equation for the fuel flow rate is provided

in Equation 3.3, and the resulting range provided in Equation 3.4, from carrying

out the integration in Equation 2.28. This is actually identical to Equation 2.38

from the analytical modeling chapter, though in that case many of the symbols are

implied to be substituted for other analytical expressions. Note that the values for

the system thermal and propulsive efficiencies (ηsys, ηprop) and the fuel combustion

enthalpy (hfuel) are derived from the model’s instantaneous value of fuel flow rate,

and are assumed to remain constant over the course of the flight.vii

ṁf =

v

(
CD,min +K

(
mf+m0+meng

1
2
ρv2S

g − CL,min

)2)
1
2
ρv2S

ηsysηprophfuel

(3.3)

viiA more rigorous analysis would use the NPSS model to determine off-design performance
for the varying thrust requirements as fuel is expended over the course of the flight, but this is
computationally expensive at this time. It is certainly an avenue for future work.
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The TSFC provides information about the marginal cost of the aircraft in

terms of fuel expenditure, which is relevant for industry metrics such as fuel burn

per seat-mile (recall Figure 1.3). The range estimation accounts for any change in

aircraft range capability due to the increase in the mass of the power generation

system. In contrast with previous work however, the maximum mass of the air-

craft does not change with the mass of the power generating hardware; instead the

maximum fuel weight is reduced to accomodate the extra component mass.

This procedure avoids applying the drag polar of the airframe to total aircraft

weights outside of the design specification. Additionally, the volume considerations

of prior work, while important in their own right, are neglected here by presuming a

rough trade of tank volume with GT/SOFC hardwareviii and a wing structure more

optimally designed for a GT/SOFC rather than direct replacement onto an under-

wing pylon. With these two changes to the scenario, the thrust required initially

in all cases will be constant, and so the TSFC becomes an apples-to-apples metric

across our range of inquiry.

The aircraft information used for the range calculations represents a regional

transport jet, as previously provided in Table 2.2.
viiiA quick check is to compare the density of jet fuel (about 0.82g cm−3) with the average

density of an SOFC stack (about 4.0g cm−3 per a piecewise estimation in Figure 8 by Tornabene
et. al. [60]). The 5x greater density of the stack suggests that trading fuel mass for SOFC mass
results in rather more available internal volume to place the SOFC components.
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The relative fuel flow rate is still used in this work as well as a metric for the

turboelectric GT/SOFC configuration. The relative fuel flow rate is most appro-

priate there since the configuration only supplies electric power. The conversion of

that power production to propulsive thrust is beyond the scope of this work.

3.6 Parallel Hybrid GT/SOFC Model

Prior work with the NPSS model described in this chapter has focused on

the efficient production of secondary electrical power from the SOFC to replace off-

takes from the main engine shaft or a separate APU. Here we will consider instead

applying the power to propulsion, which may take a variety of forms.ix In this

section we’ll consider a “Fan Support” GT/SOFC that supports and augments the

thrust produced by an otherwise-standard turbofan by adding more torque to the

fan shaft. In the next section we’ll instead look at a GT/SOFC that produces only

electrical power (to be pithily described as a “Flying Power Plant”), using separate

electric motors and fans to produce all thrust.

A sketch of a fan support configuration is provided in Figure 3.21, though on

an aircraft, the arrangement is more likely to look closer to the sketch in Figure

3.22. Conceptually, the configuration is closest to the parallel hybrid shown in

Figure 1.10. However, instead of a battery providing power to an electric motor on

the turbofan shaft, the SOFC provides the electrical power. The likely advantage

in this case is that the fuel cell uses fuel with a specific energy (≈ 15kWhkg−1)
ixUsing an electrical motor on a shaft to drive a fan is not the only means by which electricity

can be applied to propulsion. Just one alternative includes using the electrical power to generate
a plasma arc that catalyzes the reduction of NOx pollutants [102].
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Figure 3.21: Sketch of fan support GT/SOFC system configuration, with station
numbering.

an order of magnitude larger than all but the most optimistic battery performance

targets (≈ 1kWhkg−1 per [1, Table 4.1]), and so can more easily provide a greater

proportion of total energy to the system—especially over a long-duration flight.

By providing additional torque to the same shaft as the other turbomachinery,

the electric motor can relieve some of the demands for power from the turbine. In

the literature, “Turbineless” propulsion [28, 49] is the extreme version of the Fan

Support model, where the turbine of the GT is replaced entirely by an electrically-

driven motor. The result is that all of the energy of the compressed and heated gas

may be accelerated through a nozzle to provide thrust directly. However, this may

be a substantial amount of power, and supplanting the turbine is comparatively

inefficient as, all else being the same, you will have a lower propulsive efficiency by

simply increasing the exhaust velocity of the turbofan core.

An alternative is to use the extra power to increase the bypass ratio of a

turbofan. Practically, this means the SOFC electrical power can be used to sup-

144



Figure 3.22: Sketch of Notional “On-Wing” Fan Support GT/SOFC. “767-300ER”
backdrop 3D model by RTicknor.

port the fan spool (often the same as the low-pressure compressor/turbine spool)

through an electric motor in order to reduce demand on the aircraft turbine, po-

tentially lowering temperature requirements and pollution. The bypass ratio may

also be effectively increased by the addition of wholly-electric fans elsewhere on the

aircraft—especially for BLI schemes where fan placement may counteract drag from

the aircraft body [86]. This concept certainly exists in the literature, with an analy-

sis of general electric motor assist by Jansen et. al. [103], and for fuel cells providing

the electrical power by Okai et. al. using pure hydrogen fuel [44, 104] and Atreya

et. al. [105] considering hydrogen with either PEMFC or SOFC fuel cell technology.

In particular, Jansen et. al. [103] appears to be the most fundamental look,

but it specifically uses a electric fan support (i.e. increasing the BPR) in an analysis
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Figure 3.23: Relative Air Flow Rate (%) for GT/SOFC vs. GT Alone at Constant
Power Output. Data from Chapter 2 analytical model.

used to bracket the necessary technology for power equipment. Interestingly, the

requirements were less and less at lower and lower power levels. This does support

the fan-increase method of including electrical power into the propulsion system.

Following this, for a consistent overall power requirement the GT/SOFC engine

core flow (i.e. not airflow through the fans) will become smaller such that greater

bypass ratios are possible for the same overall engine size. This principle is illustrated

in Figure 3.23, which applies the analytical model developed in Chapter 2 using the

given default values provided there. As the relative size of the SOFC subsystem is

increased (via an increase in σFC) the required air flow rate drops—more than 60%

for OPR = 5. Higher pressure ratios see a reduced impact (≈ 40% at OPR = 25)

due to the higher flow specific power of the GT and cooling limitations at larger

values of σFC .
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Figure 3.24: NPSS Schematic of Fan Support Model.

In contrast to a turbineless system, increasing the bypass ratio generally im-

proves the propulsive efficiency of the overall turbofan; for a GT/SOFC this com-

pounds with improvements in the thermal efficiency provided inherently by the

cycle. Going forward, we will show the design of such a system using NPSS to

confirm these trends.

A schematic for the NPSS fan support model is provided in Figure 3.24. The

baseline engine is a two-spool turbofan. The most notable changes to the config-

uration are the inclusion of the electric motor (using power from the SOFC) on

the low-pressure (“LP”) shaft, the same as the fan. The SOFC subsystem (out-

lined) branches off in parallel between the high-pressure compressor exhaust and

the burner/combustor.

For the purposes of this work, the electric motor has a specific power of 16
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kWkg−1 and 98% efficiency, drawn from the High Efficiency Megawatt Motor pro-

gram [84, 85]. As another parameter for bookkeeping mass, the power electronics

(for converting SOFC output to appropriate motor input) is taken to have a specific

power of 19 kWkg−1 [86].

More detailed numerical variable settings for this model are available in Ap-

pendix ??.

3.7 Turboelectric Hybrid GT/SOFC Model

In contrast to the fan support model in section 3.6 that was closely akin to a

parallel hybrid from Figure 1.10, the model we develop in this section is similar to

the turboelectric or series hybrid systems. This model is also closer to the analytical

modeling from Chapter 2, and specifically the sketch in Figure 2.7. The primary dif-

ference from the Fan Support configuration is that the GT component of the hybrid

is a turboshaft producing electricity, rather than a turbofan producing propulsive

thrust. In fact, the core engine cycle is not intended to provide any direct thrust,

instead providing wholly electrical power to be used elsewhere on the aircraft for

propulsion and/or any other use. Effectively, this is a flying power plant.

A schematic for the NPSS full electric power model is provided in Figure 3.25.

Note that there is a single shaft stage for this model, and we will generally approach

the system with lower pressure ratio targets to make better use of the recuperator.

The thrust target for this system is low, effectively zero (but non-zero to avoid

solver errors); e.g. the core thrust needs only to overcome the drag of the inlet in
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Figure 3.25: NPSS Schematic of Full Electric Power Model.

the flight environment. This is not a strict requirement for such a system (e.g. an

electric fan could be placed behind slow core exhaust), but is a good rule of thumb

for our purposes in keeping system solutions physically meaningful.

The global NPSS solver process applied for this scenario is available in Fig-

ure 3.26. As with other numerical models, NPSS generally approaches scenarios of

interest by slow shifts of input parameters after starting from a known converged

solution, or relatively simple case. To design the all-electric GT/SOFC configura-

tion, a gas turbine turboshaft engine is designed at the targeted flight condition,

initially producing the full electric power demand. Next, a recuperator is added that

exchanges heat sufficient to reach a target exhaust temperature T3.5.

Once a solution is converged upon, the simplified SOFC model is enabled along

with the CPOx fuel stream. The fuel flow rate becomes an independent variable,

while the SOFC power output becomes a dependent variable, in turn lowering the

turboshaft generator power output target. Note that in the simplified mode, the
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Figure 3.26: Solver Progression for the Full Electric System Model. Red Indepen-
dent/Dependent entries are added in that stage.

SOFC model power output is determined from a given fuel efficiency such that

convergence is relatively quick.

At this point, the standard SOFC model mode is enabled, with SOFC power

output now a function of the physical SOFC stack design and electrochemistry, with

additional dependent design variables for a target fuel utilization and SOFC oper-

ating temperature. Consequently, independent variables for the number of SOFC

channels and the thickness of insulation around the SOFC stack are also added,

which have direct impacts on the new dependent variables.

For a given set of operating conditions, the SOFC power output target is

initially set to a small value to be solved for in both the simplified and standard

SOFC modes. Then the SOFC power output is increased, and the solver setup

looped back to the simplified mode to converge on the new power target. This

process is repeated until non-physical results are encountered.

The scenario used for this system is based on an estimate for a 737-800 [106],
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with the specific characteristics provided below in Table ??. The fuel used in this

scenario is liquefied natural gas (LNG) which is one of several promising carbon-

neutral liquid fuels (CNLF) when produced from biological sources. Mass and power

output values are halved, presuming the use of two power generation systems in

parallel for emergency redundancy.

More detailed numerical variable settings for this model are available in Ap-

pendix ??.

3.8 Results and Discussion

3.8.1 Fan Support Model

3.8.1.1 SOFC Power Output Sweep

The initial set of results are generated by solving an initial on-design scenario

for turbomachinery with a combined OPR of 24 (and specific constant design effi-

ciencies of Engine 3 in Table 5 of Waters, et. al. [64]) for a cruise condition at Mach

0.8 and 10.7 km altitude. For each scenario, the simplified SOFC mode was used to

reach an estimated solution for the rest of the gas turbine components before solving

with the full SOFC model. For the following results, the SOFC power target is pro-

gressively increased even while the overall thrust requirement remains constant. At

the same time, the core exhaust velocity is also maintained at the original (i.e. w/o

SOFC) turbofan condition such that the turbine exhaust pressure ratio is largely
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consistent.x

The first view of the results is provided in Figure 3.27 which provides the fuel

cell subsystem (including the reformer) thermal efficiency, the propulsive efficiency,

and the total system efficiency including overall GT/SOFC thermal and propulsive

efficiency effects in terms of the total electric power added to the fan/LP-shaft.

Additionally, the equivalent non-dimensional parameters from Chapter 2 for the fuel

proportion passed into the SOFC σFC and fuel-cell/gas-turbine power production

ratio θ are also provided.

The immediate trends are in line with our general predictions: as the size of the

SOFC in the GT/SOFC increases, the propulsive and overall efficiency of the system

improves, each about 10% in total for a 1.4MW SOFC. The efficiency of the SOFC

subsystem itself is largely consistent across the range, which is also consistent with

SOFC stack scaling. Howerver, the absolute efficiency of the subsystem appears to

be low, at about 30%, versus the 50%-60% often achievable in other SOFC systems.

This low performance is likely due to the reliance on the CPOx reformer, which

uses substantial amounts of fuel enthalpy to bring the anode gases to high enough

temperatures to drive the reformation process. The anode flow is then cooled to

the SOFC operating temperature, and that enthalpy can only be recovered in the

turbine.

Finally, the results shown here cover a range from σFC of zero to 0.7, with a

maximum value of unity; as such these results cover most of the available SOFC size
xWithout this solver condition, the core exhaust pressure ratio rises as with “turbineless” sys-

tems, harming the overall propulsive efficiency.
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Figure 3.27: Fan-Support GT/SOFC Efficiencies with varying SOFC Power Con-
tribution. Proportional fuel flow into SOFC (σFC) and FC/GT power generation
ratio (θ) included.

ranges for this operating condition. It is not yet cut off by the SOFC cooling limit

though nearly all core flow is passed through the SOFC subsystem at this point (see

Figure 3.28).

From the analytical model, we predicted that the flow rate of air into the core

of the GT/SOFC would drop off as the SOFC components became more prominent,

as per Figure 3.23. We also expected the overall airflow rate, as well as the fan

bypass ratio, to increase substantially with the added power on the low-pressure

shaft. We observe all of these trends in the NPSS model results, shown in Figure
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Figure 3.28: Fan-Support GT/SOFC Flow Rates through Main Components. Total
inlet flow includes core and fan bypass; core flow includes SOFC subsystem bypass
flow.

3.28.

For the data point at the highest value of θ, we should note that the SOFC

subsystem is calculated to pass the entire (actually slightly more) core exhaust flow.

In other words, there is effectively no flow passing directly from the compressor to

the combustor at this system design. As a matter of mass conservation, beyond this

point the system would become non-physical as the SOFC subsystem flow is a subset

of the core exhaust. However, the amount of flow passed to the SOFC subsystem

(for both cooling and cathode flow) is dictated by a constant AFR value of 15, based
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on the amount of fuel injected into the CPOx. In general, cooling bypass makes up

the majority of this flow (see Figure 4.7 for an example from a similar GT/SOFC

configuration). As such, lowering this constant AFR to only divert all compressor

air into the SOFC subsystem will avoid limiting the growth of the SOFC relative to

the GT.

3.8.1.2 System Masses

Greater efficiency is all well and good, but in an aircraft this needs to be

balanced against any additional mass such a system requires. Figure 3.29 provides

a breakdown of the different parts of the GT/SOFC as the relative prominence of

the SOFC increases. Unsurprisingly, the weight of the SOFC subsystem (including

reformer, inlet, stack, and ducting) increases as the power supplied increases. How-

ever, the lower specific power of the SOFC means that the SOFC components weigh

the same as the gas turbine and fan while only providing 15% of the power. The

weight of the electric motor is relatively small, though this is at a specific power

target (16 kWkg−1) for near future development [84, 85].

3.8.1.3 Performance Metrics

The resulting performance metrics for this power-addition process is provided

in Figure 3.30. The immediate observations are that the TSFC (and so the marginal

fuel cost for operating the aircraft over a flight) is substantially reduced, to about

80% of the baseline value. The actual range capability however also diminishes—
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Figure 3.29: Fan-Support GT/SOFC Subsystem Component Masses with varying
SOFC Power Contribution.

156



0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

TSFC
Range
Range w/ +35% SOFC Subsystem Spec. Power

Figure 3.30: Fan-Support GT/SOFC Relative Range and TSFC with varying SOFC
Power Contribution. Range results also included for a 35% larger SOFC subsystem
specific power to illustrate breakeven point.

i.e. the fuel displaced by the additional mass of the GT/SOFC isn’t accounted for

by improved efficiency. However, the majority of the additional mass is due to the

SOFC subsystem components, especially the SOFC stack. As such, if we (notionally)

increase the specific power of the SOFC subsystem 35% from approximately 0.8

kWkg−1 to 1.08 kWkg−1, the range capability is breakeven as the SOFC is scaled

up in this configuration.

This shows existence of a threshold SOFC specific power required to maintain

range capability with higher fuel efficiency. The means of achieving this specific
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power will likely require more power-dense SOFC materials and lightweight inter-

connect design or underlying material choice. These are however beyond the scope

of this dissertation.

3.8.2 Full Electric Power Production Model

3.8.2.1 SOFC Power Output Sweep

The resulting system efficiency and SOFC subsystem efficiency (including the

CPOx reformer) is provided in Figure 3.31 as a function of the power generated by

the SOFC specifically within the system. The total power output of the system of

4.55MW remained constant for every point, with the load demand on the turboshaft

diminishing (and so its physical size, scaling with the E3 program compressor and

turbine maps bundled with NPSS) with SOFC power output.

The initial set of results are generated by solving an initial on-design scenario

for turbomachinery with an OPR of 15 for a cruise condition at Mach 0.8 and 10.7

km altitude. For each scenario, the simplified SOFC mode was used to reach an

estimated solution for the rest of the gas turbine components before solving with the

full SOFC model. For the following results, the SOFC power target is progressively

increased even while the overall power requirement remains constant. At the same

time, the net thrust of the system is maintained at a low value (100 N) in order to

prevent the engine intake itself from adding unaccounted drag to the aircraft.

Figure 3.31 provides the fuel cell subsystem (including the reformer) thermal

efficiency and the system (combined GT/SOFC) efficiency, here labeled the total
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efficiency. Additionally, the equivalent non-dimensional parameters from Chapter 2

for the fuel proportion passed into the SOFC σFC and fuel-cell/gas-turbine power

production ratio θ are also provided.

The immediate trends are in line with our general predictions: as the size of

the SOFC in the GT/SOFC increases, the propulsive and system thermal efficiency

improves about 8% in total. The efficiency of the SOFC subsystem itself is again

largely consistent across the range, which is also consistent with SOFC stack scaling.

The SOFC subsystem efficiency is still low, about 41%, versus the 50%-60% often

achievable in other SOFC systems. This low performance is again likely due to the

reliance on the CPOx reformer, but the heat exchanger immediately preceding the

flow into the CPOx helps reduce the CPOx reformation burden. This is due to the

CPOx performance largely being driven by the temperatures achieved inside the

reformer.

Finally, the results shown here cover a range from σFC of zero to 0.5; as such

this system still could grow in the relative size of the SOFC. It is not yet cut off

by the SOFC cooling limit and approximately one third of the core flow is not yet

passed through the SOFC subsystem at this point (see Figure 3.28).
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Figure 3.31: Turboelectric Hybrid GT/SOFC Efficiencies with varying SOFC Power
Contribution. Corresponding proportional fuel flow into SOFC (σFC) and FC/GT
power generation ratio (θ) included.
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Figure 3.32: Turboelectric hybrid GT/SOFC flow rates through main components.
Total inlet flow includes core and fan bypass; core flow includes SOFC subsystem
bypass flow.
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3.8.2.2 System Masses

The system mass trends for the Turboelectric hybrid, shown in Figure 3.33,

are somewhat different from those of the Parallel hybrid. First, the gas turbine and

associated generator components reduce in mass as the fuel cell becomes larger since

their whole role of producing power (rather than thrust as in the Parallel hybrid

case) is reduced ass the fuel cell grows. Surprisingly, the heat exchanger mass is a

very small proportion of the total. This result suggested some kind of error to the

author, though none has been found. One potential explanation however is that the

heat exchanger is sized to operate only at cruise conditions where the overall mass

flow rate is relatively small, and the heat exchanger mass requirements are expected

to vary linearly with the mass flow rate—all else being equal, such as pressure drop

targets.

A second important observation is that the SOFC subsystem in this model is

relatively large compared to that of the Parallel hybrid model, almost by a factor

of two! This is mainly due to the lower design operating temperature and pressure

of the SOFC subsystem in this case, at a trade for better efficiency (41% to 30% in

the Parallel hybrid).
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Figure 3.33: Turboelectric Hybrid GT/SOFC Subsystem Component Masses with
varying SOFC Power Contribution.
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3.8.2.3 Performance Metrics

Finally, the relative range and relative fuel flow rate of turboelectric GT/SOFC

is provided in Figure 3.34. The range capability is substantially reduced with in-

creasing fuel cell size, with a break-even value of about 1.2 kW. This represents

a 200% increase over the modeled value, suggesting that one should be careful in

trading away specific power capability for higher efficiency.

Overall, the turboelectric hybrid provides an alternative form of airborne

power that attempts to follow the model of a ground power plant more closely,

taking advantage of a heat exchanger as well as the lower overall pressure ratios

needed to make use of the heat exchanger. While the resulting HEX is not large,

the overall system operates at a lower specific power—though this is also due to the

lower temperature and pressure operation of the SOFC components. Additionally,

the capabilities of, and other benefits of, electrically driven propulsors (e.g. BLI in

the NASA STARC-ABL concept) are not captured in this modeling. As such, it

is difficult to give an apples-to-apples comparison with the Parallel Hybrid model

performance at this time.
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Figure 3.34: Turboelectric GT/SOFC Relative Range and relative fuel flow rate
with varying SOFC power contribution. Range results also included for a 200%
larger SOFC subsystem specific power to illustrate breakeven point.
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3.8.3 Uncertainty and Sensitivity Analysis

In prior work by the author, an extensive sensitivity analysis for a GT/SOFC

turbofan (producing secondary power via the SOFC) was performed for many input

design variables and varying power levels [17, Fig. 42]. The purpose was to evaluate

the degree of output uncertainty for the metric of interest (fractional fuel flow rate)

with respect to the many input variables for the model. The most sensitive behavior

observed were large effects with SOFC design parameters at very large (and aero-

dynamically obstructing) sizes for the SOFC subsystem placed radially around the

GT. A GT/SOFC system with a similar power level, but less obstructing configura-

tion, showed much lower output uncertainty with SOFC design variables than the

GT component or airframe parameters. A priori then, we expect similar behavior

from this highly similar set of component models.

However, there is still value to finding the sensitivity values for each particular

system configuration. In this work particularly, the metrics of interest have changed

to TSFC and range, which in addition to the change in system configuration, may

alter the results. The uncertainty analysis applies the root-sum-square (RSS) Equa-

tion 3.5, where uxRSS
is the expected RSS uncertainty in the metric of interest x, uyi

is the uncertainty of any particular input parameter yi, si is the sensitivity of the

system to that particular input parameter, and N is the number of input parameters

considered. In general, parameters with low sensitivity and/or low uncertainty in

the input contribute little to the overall uncertainty.
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uxRSS
=

√√√√i=N∑
i=1

(uyisi)
2 (3.5)

The input parameter uncertainties uyi will vary by the given input, and matches

the assumptions from prior work [17]. Drag polars are assumed to use rounded sig-

nificant figures such that the actual value may be within ± five-tenths of the last

significant figure. Turbomachinery efficiencies are presumed to be accurate within

0.1% per the E3 program performance maps used [107]. By default, all other input

uncertainties are assumed to be 5% of their value without additional information.

The parameter sensitivities si are effectively first-derivatives of the system

performance with respect to the different input parameters. The first derivative

is found through by a first-order finite difference calculation, using two operating

points: (A) an initial solved state (subscript 0), and (B) a perturbed state solution

(subscript 0) from a small (≈ 0.5%) variation in the ith input parameter. The

sensitivity is then calculated per Equation 3.6, with a non-dimensional version in

Equation 3.7 which can be more useful for comparing the relative impact of each

input parameter vs. others.

si = (xi − x0) /∆yi (3.6)

si = (xi − x0) y0/ (x0∆yi) (3.7)

The results of the Fan Support configuration sensitivity analysis for a 1MW
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Figure 3.35: Fan-Support GT/SOFC Sensitivity Analysis for 1MW SOFC. Aircraft
empty and maximum weight are off-plot, with values of -4.4 and 5.2 respectively.

SOFC are provided in Figure 3.35, which plots the non-dimensional sensitivity pa-

rameters. Included in the sensitivity analysis were the most important SOFC param-

eters (voltage, utilization, and operating temperature) [17]. Additionally included

were turbomachinery performance parameters, as well as drag polar and range cal-

culation parameters (see Table 2.2). Note that the range calculation parameters

have no impact on the TSFC, so those sensitivities are zero.

The most immediate observations are that the aircraft maximum and empty

weights were by far the most impactful parameters by almost an order of magnitude.

This is not unreasonable, as these trade directly with the amount of fuel mass

available. The fuel mass added or lost impacts the capability of the aircraft at

the end of the flight when most of the fuel is already gone, such that the power
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requirements are much lower than for the rest of the flight.

In comparison to prior work [17], the SOFC is four times the size of the largest

system. However drag effects from additional mass or flow obstruction were not

present in this scenario, which were the driving factors in that prior work. As such,

we expect the TSFC and range to be more impacted than the relative fuel flow rate

metric in prior work—but on a more linear scale. Broadly speaking, this is what we

observe with most of the SOFC sensitivity coefficients being between 0.2–0.8.

From an optimization perspective, increased utilization and voltage appear

to be counterproductive for the range. As seen in Figure 3.30 however, this is

because the SOFC needs approximately 35% more specific power for the efficiency

improvement to break even with the loss of fuel capacity. On the other hand,

increasing SOFC temperature is beneficial to range as it increases the power density

of the SOFC, lowering the necessary size of the SOFC. However there is an upper

limit to the SOFC operating temperature both practically and materially which the

model does not well capture.

For turbomachinery, improving efficiency anywhere is overall beneficial, and

to a lesser degree the overall pressure ratio is the same. Interestingly, increasing the

fan PR harms the TSFC, likely by damaging the propulsive efficiency of the overall

turbofan.

In terms of the uncertainty for the range or TSFC calculations, the TSFC has

a fairly small uncertainty of 1.5%. This is unsurprising, as the TSFC has the benefit

of disregarding several of the most impactful parameters in the sensitivity analysis.

The value could rise slightly if more of the SOFC design variables were included
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as in prior work, but all of the variables checked previously had similar or lower

sensitivity.

On the other hand, the range calculation initially has an RMS uncertainty of

36%. This is primarily due to the large impact of the aircraft maximum and empty

weight variation having large impacts on the margin, and the inclusion of more

parameters. If just the maximum and empty weight uncertainties are removed, the

RMS uncertainty in the range falls to 13%. This may be justified, as the weight

characteristics would affect all engine systems. On the other hand, the effects of

the uncertainty may be more pronounced for heavier power generation systems that

trade fuel capacity for fuel efficiency. This may very well be the case for GT/SOFC

systems.

3.9 Conclusions and Future Work

In this chapter, we discussed a detailed simulation method for GT/SOFC

systems. The goal is to expand on the simplified analytical findings of Chapter 2 to

design and evaluate specific devices that could be constructed. The work presented

here with NPSS expanded on prior work for aircraft secondary power generation

with the integrated solid oxide fuel cell into. Here the same modeling approach

was used for GT/SOFC systems focused on providing main propulsive power, with

analysis on two specific configurations.

The first configuration provides direct propulsive force through the GT/SOFC

in the form of a turbofan, augmented with an electric motor with electricity provided
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by the SOFC. The second concerns a ‘flying powerplant’ producing only electric

power from both the SOFC and a mechanical generator attached to the turboshaft.

The results build on and confirm trends identified in Chapter 2.1 while removing a

number of the analytical assumptions required in that chapter.

More specifically, in the parallel hybrid configuration we found that introduc-

ing and increasing the relative size of the SOFC subsystem had several effects. In

line with analytical predictions, the necessary core flow rate to maintain the target

flight condition was reduced due to a higher flow-specific work for the hybrid sys-

tem. Furthermore, due to the higher flow-specific work the effective bypass ratio

could be increased—more than doubling over the calculated operating points. On

balance, this represented an overall moderate increase in total airflow rate, such that

overall engine flow area required is not substantially increased. This is an important

point for modern aircraft where turbofan size has an effective upper limit for most

airframes.

However this does not account immediately for the increased size and weight

due to the addition of the SOFC into the system. While the TSFC is observed to

decrease with the relative size of the SOFC, maintaining range capability requires

a threshold SOFC subsystem specific power around 1kWkg−1. This balances both

the increased efficiency of the overall thermal cycle, as well as the displaced fuel

mass for the additional SOFC components.

In the turboelectric hybrid configuration, we observed similar trends; fuel

consumption was reduced by 12% when 25% of power is generated by the SOFC

(θ = 0.33). However, in order to achieve an endurance parity with a system with-
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out an SOFC it requires a reformer/fuel cell that achieves better than 1.2kWkg−1.

Proportionally, this is a substantial increase (200%) from the mass estimate of the

SOFC components. However it should be noted that the SOFC in this system

operated at a lower temperature and pressure (due to the lower OPR = 15) This

higher specific power requirement occurs because the gas turbine operates at a lower

OPR = 15 vs. OPR = 24 to enable recuperation via a heat exchanger. The heat

exchanger does improve the thermodynamic performance of both the Brayton cycle

and the SOFC (by reducing preheating requirements) even at 30% effectiveness.

The mass of the recuperator is however relatively small in these scenarios, and the

optimum effectiveness is likely higher. Regardless, the presence of the recuperator

introduces substantial complexity to the system.

Future work has a number of potential directions. For both GT/SOFC configu-

rations discussed here, it will also be useful consideration of recirculated flows for an-

ode/cathode recirculation. This will enable substantially more efficient reformer—

and by extension, overall SOFC subsystem—performance to increase efficiency and

utilization for similar systems.

To achieve this however, a singular ATR/SOFC (or other configuration) model,

solver, or map may be desirable in order to take advantage of non-numerical non-

linear-execution solution methods. This may also result in better flow-loop capabil-

ity and ease of integration into other NPSS modeling projects. In particular, creating

an easily-integrated and stable set of component or subsystem models would be the

most impactful output of this particular modeling project due to the broader uses

of NPSS. One indicator of success would be if only a small number of SOFC design
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parameters will need to operate at the level of the global solver. In this same vein,

an SOFC stack performance map can be designed, with an associated performance

map [108].

At the level of the individual component models, there are numerous possible

directions to improve their accuracy. Design optimizations for SOFC, e.g. variable

insulation thickness along length of SOFC to enable better temperature stability is

one example, along with axial heat conduction in SOFC and CPOx models. These

may have very specific utility and long calculation times such that more complex

modeling may want to be performed externally whenever possible. At the system

level, it would be useful to apply the NPSS models to determine off-design perfor-

mance for the varying thrust requirements as fuel is expended over the course of the

flight.

In the longer term, what may be the most important problem in GT/SOFC

system design is accounting for transient performance. This is not accounted for

in the current modeling, which is for steady-state modeling. Transient models will

represent an interesting problem due to the large thermal mass of the SOFC com-

ponents paired with rapid transitions in GT throttle setting and ambient conditions

over the course of a flight.
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Chapter 4: SOFC Exhaust Reintroduction

As discussed in prior chapters, for ground-based GT/SOFC design the most

important consideration is usually minimizing the marginal cost of operation. Prac-

tically, this implies operating the hybrid system at the maximum thermal efficiency,

which often uses substantial regeneration (see section 2.4) as part of the thermody-

namic cycle. Effective use of regeneration requires a low OPR by the GT components

(see Figure 2.6), and as such (via Equation 2.22) a low proportion of power provided

by the GT vs. the SOFC.

In the scenario described above, it is usually desirable to use a larger SOFC

stack such that most of the fuel is reacted in the stack, with the GT components

recovering mainly waste heat from the irreversible losses of the topping SOFC. How-

ever as shown in Chapter 2, in aerospace applications where weight and volume are

important it can be advantageous to go the other direction. By instead using pro-

portionally smaller SOFC stacks providing lower SOFC utilization UFC , unreacted

fuel in the anode exhaust may be burned in the combustor to produce more sub-

stantial power through the gas turbine’s Brayton cycle. Towards the same weight

and volume goals, alternative SOFC materials operating at different temperature

ranges might be preferred for the aircraft application. Finally, the changing aircraft
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ambient conditions with altitude and compressor design will substantially change

the operating pressure inside the SOFC.

The result is that the anode exhaust state, instead of just combustion prod-

ucts CO2, H2O, and diluent N2, contains also a variety of additional reformate

fuel species, particularly CO and H2. The available concentrations could signifi-

cantly alter the local chemical composition and temperature (at a variety of overall

pressures) at the combustor injection location. Species like H2 and CO act like

fuels releasing heat whereas others may act like diluents. Potential negative im-

pacts include local hotspots, increased NOx production, and possible failure of the

combustor liner. However, the impact could also be positive: Hot (≈600◦C–850◦C

depending on SOFC material choices) anode exhaust rich in H2 and CO could be

used to enhance combustion stability enabling safe operation at lower overall equiv-

alence ratios that produce less NOx pollutants. The functional result may depend

on the injection strategy applied. Furthermore, as illustrated in Figure 4.1, there are

a number of different flow conditions beyond the anode exhaust that result from a

GT/SOFC configuration that need to be integrated into the combustor immediately

downstream.

The actual impacts are difficult to determine, since the makeup of the exhaust

gases is not well established—and accordingly their effects on combustion perfor-

mance characteristics like ignition, stability limits, and burning velocities. While

there are examples of hybrid turbine/fuel cell systems in the literature that inves-

tigate off-gas combustion [109, 110], they are most often for ground-based systems

with different combustor design priorities and different expected operating condi-
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Figure 4.1: Schematic Illustration of Flows Entering GT/SOFC Combustor

tions. One of the rare examples of an aerospace-focused system found is recent

work from the German Aerospace Center [33,34], which has developed a GT/SOFC

emulator test rig.

Considering the cost of experimental work, computational combustion is a

reasonable first approach for these questions. In that field, most investigations

of syngas fuel stream dilution so far tend to focus on the effect of single diluents

[111–114] or different concentrations of carbon monoxide [115] and water [116] as

opposed to the multiple diluents and CO contents produced by the fuel cell. A

broad finding amongst these papers is that computational combustion methods tend

to have trouble matching experiment with elevated temperatures and pressures,

regardless of the specific reaction mechanism (the set of chemical reactions accounted

for through the computation) used.

The closest investigations found are by Zhang et. al. [117] which assesses
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lean syngas/air flames with N2 and CO2 diluents but does not consider water that

will be present in the flow, and Cipriani [118] which addresses a variety of syngas

mixtures though still neglecting water as a diluent. Mixtures including heavier

fuel species such as in jet fuel can be more difficult to simulate, though attempts at

extrapolation from experimental results are available [119], as well as some numerical

models [48,120,121]. Even considering these studies, no known work discusses how

SOFC exhaust may impact combustor performance for aircraft, or any that specifies

the range of gas turbine combustor conditions that could be expected, aside from a

conference paper by our lab group which forms the basis of this chapter [55].

Therefore, in this Chapter we will take the first steps into an examination of the

conditions of turbine/fuel cell hybridization that impact the design and operation

of the gas turbine’s combustor. This will be accomplished using a two-step process.

The first step is to use the model of a hybrid turbine/fuel-cell system developed

in Chapter 3 to identify a range of fuel cell exhaust conditions/compositions that

one could reasonably expect in hybrid GT/SOFCs of various sizes and operating

conditions. These include chemical composition as well as thermodynamic and mass

flow states.

The second step is to evaluate the potential impact of the fuel cell exhaust

integration into the combustor by studying the effect of integrating the SOFC and

compressor exhaust streams on basic combustion characteristics (e.g. laminar flame

speed, extinction strain rate). These are then compared with more common air/fuel

combustor conditions to provide some initial insight into what sorts of effects may

or may not be worth further study.
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This section will not attempt to consider either of these steps exhaustively; the

potential range of GT/SOFC design configurations (e.g. reformer type), operating

points (particularly stack temperature, pressure, and utilization), flow compositions,

and flow integration methods represent an immense space of analysis that itself

requires substantial effort to properly define. Instead, the intent of this chapter

is to identify broad classes of potential impacts for combustion characteristics and

design scenarios that deserve further study.

4.1 Expected Combustor Inputs

The GT/SOFC model described in Chapter 3 is used here with data from the

model’s use in prior work [29, 55] to predict the fuel cell exhaust composition. The

most important factors to this scenario are the choice of reformation method, degree

of recycle (if any) inside the SOFC subsystem, fuel cell operating temperature, and

fuel utilization (also referred to as % Oxidation) by the fuel cell. In this work, to limit

the number of free parameters we will focus on CPOx reformation with no recycle

as developed in previously [64]. For future work, this leaves more efficient (and

correspondingly more complex and hardware-intensive) fuel processing methods such

as autothermal reformation (ATR) or steam reformation that depend on recycled

SOFC exhaust flows or other sources of water. Additionally, a single operating

temperature of 850◦C is defined for the exhaust from the fuel cell stack, built around

a YSZ-based MEA material.

Even given these constraints, an aircraft GT/SOFC system can have a wide
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Figure 4.2: NPSS Model Block Diagram for a Two-Spool Turbofan GT/SOFC.
SOFC electrical power generated applied to secondary (non-propulsive) applications.
Figure reproduced from prior works with slight modifications [29, 31, 55]

range of potential operating conditions inside the combustor, based both on (1) the

precise design configuration and (2) the varying flight conditions over the course

of a mission. The variation may be seen in both the intensive (e.g. temperature,

pressure, composition) and extensive (e.g. flow rate) properties of the material going

into the combustor. Fortunately, modeling from prior work [64] and as described in

Chapter 3 can give us some insight into those conditions.

To be more specific, the model that generated the combustor input data is for a

two-spool GT/SOFC turbofan, for which an NPSS model block diagram is provided

in Figure 4.2. The SOFC in this model generates electrical power for secondary

applications on board the aircraft such as avionics or fly-by-wire controls.

All this being said however, the turbofan/secondary-electric-power configura-

tion should not be an important factor in determining the composition or state of
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the resulting SOFC subsystem exhaust streams; the scaling of the energy gener-

ated by the GT and SOFC thermodynamic cycles and the incoming ambient condi-

tions should produce similar results to other configurations (e.g. a Fan Supporting

GT/SOFC or an All-Electric GT/SOFC, as described in Chapter 3) so long as the

SOFC subsystem inputs and GT thermodynamic cycle is the same.

Two sets of model results employing this model are used in this work, each

varying a different parameter across a wide range. In the first, the size of the SOFC

(and the resulting power output) was increased from an initial GT-only condition

with a constant fuel utilization. In the second, a GT/SOFC with constant SOFC

electric power output (50 kW) has the target fuel utilization of the SOFC varied

from 58% to 75%.

4.1.1 Intensive Properties

The prior NPSS modeling has provided a set of flow conditions for the anode,

cathode, and bypass streams. The most important compositional characteristics are

those of the fuel-carrying anode stream; the cathode and bypass will provide only

air at some temperature and some degree of lower oxygen content in the cathode

depending on the excess air ratio (EAR), i.e. the ratio of air flow rate in the cathode

to that needed to react with the fuel stream stoichiometrically. In most cases this

ratio approximately between two and five, so even with high values of fuel utilization

the cathode will still contain a fair amount of oxygen.

For the NPSS model, the equilibrium chemistry assumption results in the
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anode flow becoming the equilibrium distribution of chemical species based on the

elemental composition and operating conditions (i.e. temperature and pressure)

as calculated by the Chemical Equilibrium with Applications (CEA) package [82].

The equilibrium assumption is often reasonable for fuel cells since the Ni-based

anode material is an effective reformation catalyst that allows the anode gas flows

to approach their equilibrium state.

As one step to simplify the conditions we need to consider, we can look to

see if the resulting anode flow composition varies substantially for different aircraft

operating conditions (i.e. pressure ratio, flight speed, and altitude) such as we might

experience. Figure 4.3 provides results with consistent utilization and temperature

conditions for a High-Altitude, Long Endurance (HALE) aircraft and a Regional

Transport Jet aircraft, both as described in prior work [29, 55]. Given that we

target specific SOFC operating temperatures and utilizations within the designs for

each of these conditions, the meaningful differences here is the range of reformer and

SOFC operating pressures (between 2.3 atm to 18.2 atm) brought on by different

altitudes, flight speeds, and compressor pressure ratios.

Notably, there is very little difference in the anode exhaust composition across

the range of operating conditions examined, i.e. the equilibrium mixture resulting

from the reformer/SOFC subsystem is not substantially sensitive to input pressure

differences. This is helpful at the moment as it allows us to consider data from the

HALE cruise condition only going forward for setting baseline gas mixtures.

Temperature conditions are often required to remain in a range designed for

the MEA materials chosen for the SOFC. While only one SOFC operating temper-
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Figure 4.3: Anode exhaust species mass fractions for several operating conditions
and engine designs, 850 ◦C and 75% fuel utilization. Figure reproduced from author’s
work [55]

182



ature here (850◦C) has been used for generating anode exhaust data, adjusting the

equilibrium result with temperature should be consistent with a target utilization

in terms of the elements present in the mixture, and as such equilibrium can simply

be recalculated for the same input flow at a different temperature.i

On the other hand, the SOFC exhaust composition is sensitive to the fuel uti-

lization, per Figure 4.4. As the utilization value increases, more elemental oxygen

is transferred across the membrane into the anode from the cathode, shifting the

resulting species equilibrium towards product species H2O and CO2. As an inter-

esting point of reference, all of the fuel and product species are about 12% mole

fraction at 67% fuel utilization.

We now have a range of input flow thermodynamic and compositional con-

ditions that are representative of a reasonable range of SOFC exhaust conditions

that has accounted for temperature and pressure variations, and most importantly

fuel utilization as the most impactful parameter. Recall that one of the motivations

for this section was that fuel utilization inside a GT/SOFC designed for an aircraft

can vary or be designed for a wider range of values than ground-based GT/SOFC

systems.

Next, we’ll use the same set of NPSS modeling results (HALE Cruise conditions

of M = 0.5 and 16.8km altitude at OPR = 24) to investigate the sort of relative
iAt first glance, it seems as though the same argument could be made for pressure variations at

the SOFC exhaust. However, the pressure state from the flight condition also affects the equilibrium
chemistry inside the CPOx reformer upstream of the SOFC, which targets the minimum AFR above
soot formation to maximize the fuel content. Pressure affects that equilibrium [64, Fig. 12], and
so the elemental content of the anode exhaust. In contrast, the SOFC exhaust temperature does
not necessarily impact the reformer input conditions—though they may be interrelated for design
optimization.
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Figure 4.4: GT/SOFC Anode Exhaust Component Mole Fractions for a HALE
aircraft (Mach 0.5, Altitude of 16.8 km, OPR of 24) at varying target SOFC fuel
utilization. The SOFC operates at 850◦C and 2.3 atm. N2 content not shown, and
represents vast majority of remaining mole fraction at every utilization value.
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flow rates, and other extensive properties such as enthalpy (with values provided by

NPSS via CEA), that we might expect for different relative sizes of SOFC and GT.

4.1.2 Extensive Properties

If we’re considering the effective ways to integrate different flows into a single

combustion, two main parameters of interest are the mass flow rates of each of those

separate flows, and the enthalpy provided in each of those flows—particularly the

SOFC anode exhaust, and combustor fuel injection, which contain fuel species. For

those two parameters of interest, we’ll consider the effects of two variables; (1) the

fuel utilization, and (2) the relative scales of the SOFC and GT power outputs in

the overall cycle.

For the first, in the previous section we showed that the composition of the an-

ode exhaust varies with fuel utilization, and as such we might expect fuel utilization

to affect these extensive parameters in the overall system as well. For the second,

we saw in Chapters 2 and 3 that another main design parameter for a GT/SOFC is

the relative size of the two main systems in the overall cycle.

So far, we have defined this parameter in terms of θ = wFC/wGT for analytical

purposes, but the parameter can also be specified in terms of an electric power

fractionii ζ = Ẇelec/
(
ẆFC + ẆGT

)
. This can be more easily specified for an input

parameter. Furthermore, for a constant total power target (as used here) ζ will track
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linearly with the SOFC power output even near complete SOFC or GT contribution.

Our first set of results in Figure 4.5 shows the mass flow rate fractions (here

on a log scale) of the different SOFC input flows as a function of anode exhaust

fuel oxidation target. For the relatively small SOFC (ζ ≈ 10%), the exhaust from

the compressor (bypassing the reformer/SOFC entirely) is the largest component,

accounting for 80%–90% of the flow. The second largest flow rate is the cooling

bypass flow, accounting for about 10% of the flow at 58% fuel oxidation, though

this drops with increased fuel utilization due to the constant AFR of 15 (relative to

the fuel injected into the reformer) diverted into the reformer/SOFC subsystem.

For the CPOx reformer with a relatively high degree of air dilution, the cathode

and anode exhausts are of a similar mass flow rate, though again for a consistent

power output by the SOFC, the flow rates drop by about half from a utilization

of 58% to 75%, as more of the fuel is utilized for electric power. The flow rates in

the anode and cathode reduce more quickly than the utilization increases because

SOFC power is only generated in the SOFC, but the reformer before the SOFC has

already utilized 30%-40% of the fuel’s oxidative capacity in the reformation process.

As such, we expect the fuel utilization’s effect on flow rate to be reduced for more

efficient reformation processes. Finally, the burner’s new fuel flow rate represents

approximately 2% of the total flow rate, and increases slowly as the anode fuel

utilization increases in order to counteract the reduced enthalpy contribution from
iiIn prior work the SOFC was used to produce electrical power for secondary applications on

board the aircraft, such that the term “electric power fraction” implied that some part of the
power is used for electrical production (usually the SOFC, or alternatively the standard mechanical
generator) and another for thrust (usually the GT). In this work however, we’ll use ζ as defined in
the text, which merely separates out the part of the GT/SOFC cycle from which power is drawn.
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Figure 4.5: Combustor Mass Flow Inputs for Varying SOFC Anode % Oxidation
for a HALE aircraft (M = 0.5, 16.8 km altitude, OPR = 24, ζ = 10%).
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the anode exhaust.

Enthalpy contributions in this scenario are from the values reported by the

CEA thermodynamic package in NPSS, with the coldest air stream (post-compressor

flow in all cases) set as the zero baseline. The enthalpy fraction of each stream with

varied fuel utilization is provided in Figure 4.6.Notably, 80%–90% of the enthalpy is

provided by the burner flow, increasing at greater fuel utilization, also to make up

for the lower energy content of the SOFC anode exhaust. On the other end of the

scale, the cathode and SOFC cooling bypass flows carry relatively little enthalpy;

the cathode flow enthalpy drops with the reduction in mass flow rate, while the

cooling bypass absorbs more heat from the SOFC and fuel content (for the constant

global AFR) with greater fuel utilization, rather than that enthalpy remaining in

the fuel on the way to the burner.

As the other fuel flow, the anode exhaust carries the second-most enthalpy,

starting at about 14% of the total at low anode fuel utilization even for the low

SOFC power output. At higher values of fuel utilization however, this drops to

about 5% similarly, dropping by about two-thirds over the range of fuel utilization.

This is slightly more than the drop in anode mass flow rate due to the greater

degree of oxidation of the flow itself resulting in less enthalpy addition per unit of

flow. Even for a relatively small electric power fraction (ζ ≈ 10%) the SOFC exhaust

can represent a wide range of the enthalpy fraction injected into the burner.

All of the results so far were for a single electric power fraction. If we instead

lock the % oxidation at 75%, and vary the size of the SOFC subsystem relative

to that of the GT, we generate the results in Figures 4.7 and 4.8. In Figure 4.7,
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Figure 4.6: Combustor Enthalpy Inputs for Varying SOFC Anode % Oxidation for
a HALE aircraft (M = 0.5, 16.8 km altitude, OPR = 24, ζ = 10%).
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unsurprisingly the mass fraction of the SOFC subsystem flows (anode, cathode,

cooling bypass) become larger with ζ, with slightly exponential behavior since the

total power output of the system increases in this scenario as the SOFC is generating

secondary electrical power while the GT produces thrust via a turbofan.

For an initial ζ ≈ 10% at 50 kW, increasing ζ to around 40% brings down

the compressor exhaust flow to become around 30% of the total flow rate. Approx-

imately 40% of the flow rate is cooling bypass, dictated by the global AFR value

through the SOFC subsystem as a reasonable target for cooling. The anode and

cathode flow rates go from about 2% each of the total flow rate to about 15% each.

The burner flow rate remains small, dropping from around 2% to 1% of the total

flow through the system.

Broadly similar trends can be observed for enthalpy in Figure 4.8. With the

compressor exhaust as the baseline value for enthalpy, the two main enthalpy contri-

butions are from the burner and anode flows, with the anode flow providing ≈ 30%

of the enthalpy into the combustor at ζ ≈ 40%. Finally, the cathode exhaust pro-

vides about 5% (by virtue of being heated to the SOFC operating temperature) and

the cooling bypass flow providing about 10% (by virtue of absorbing SOFC waste

heat) of the total for the same ζ.

Altogether, we see some general trends for the GT/SOFC flows. First, lower

fuel utilization targets that may be attractive for high power-density SOFCs increase

the flow rates through the reformer/SOFC subsystem significantly, almost doubling

from the high % Oxidation baseline of 75% to the low end of 58%. At the same

time, increasing the electric power fraction also increases the proportional flow rates
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Figure 4.7: Combustor Mass Flow Inputs for Varying Electric Power Fraction (ζ)
for a HALE aircraft (M = 0.5, 16.8 km altitude, OPR = 24, %Ox = 75%).
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Figure 4.8: Combustor Enthalpy Inputs for Varying Electric Power Fraction (ζ) for
a HALE aircraft (M = 0.5, 16.8 km altitude, OPR = 24, %Ox = 75%).
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for the reformer/SOFC such that we already have designs where the SOFC anode

represents approximately 30% of the fuel power added into the combustor.

As a point of reference, the electric power fraction of 40% investigated here

matches approximately to the Fan-Support systems analyzed for Section 3.6 for

the largest SOFC subsystems (θ ≈ 0.6). Given that general performance improved

as the relative size of the SOFC is increased (subject to the specific power of the

reformer/SOFC subsystem), substantial flows of the size and type described in this

section would likely be encountered in practical GT/SOFC combustor on board

an aircraft. At these scales, the reformer/SOFC streams are not small enough to

be subsumed into the air and fuel mixture without changing the overall state and

composition substantially.

We’ve now characterized representative conditions for both the intensive and

extensive properties of the novel flows leading into the GT/SOFC combustor. The

next question is what sort of behaviors might we expect in terms of combustion.

As such, we’ll next identify possible effects of integration through computational

combustion analyses.

4.2 Combustion Modeling

The process of integration into the combustor will involve the combining of

all the different flows that, in the ideal case, fully combust fuel and air to a uni-

form turbine inlet temperature with minimal pressure loss during the heat release

process. Because of the high flow rates paired with size and volume constraints, the
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combustor will be relatively small with short residence times. Additional (though

not exhaustive) requirements are for stability over a wide operating range (due to

varying throttle and flight conditions), long term survivability of the combustor

hardware, and low emissions of smoke or other pollutants [122, p. 9-10].

Typically, fulfilling these requirements is already challenging for binary air and

fuel mixtures, with decades of work having gone into improving modern combustor

performance across a variety of metrics. For our purposes here however, we will

identify some indicators for problems and opportunities that might occur as we

bring the different flows together to help determine whether additional investigation

is warranted for GT/SOFC hybrid combustors specifically. Immediately considering

the potential for interesting mixtures, we have Table 4.1 that provides a matrix of

the general interactions we expect for mixing each of the flows from Figure 4.1.

Table 4.1: Expected results of various GT/SOFC combustor input mixtures

Compressor Bypass Anode Cathode Comb. Fuel

Compressor X Preheat Combustion Depletion,
Preheat Combustion

Bypass X X Combustion Depletion,
Preheat Combustion

Anode X X X Combustion Reformation,
Evaporation

Cathode X X X X Combustion
Comb. Fuel X X X X X

The immediate concerns are hot-spots and premature ignition from the com-

bustion cases, particularly the mixing of the SOFC anode exhaust with other streams.

At the same time, the hot and easily-ignited gas could also be used to improve

flammability limits overall, ensuring ignition where desired inside the combustor.
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One means to evaluate the potential for hot spots is the adiabatic flame tem-

perature for mixtures at varying equivalence ratio in order to evaluate the worst-case

heating scenario. We may expect these to occur with either mixtures of anode with

either cathode or bypass flows (or some mixture thereof). Next, the risks of pre-

mature ignition can be evaluated using ignition delay time calculations of similar

mixtures. Laminar flame speed calculations provide a general baseline of flamma-

bility that is easily compared to other scenarios, while finally an extinction strain

rate calculation provides information about the stability of flames using different

flows into the GT/SOFC combustor.

Each of these calculations and their results are elaborated in subsequent sec-

tions, but all are carried out using Cantera, an open-source toolbox for chemical ki-

netics, thermodynamics, and transport processes similar in use to CHEMKIN [123].

By default, we will use the FFCM-1 reaction mechanism which serves as an im-

provement on the venerable GRI-Mech 3.0 mechanism [124].

4.2.1 Adiabatic Flame Temperatures

The Brayton cycle generally benefits from higher temperatures at the peak

of the thermodynamic cycle, which are produced by the combustor at the turbine

entrance (i.e. the TIT). Practically speaking however, the temperature is limited

by the material constraints of the combustor and turbineiii that need to survive

these conditions for long periods of time. Even if a mixture of air and fuel may be

calculated to reach a survivable temperature overall, a non-uniform distribution of
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the temperatures inside the combustor may actually occur, with some regions much

hotter (or cooler, though this is less destructive) than intended for any number of

reasons. These hotter regions are also described as “hot spots” and can destroy the

combustor during operation.

The SOFC exhaust flows represents a flux of pre-heated and (in the case of the

anode) combustible gases into the combustor, with hydrogen as one of the primary

fuel species that reacts quickly. Both of these properties may be expected to result

in higher local temperatures if no precautions are taken. At the same time, the

hottest anode and cathode flows are also diluted by nitrogen for reformation, and

the transfer of oxygen within the SOFC respectively. The question is how these

effects balance out.

The adiabatic flame temperature (AFT) is the temperature achieved if all

of the energy released during an exothermic chemical reaction is retained by the

reactants [122, p.71-72]. In practice, real flames lose energy through radiation and

convection, so any results may be considered to be upper-limit estimates of the

temperatures experienced in an actual system. As such, it is useful for evaluating

the potential formation of hot spots inside a combustor if we consider the range of

equivalence ratios for mixtures of interest. A priori the mixtures we’ve generated

here are effectively vitiated air, which we can expect for any combination of flows to

result in a lower maximum AFT at a molar equivalence ratio of unity [122, p. 72].

Figure 4.9 confirms that a priori expectation, showing that the AFT with a
iiiHigher combustor temperatures also encourage the formation of NOx pollutants (“thermal

NOx”), but this is a less fundamental concern, and often an issue caused by higher temperatures
through part of the combustor before dilution to the target TIT value.
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Figure 4.9: Adiabatic Flame Temperature of Exhaust Components and Methane.

pure fuel species (here methane) will reach higher temperatures than the vitiated

air mixtures. Additionally, the higher temperatures of the cathode exhaust results

in higher AFT values than cooler, but more oxygen-rich, bypass flows. The fuel

utilization also has a substantial impact on the AFT, resulting in about 300K–400K

differences in the near-stoichiometric region.

However, the lower AFT values still represent substantial heat release, as ap-

proximately 500K temperature rises are achieved for all of the bypass mixtures at

ϕ = 0.25, and all cathode mixtures except for the cathode mixture with highly-

utilized reformate, which is the most vitiated case.
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4.2.2 Ignition Delay Time

The AFT is the ideal result of heat released by combustion to the point of

chemical equilibrium. AFT however does not account for the rates at which that

heat is released, if the combustion reactions even occur spontaneously, which is a

result of chemical kinetics in addition to thermodynamics. One parameter that

accounts for these rates is the Ignition Delay Time (IDT), which represents the time

between which a fuel and air mixture is combined and the onset of a flame.

Empirical correlations of the IDT with temperature and pressure have pre-

viously been made using the Wolfer equation, which takes the form of Equation

4.1 [122, p. 64]. For Equation 4.1, ti is the IDT, P is the pressure, ϕ is the equiv-

alence ratio of the mixture, E is the activation energy, R is the gas constant, and

Tmix is the initial mixture temperature. The remaining variables A, n, and m are

constants found to fit experimental data.

ti = AP−nϕ−m exp (E/RTmix) (4.1)

In the absence of those empirical variables (as is the case here), an IDT can also

be calculated computationally in Cantera, here using the FFCM-1 mechanism for

the chemical kinetics. To determine the IDT, the initial fuel and oxidant mixture’s

reaction rates (for each reaction in the mechanism) are calculated, then integrated

over a timestep before repeating the process. The resulting mixture conditions are

tracked over each timestep until a rapid release of heat (or other indicator of flame
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Figure 4.10: Several Indicators for Ignition Delay Time Identification. Red vertical
line shows the identified IDT. Mixture provided for Anode/Cathode flows at 58%
fuel utilization at 800◦C

formation) is observed in the mixture, with some additional timesteps recorded in

order to confirm the observation of peaks. An example of these different indicators

across the same time range for an ignition can be seen in Figure 4.10, where the

ignition time was identified algorithmically.

All of these indicators ideally occur at similar times, but can be difficult to

spot algorithmically over wide-ranging timescales. In this work however, the primary

indicator is the maximum rate of hydroxyl group (OH) creation, calculated as the

difference in hydroxyl concentration between timesteps, normalized by the duration

of the timestep.
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Figure 4.11: Ignition Delay Time of Anode/Cathode Exhaust at Varying Equiva-
lence Ratios for two different fuel utilizations at 800◦C.

To try and bound the question as much as possible, we can first consider

mixtures of anode and cathode exhaust since these mixtures will have the highest

temperature (a sensitive parameter per Equation 4.1). Figure 4.11 shows the IDT of

these mixtures at a representative temperature of the SOFC exhaust across a range

of equivalence ratios. The specific mixtures are for GT/SOFC exhaust compositions

at the highest and lowest solved utilization values (75% and 58% respectively), again

to bound the range of solutions.

Immediately, we observe that the ignition delay times are less than 0.5ms over

the range of mixture fuel utilization and equivalence ratios, with a minimum under
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0.15ms between equivalence ratios of 0.25–0.5. Effectively, at these conditions the

mixtures ignite instantaneously. The presence of a minimum is somewhat inconsis-

tent with the observations of other fuel-air mixtures, but there are wide disagree-

ments between experimenters. This may be due however to the physical processes

of fuel-air mixing dominating the scenario initially [122, p. 67-69]. The immediate

consequences of this observation are that the anode and cathode exhausts cannot

be difficult to safely combine upstream of the combustor or near the SOFC, unless

intended as part of the SOFC temperature control scheme.

However, Figure 4.11 is only for a single operating temperature; the SOFC

exhaust streams might be cooled by various means after the SOFC, and ignition is

sensitive to temperature. Figure 4.12 provides results for a single equivalence ratio

of 0.5 for the upper and lower ranges of fuel utilization. For varying temperature,

it is suggested to use an inverse temperature parameterization for the x-axis, and a

logarithmic y-axis, which per Equation 4.1 should result in linear trends [122, p. 66].

And in fact, Figure 4.12 does show such trends, though with changing slopes

over three temperature regions. These regions are approximately 1200K–1050,

1050K–1000K, and below 1000K, though the ranges shift to lower temperatures

with lower fuel utilization. Following the Wolfer equation, the changing slopes in-

dicate a shift in the activation energy of the rate-limiting reaction step(s). What

those specific reactions are has not been immediately identified.

Finding a numerical result for the IDT calculation does not necessarily indicate

spontaneous ignition in practice. At least one source provides residence times for an

aircraft combustor to be on the order of tens of milliseconds [125]. As such, ignition
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times in the 1–10 seconds range are generally meaningless in the context of a jet

engine. In that case, it appears that mixture temperatures above approximately

950K (IDT < 100ms) will spontaneously ignite. This corresponds to 680◦C, below

many (though not all) SOFC operating temperatures.

At higher temperatures, there is therefore reason to avoid premixing anode

and cathode exhaust to avoid spontaneous ignitions. However, the lower AFTs

mixed with spontaneous ignition over combustor residence times suggests that these

mixtures may be useful in sustaining combustion inside the combustor itself. To

this end, another IDT analysis can be performed that includes three-component

mixtures, including now methane as a fuel species. A ternary contour plot can show

characteristics for any mass-fraction combination of the three flows, here mixtures

of bypass flow, anode exhaust, and methane fuel. The bypass and anode exhaust

flows are taken to be at their calculated temperatures and compositions for 58%

utilization, while the methane is considered to have been preheated to the bypass

flow temperature. All three flows are taken to be at one atmosphere of pressure.

In the ternary plots, every point represents a different mixture of the three

components, while each edge represents a balance between only two of the compo-

nents. The resulting mixtures have a range of initial relevant conditions that all

may have an effect on IDT, or combustibility in general. These conditions include

their initial temperature, molar equivalence ratio, and adiabatic flame temperature.

The initial temperatures are given in Figure 4.13, which are important due to

the high sensitivity of IDT to temperature. Given that the methane temperature

is taken to match that of the bypass, the temperature is mostly dependent on the
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Figure 4.13: Initial Mixture Temperatures (K) of 58% fuel utilization Anode Ex-
haust, Bypass Exhaust, and Methane Mixtures at Varying Composition.

anode exhaust temperature. The bias for cooler temperatures with larger fractions

of methane is due to methane’s specific heat being higher than that of air. The

temperature of the bypass air is already almost 950K, such that purely anode/bypass

exhaust mixtures are likely to ignite spontaneously per Figure 4.12.

The molar equivalence ratios of the mixtures are given in Figure 4.14. Note

that in this figure, all values of ϕ above 7 are colored similarly; scaling the contours

otherwise is difficult. In general the contours are flat, normal to the methane corner

of the ternary plot as methane is a pure fuel. At points with low methane content,

the contours become biased by the anode exhaust which also contains some fuel
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Figure 4.14: Molar Equivalence Ratio of 58% fuel utilization Anode Exhaust, Bypass
Exhaust, and Methane Mixtures at Varying Composition.

species. Pure anode exhaust is in a molar equivalence ratio between 1 and 2 (which

is consistent with a fuel utilization of 58%). However, most combustion scenarios

are intentionally run lean. This makes the most relevant portion of the plot the

lower left-hand corner of the bypass exhaust, with only small proportions of anode

exhaust and methane.

The stoichiometric contour (ϕ = 1) in Figure 4.14 is also reflected in the adia-

batic flame temperatures given in Figure 4.15. The maximum temperatures around

2500K are achieved roughly along the stoichiometric contour, with two mild peaks
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Figure 4.15: Adiabatic Flame Temperature (K) of 58% fuel utilization Anode Ex-
haust, Bypass Exhaust, and Methane Mixtures at Varying Composition. Scale in
log10 (ms).

close to pure bypass/methane and bypass/anode mixtures. Again, this indicates our

area of interest is for majority-bypass mixtures.

Finally, we consider Figure 4.16 for the IDT results. Note that the figure units

are base-10 logarithmic such that our threshold of interest is roughly for values 3

(equivalent to 1 second) and below. As such, all IDTs above 1 second have been

omitted entirely, and a line-contour graph used for clarity due to limitations in the

ternary-plot software package. The first thing we notice is that the plot is relatively

sparse. The only portion of the plot with IDTs below the 1-second threshold are
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Figure 4.16: Ignition Delay Time of 58% fuel utilization Anode Exhaust, Bypass
Exhaust, and Methane Mixtures at Varying Composition. Scale in log10 (ms).

mixtures below approximately 15% methane by mass, in a wide swath between

90% anode and 90% bypass mixtures. Of the two AFT peaks in Figure 4.15, only

the anode exhaust peak will spontaneously ignite. While that mixture is primarily

additional anode exhaust, small amounts of methane can spontaneously ignite as

well, which is untrue for mixtures without the anode exhaust.

While this is only an initial survey of the scenario, it appears that mixtures

of anode exhaust with pure fuel species can encourage ignition. Considering the

mass fractions for different combustor inputs in Figure 4.7, the mass flow rate of the
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anode exhaust tends to exceed that of the fuel flow rate several times over. As such,

the IDT characteristics explored here may find use in further analysis of GT/SOFC

combustors on aircraft.

4.2.3 Laminar Flame Speed

The next combustion characteristic to be considered is the premixed Laminar

Flame Speed (LFS), which is the speed at which a plane flame front will propa-

gate through a premixture of fuel and oxidant species. LFS is a basic combustion

characteristic that is applied in numerous other estimations and relationships for

flame stabilization and rates of heat release [122, p. 41-42]. The main parameters

affecting the flame speed of any given mixture are equivalence ratio, temperature

and pressure

The premixed LFS is calculated using the Cantera FreeFlame model. In the

model a flame is initiated for a mixture of fuel and oxidant, with a reaction mech-

anism (here again FFCM-1) determining the release of heat and products into the

premixture, leaving hot product species behind. The inlet velocity of new premix-

ture gas is adjusted until the flame front remains stationary in the given domain.

For the stationary flame, the inlet velocity is effectively the flame speed. Figure

4.17 provides a representative profile of a flame temperature and composition.

While the LFS of most fuel species peak at rich but near-stoichiometric equiv-

alence ratios, syngas components H2 and CO are exceptions which peak at equiva-

lence ratios around two [122, p. 42].
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Figure 4.17: Representative Laminar Flame Temperature and Composition 1-D
Profile. Syngas and air mixture provided.

In addition to equivalence ratio, the major parameter specific to the GT/SOFC

is the fuel utilization. Figure 4.18 gives LFS results for a range of temperatures and

a variation in pressure, across the range of SOFC fuel utilization compositions found

previously.

In general, we observe trends for temperature and pressure that are consistent

with the literature [122, p. 42]. In particular, the laminar flame speed seems inversely

proportional with pressure to some (empirical) root, while temperature increases

have mild positive exponential impact. More data however will need to be calculated

or collected to determine values for the empirical exponential values in both cases.
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Figure 4.18: Laminar Flame Speed with SOFC Fuel Utilization for Different Tem-
perature and Pressures.
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4.2.4 Extinction Strain Rates

The final combustion characteristic considered in this chapter is the non-

premixed Extinction Strain Rate (ESR). In the context of a gas turbine combustor,

the ESR is relevant for flameholding behavior; i.e. a higher ESR indicates a greater

capability to maintain heat release (such as for fuel injection points) even under

extremely turbulent conditions inside the combustor.

One computational model for ESR is Cantera’s CounterflowDiffusionFlame

(similar to OPPDIF in ChemKin). In the model, separate fuel and oxidant streams

are directed towards each other with some speed which then spreads out radially at

the central plane of contact. The radial spreading changes the length-scale of the fuel

and oxidant interface at a certain rate, described as strain, which can be interpreted

as a velocity divided by the length scale for units of inverse time. The induced strain

rate affects the reactions occurring at the oxidant/fuel interface—and consequently

the rate at which heat is released. Figure 4.19 provides a representative profile of the

opposed streams with composition and temperature as a function of axial position.

Temperature and combustion products peak in the center of the system, where the

flame is generated.

“Extinction” occurs when the strain rates are such that reactions do not occur

quickly enough to release sufficient heat to sustain and encourage further reactions—

or in other words, to cause any flame to go extinct. In the Non-premixed counterflow

diffusion flame scenario, the strain rate is a function of the speed of the incoming

flows. To calculate the ESR, the CounterFlowDiffusionFlame calculation is run for
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Figure 4.19: Representative CounterflowDiffusionFlame Analytical Profile. Anode
and Cathode exhausts (75% Utilization) shown here. Nitrogen content of both flows
neglected for clarity.

a relatively low-flow rate scenario where a flame is generated. This can be indicated

by a substantial temperature rise close to the expected AFT value. The flow rates

of fuel and oxidant are then progressively increased, generating higher and higher

strain rates in the calculation. This process continues until the peak temperature

rise in the flame drops to some specified threshold, here 5K above the initial higher

flow temperature. Figure 4.20 illustrates this progression for a single set of incoming

flows. Note that the ESR is shown progressing along a log plot, as possible ESR

values may exist along several orders of magnitude.

For each strain rate scenario, a new flame profile must be solved numerically.

To help in this process, scaling rules may be applied to estimate the necessary

changes to improve calculation speed and stability. In this work, scaling rules from

212



Figure 4.20: Representative ESR calculation progression. Flows are 75% fuel uti-
lization Anode and Cathode composition and temperatures, 1 atm.

Fiala and Sattelmayer were used to calculate the ESR values [126].

As an initial pass, we consider here anode and cathode exhaust flows in their

initial proportional amounts and temperature conditions (850◦C). The ESR was

calculated for anode and cathode exhaust flows at the range of utilizations, and at a

variety of pressures (2.3–18.3 atm). Results are shown in Figure 4.21. Immediately

we see that the ESR falls with fuel utilization in all cases, up to an order of magnitude

at relatively high pressures, such as might be experienced at takeoff. This trend is

consistent with the lower concentration of fuel species in the anode exhaust, and

subsequent lower temperature rise with combustion reactions.

What is interesting is the variation of ESR with pressure. The general trend is

toward higher sensitivity to fuel utilization with higher operating pressures, though
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Figure 4.21: Extinction Strain Rate with SOFC Fuel Utilization for Different Pres-
sures.
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not necessarily an average change in ESR across the range of utilization. At 65%–

67% utilization, the ESR is relatively stable across pressures, serving as a crossover

point for the reduction in ESR with increasing fuel utilization. This implies that

the design fuel utilization of the SOFC subsystem will have a varying impact on

strain-rate effects wherever it may be integrated into the combustor. In this case,

an understanding of the different exhaust behavior will need to be accounted for

differently depending on the varying ambient conditions over the course of a flight.

4.3 Conclusions and Future Work

In this chapter, we considered that the different fuel and air mixtures expected

in a GT/SOFC represented a potential problem—and opportunity—for GT/SOFC

combustor design. On mass- and volume-constrained aircraft in particular, combus-

tion must be fast, efficient, and reliable, and is complicated enough to manage for

standard fuel and air combinations.

To evaluate the problem, first we set a baseline for the composition and ther-

modynamic states of the SOFC drawing from prior NPSS GT/SOFC models. We

noted immediately that there is very little difference in the intensive properties of

SOFC exhaust streams between different flight conditions, so long as the SOFC

configuration (e.g. the CPOx reformer, etc.), design exhaust temperature, and fuel

utilization are consistent (Figure 4.3). As such, we set the intensive conditions for

anode, cathode, and cooling bypass exhaust streams for a range of target utilization

targets.
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Extensive properties were also investigated in reference to the prior NPSS

modeling results for a range of SOFC subsystem sizes parameterized by the elec-

tric power fraction, ζ (practically equivalent to varying σFC per Chapter 2). The

resulting system solutions provided the flow rates of each of the combustor inputs.

From that information we can note that both the mass flow rates and heating values

of the SOFC exhaust streams can be comparable at electric power fractions above

approximately 30%, with greater heating values for lower SOFC fuel utilization. At

the higher end, the SOFC flows represented up to 70% of the total mass flow and

up to 50% of the total net heat release.

We then turned to an initial survey of relevant combustion characteristics.

The AFT of the vitiated anode and cathode flows were reduced, though still signif-

icant temperatures (up to 2200K) at equivalence ratios near unity. This suggested

that hotspots were a possible concern. Underscoring this problem, an IDT analysis

suggested that the SOFC exhaust streams would spontaneously combust if mixed at

the SOFC operating temperature. However, when three-stream mixtures of anode,

bypass, and methane were considered in an IDT analysis, the inclusion of the anode

exhaust (including light fuel species of hydrogen gas and carbon monoxide) allowed

for spontaneous ignition at lean equivalence ratios. This scenario suggests that the

anode exhaust may be useful in ensuring the lightoff or stability of hydrocarbon

flames.

An initial survey of LFS performance provided a baseline for future study,

with initially lower achieved velocities likely due to the syngas fuel species being

highly diluted. However the LFS varied by as much as 500% across the range
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of exhaust utilizations (58%-75%) suggesting that combustion behavior (such as

flashback) may be dependent on SOFC design parameters. Finally, a similarly brief

ESR survey showed reducing sensitivity to fuel utilization with increasing pressure,

and a wide variation in ESR values with fuel utilization, up to an order of magnitude

for pressures above 10 atmospheres for the mixed, hot, anode/cathode flow. The

highest values calculated for the ESR were around 300,000s−1 at the highest checked

pressure (18 atmospheres).

Altogether, we see that the flows created in a GT/SOFC can be widely varied

in composition, state, and relative size, and need to be accounted for when designing

the combustor.

However, the best means of integrating the different flows (such as the various

injection points in Figure 4.22) to avoid problems or enhance performance remains

to be determined as one of many avenues for future work. Another avenue is a more

rigorous expansion of the possible exhaust composition, temperature, and pressure

conditions beyond the ones covered in this chapter. Differences may be especially

for varying output temperature and fuel utilization, as well as alternative design

strategies such as anode recirculation. In terms of testing, even the metrics showed

in this work should receive further attention, such as pressure variation effects in

IDT calculations, or the effects of the equivalence ratio on LFS and ESR results.

For the LFS in particular, the peak may be broadened by the presence of hydrogen

and CO.

The wider range of conditions will also need an expanded analytical capability

to include larger hydrocarbons such as traditional jet fuel or injected liquids which
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Figure 4.22: Combustor illustration with notional integration points.

need to evaporate. This may be done in part by switching to a reaction mechanism

that includes these fuels, though traditional combustion mechanisms for large hy-

drocarbon fuels typically face many problems. One possible option however is the

HyChem mechanism, which is equipped to handle both the decomposition of large

hydrocarbon chains such as in jet fuels, as well as the subsequent oxidation reaction

kinetics [48].
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Chapter 5: Conclusions and Future Work

5.1 Summary and Key Findings

In this dissertation, we’ve considered the use of a GT/SOFC hybrid propulsion

system to reduce fuel burn on aircraft. This represents a shift away from the mod-

ern trend of turbofans with increasingly high pressure ratios, which achieve better

thermal cycle efficiency at the cost of flow-specific work—amongst other limitations.

Prior work has shown that the hybrid cycle including the SOFC within the hot sec-

tion of a Brayton cycle device can be effective for auxiliary power generation due to

a number of synergies within the system. These synergies may improve the perfor-

mance of the SOFC components sufficiently to counterbalance the increased mass

they typically represent. More recently, work has begun to investigate combined

power and propulsion schemes, especially in tandem with the increased electrifica-

tion of aircraft. In this Dissertation, we have set out to address several aspects

of the GT/SOFC hybrid system for aircraft, with a particular focus on its use in

providing power for propulsion.

First we developed a simplified analytical model to help identify intuitive de-

sign parameters and cycle performance trends within the hybrid system. The result

is a fast and relatively intuitive model that can provide guidance for system op-
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timization across a wide design space. The main drawback of the model is that

the simplicity comes at the cost of static input parameters for SOFC performance.

As such, the model may need to iterate with more complex SOFC and GT/SOFC

models to account for interactions between the SOFC subsystem performance and

the rest of the cycle.

In part to address this issue, we applied and expanded upon previously-

developed models in NPSS to model GT/SOFC systems where the electric power

generated by the SOFC was used for propulsion. This was examined in two forms,

the first being an augmented turbofan engine driven by the hybrid GT, and a second

that acted as a airborne powerplant to produce electrical power intended to drive

electric-motor fan propulsion schemes. The results matched trends observed in the

simple analytical model, and showed improvements in both thermal and propulsive

efficiency via an increased bypass ratio. The increased bypass ratio was also mostly

achieved by reducing the core flow rate such that the fan was not necessarily becom-

ing overly-large for the aircraft. From a range calculation using steady-state results

however showed that while the TSFC always improved with the relative size of the

SOFC, the range capability for the aircraft dropped off when the specific power of

the SOFC was below approximately 1kWkg−1.

Finally, we considered the integration of all the different GT/SOFC flows

into the mass- and volume-constrained aircraft combustor. Our initial survey of

representative intensive and extensive conditions for the SOFC exhaust flows used

an SOFC with a CPOx reformer across a range of relative GT and SOFC scalings.

We found that the new flows from the SOFC exhaust could become a significant
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portion of both the mass flow rates and the heating value going into the combustor.

Worryingly, we noted the potential for spontaneous combustion using anode exhaust,

and accompanying hotspots. However, at the same time we noted the ability to

support ignition of at least simple hydrocarbon fuels (here methane) in mixtures of

anode exhaust and air.

5.2 Contributions

For Chapter 2, the idealized GT/SOFC cycle analysis was wholly original work

by the author, building initially off of the standard Brayton cycle derivation process.

In Chapter 3, the original NPSS models developed by Daniel Waters [31] were

improved by the author for NPSS in numerous ways for stability, performance,

and improved capability. A model for an autothermal reformer, as well as the two

power-for-propulsion models in this work were also developed by the author.

Finally, in Chapter 4 the author is the first to his knowledge to consider

GT/SOFC combustor integration issues specific to an aircraft scenario.

5.3 Future Work

While each chapter has greater detail regarding next steps and future work

for their respective subjects, there are some broader directions for future work on

GT/SOFC hybrids going forward.

While the precise threshold value will almost certainly depend on the rest

of the system configuration, the low specific power of the SOFC remains one of
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its primary challenges for adoption on aircraft. Future work is recommended to

improve SOFC specific power for the transportation context, minimizing mass and

volume with constant power output. This is a relatively underinvestigated direction

for fuel cells, which are generally designed for maximum efficiency in a ground-based

scenario.

For detailed modeling via NPSS, future work is suggested to enable better loop-

ing capability for flows. As NPSS operates in a linear fashion, it is not well-suited

to multiple characteristics, such as flows with varying compositions, temperatures,

and pressures looping into different parts of the system—especially when those com-

ponents may be slow to execute. This may be addressed in multiple ways, such as

combining multiple SOFC components into subsystems that can be solved without

the black-box methodology of NPSS, or with fast-iterating performance maps of

previously designed SOFC stacks and other components.

Finally, in order to handle the SOFC integration concerns, specific strategies

need to be identified and evaluated in order to move forward.
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Appendix A: Fundamentals of Gas Turbinesi

A gas turbine (GT) is an open-cycle heat engine that uses the Brayton heat

cycle to convert some source of heat into either torque on a spinning shaft, or

kinetic energy of the working fluid through a nozzle, or some combination of the

two—depending on the particular application. The most common scenarios use the

combustion of a fuel injected into air, which together become the hot-side working

fluid of the cycle.

As a device, the gas turbine has five major components, including an inlet,

compressor, combustor, turbine, and nozzle, represented in Figure A.1. The function

of these components are as follows. Air from the environment enters the inlet to be

fed to the compressor. The compressor uses energy to raise the pressure of the air

before the flow enters the combustor. In the combustor, heat is added to the flow,

usually by burning an added fuel of some kind, while maintaining an approximately

constant pressure. The hot gases then enter the turbine, which extracts energy

from the flow passing through, which manifests as a drop in pressure. The energy

extracted by the turbine is first used to drive the compressor earlier in the cycle, but

some portion of the energy added by raising the temperature remains available in
iThis appendix serves as a brief primer on gas turbines drawn from a more complete and

elaborate explanation available from Mattingly [71, Ch. 4].
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Figure A.1: Simplified Layout of an Axial Gas Turbine as a Turbojet. Includes
standard station numbers in black dots.

the remaining heat and pressure of the turbine exhaust relative to the environment.

Whichever method applied to make use of the available energy, the gas flow is then

released back into the environment, completing the open cycle.

In Figure A.1, that method is the nozzle, which converts the raised tempera-

ture and pressure flow energy of the turbine exhaust into kinetic energy (KE) via

the nozzle. The change in momentum that the added KE represents is conserved

via Newton’s second law of motion by changing the momentum of the gas tur-

bine through a force acted upon the nozzle, pushing the engine “forward” as the

exhausted gases travel “backwards.”

The final application of the remaining useful energy in the flow leaving the

turbine classifies Figure A.1 to be a turbojet engine, but an alternative increases

the size of the turbine to extract more or all of the difference in pressure between the

combustor exhaust and the environment. The extracted energy is transmitted to the

spinning shaft of the turbine, which can be applied to a variety of different purposes

(see Figure A.2) such as a fan or propeller (a “turbofan” or “turboprop” engine
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respectively) or some other not-directly-propulsive purpose for the shaft power such

as an electrical generator (a “turboshaft” engine).

The underlying physics behind gas turbines is the basic ideal cycle for all heat

engines (Equation A.1), which relates the work produced to the heat added Q̇in

and rejected Q̇out during the process, in keeping with the conservation of energy.

Furthermore, the thermal efficiency of the heat cycle ηT is defined as the proportion

of ẆGT to the heat added (Equation A.2).ii

ẆGT = Q̇in − Q̇out (A.1)

ηT =
ẆGT

Q̇in

(A.2)

The Brayton cycle is a variation of the heat engine that progresses through

four processes (with indicators of the associated stations on the turbojet in Figure

A.1). These processes can be represented in terms of temperature and entropy (the

so-called T-S diagram), plotted here in Figure A.3.

1. Isentropic Compression (0→3)

2. Constant-Pressure Heat Addition (3→4)

3. Isentropic Expansion (4→9)
iiIn this work we generally follow the convention that for properties whose values may depend

on the mass or mass flow rate represented, upper-case letters represent extensive properties while
the lower-case equivalent letters represent intensive properties—for example, WGT refers to the net
work output of a given gas turbine with some particular mass flow rate ṁ, while wGT = WGT /ṁ
refers to the specific net work, i.e. the work output per unit of mass flow through the gas turbine.
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(a) Representation of Turbofan Engine

(b) Representation of Turboprop Engine

(c) Representation of Turboshaft Engine

Figure A.2: Different Varieties of Gas Turbine Engines.
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Figure A.3: Temperature-Entropy (T-S) Diagram Representation of Brayton Cycle.
GT diagram with station numbers included for reference

4. Constant-Pressure Heat Rejection (9→0)

For the Brayton cycle, heat is added and rejected at constant pressure such

that if we assume a calorically perfect gas, that heat is equivalent to a change in

temperature between different stations in the cycle, multiplied by the mass flow rate

through the system and the now-constant specific heat at constant pressure cp. The

result is Equation A.3.iii

ẆGT = ṁcp(T4 − T3)− ṁcp(T9 − Tamb) (A.3)

We should note that under the same assumptions this is an equivalent state-

ment to finding the net work generated by the Brayton cycle in terms of the differ-

ence between the work generated by the turbine Ẇturb and the work consumed by

the compressor Ẇcomp.iv

iiiNote that we may use the subscript “amb” for the ambient conditions of station zero, to avoid
confusion with the total conditions of a flow that often use a subscripted zero as well.
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ẆGT = Ẇturb − Ẇcomp → ẆGT = ṁcp(T4 − T9)− ṁcp(T3 − Tamb) (A.4)

Recalling the isentropic relationships between temperatures T and pressures

P , such that (Pa/Pb)
(γ−1)/γ = Ta/Tb (where γ is the ratio of the specific heat at

constant pressure to the specific heat at constant volume, approximately 1.4 for air)

for the isentropic compression and expansion processes, and the fact that (ideally)

the ratio of high- and low-pressures PR are equal for both of those processes (i.e.

PR = P3/Pamb = P4/P9), we can derive that the ideal thermal efficiency of the

Brayton cycle is related specifically to PR (Equation A.5).

ηT = 1−
(

1

PR

)(γ−1)/γ

(A.5)

As such, we can see that higher pressure ratios (usually achievable with larger,

heavier, and more expensive compressors and turbines) yield higher efficiency op-

eration, which (for the same ambient conditions) implies higher compressor exit

temperatures T3. It may be shown also that the maximum amount of work per

unit of mass flow through the GT (an important sizing factor) is achieved when

T3/Tamb =
√

T4/Tamb.

Since the main practical constraint on gas turbines is the material limitations

on the turbine inlet temperature (TIT) at T4 (to avoid melting the engine entirely)
ivFor the purposes of simplifying this description, presume that this is a turboshaft as in Figure

A.2c such that all available work is extracted by the turbine rather than a combined turbine/nozzle
stage with power potentially extracted two ways.
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and the available ambient temperature Tamb, the implication is that not only is there

a maximum cap on efficiency (T3 = T4) at any given moment, but after a certain

optimal point, increasing efficiency comes at the cost of specific work.
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Appendix B: Fuel Cell Fundamentalsi

B.1 Basic Description

Fuel cells are a class of energy conversion devices like heat engines, generating

some form of power from the chemical potential energy stored in a fuel material.

Like batteries but unlike heat engines, fuel cells extract electrical power directly

from fuel and oxidant materials that indirectly participate in a chemical reduction-

oxidation (“redox”) reaction. The redox reaction is distinguished by a transfer of

electrons (or at least a change in formal oxidation state) between reactants.

In a redox reaction, the reactant(s) losing electrons (adding to the oxidation

charge since electrons are negatively charged) are said to be oxidized, while the reac-

tant(s) gaining electrons (losing oxidation charge) are said to be reduced.ii We can

consider the loss and gain through so-called “half-reactions” of oxidation (Equation

B.1) and reduction (Equation B.2).

H2 +
1

2
O2−

2 → H2O + 2e− (B.1)

iThe material in this section is largely drawn from a more extensive description available from
Li [24, Ch. 1,9].
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1

2
O2 + 2e− → 1

2
O2−

2 (B.2)

A simple diagram of a fuel cell is provided in Figure B.1. The fuel cell enables

reduction and oxidation half-reactions to occur on two separate “electrodes” which

are conductive to reactants, electrons, and ions all at once. The necessary electrons

for both half-reactions are accounted for by transferring the electrons oxidized from

one electrode (the “anode”) to the other (the “cathode”) through a wire with some

kind of electrical load in between, driven by the chemical potential difference between

the two reactions. At the same time, the overall charge is conserved by also passing

(i.e. “conducting”) some ionized species between the anode and cathode through

an electrically-insulating “electrolyte” layer separating the two. Collectively, these

three layers are called the membrane electrode assembly, or MEA.

The ion species passed across the electrolyte depends on the fuel cell design and

reactions, but can be positive such as a proton in a proton exchange membrane fuel

cell (PEMFC) or negative such as an oxygen ion in a solid-oxide fuel cell (SOFC).

Equations B.1 and B.2, as well as Figure B.1 are written to presume an oxygen ion

species passing through the electrolyte, appropriate for the SOFC focused upon in

the rest of this work.

When two balanced half-reactions are combined, we have a full redox reaction

with reactants and products with no generation of free electrons—such as may be
iiThe confusing gaining-electrons-is-reduction is due to the historical convention (since Ben

Franklin!) of arbitrarily assigning a negative charge to the electron. The convention is too en-
trenched to change easily even if it would line up the concepts of charge and electrons. However
to manage as best we can, the useful mnemonic for reduction and oxidation is “LEO the lion goes
GER”, for “Loss of Electrons is Oxidation, Gain of Electrons is Reduction”
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Figure B.1: Basic Schematic of a Fuel Cell (based on an SOFC).
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observed if the reactants were processed in a single location, though the electron

transfer still occurs (Equation B.3). A heat engine may in fact use the same funda-

mental chemical reaction as a fuel cell as the source of energy (released in the single

combustor location), in which case the electron transfer occurs at the level of the

particle rather than through a wire, releasing the energy instead wholly as heat, i.e.

kinetic energy of the resulting particle(s).

1

2
O2 +H2 → H2O (B.3)

However, in contrast with batteries but similar to heat engines like gas tur-

bines, fuel cells are a power generation device only, and do not have any inherent

energy storage, e.g. reactants held within the anode and cathode materials as is

often done with batteries. As such, fuel cells are reliant on some kind of external

source (storage tanks, the external environment, etc.) and separate flow manifolds

and channels to provide streams of fuel and oxidantiii to the anode and cathode

respectively.

B.2 Solid Oxide Fuel Cells

An SOFC is a subtype of fuel cell that is characterized first by its electrolyte,

which is made of a rock-like ceramic oxide material. At sufficiently high tempera-

tures (approximately 550-1000Celsius), the oxygen ions held inside the electrolyte

begin to move freely by shuffling between vacancies within the internal structure of
iiiAn “oxidant” here is a material that causes the oxidation of some other reactant; the oxidant

itself is usually reduced (i.e. it gains electrons) to achieve that effect.
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the oxide while the bulk material remains an electrical insulator.

The high operating temperature of the SOFC has several associated impacts;

first, the catalyst material that is often used at electrode surfaces to enhance the

rates of reaction can be nickel rather than more expensive options like platinum.

Second, the catalyst is less susceptible to being poisonediv by any carbon monoxide

(CO) in the fuel flow.

iv“Poisoned” in this case refers to the loss of chemically-reactive locations on the anode surfaces,
due to the binding of carbon monoxide to the surface. At lower (non-SOFC) temperatures and with
platinum catalysts, the carbon monoxide forms stronger bonds at the surface sites than hydrogen,
and requires a higher potential to oxidize than hydrogen. As such, so long as hydrogen is present,
the hydrogen will be oxidized first and more quickly such that any carbon monoxide present will
remain at the sites and accumulate, degrading the rate of reactions on the anode surface as CO
surface coverage increases [24, p. 408].
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Appendix C: Energy Storage and Power Generation

Put another way, the overall motivating problem is one of the energy storage

and power generation (ESPG), just specifically for the aircraft application. Taken

in the abstract, “energy storage” refers to the total amount of energy that must be

carried by the aircraft, in whatever form that may take, which will be sufficient to

carry out its mission. “Power generation” refers to the means by which the stored

energy is actually employed by the aircraft (both for propulsion and for any other

secondary load as the mission demands) as power provided at some needed rate.

Different conversion systems may be able to use more or less of the stored energy

(as well as produce different kinds and amounts of emissions) to achieve the same

level of power generation, which we usually call the “efficiency” of the conversion

system.

As a concrete example, we can consider a modern airliner as depicted in Figure

C.1: The mass of jet fuel mf is the energy storage, while the jet engine is the

power generation system. The jet engine that burns jet fuel at a certain rate ṁf to

produce a certain amount of thrust power Pthrust in flight to balance against the drag

on the aircraft ṁf (for steady flight) that is created by the airplane body moving

at a certain flight speed U , with the efficiency ηover representing the proportional
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Figure C.1: Basic Energy Storage and Power Generation Relationships on Aircraft.

difference between the chemical potential energy from burning the jet fuel in the air

per unit mass Qf and the thrust force Fthrust exerted on the aircraft times its flight

speed.

Conversion efficiency can be described in different ways depending on the end

use, starting with a fundamental thermodynamic efficiency just illustrated, which

relates the total useful energy provided by the power generation system, normalized

by the total energy stored. As an alternative example for fuel-driven aircraft it

can also be provided in the rate of fuel consumption ṁf normalized by the force

(“thrust”) generated by the engine Fthrust, also known as the thrust-specific fuel

consumption (TSFC).iSimilarly, the energy storage performance can be measured

by the specific energy (and energy density when volume is important) of the fuel,
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. Finally, we can take the power generation system mass and volume into account

as well through the specific power and power density—i.e. the power produced,

normalized by the mass and volume of the generating system respectively.

This may all seem unnecessarily abstracted from the concept of an engine

with a fuel tank, but it is helpful in ensuring apples-to-apples comparisons are made

when considering vastly different ESPG architectures. As an example for producing

aircraft thrust, contrast a hydrocarbon-fuel turbojet along with a battery-motor-

fan setup. In the first case, the liquid jet fuel is the energy storage medium, with

conversion of the chemical potential energy of the fuel with (free) environmental

air into heat, which is applied in the Brayton thermodynamic cycle of the turbojet.

The useful work that comes out of the Brayton cycle at some resulting efficiency is

converted into a change in the momentum of the airflow leaving the turbine directly

through a nozzle (see Figure C.2).

In the second case, the energy storage fundamentally comes from the chemical

potential energy present between the anode and cathode materials contained within

the battery, most commonly using some kind of reaction involving Lithium. The

rest of the battery components (electrolyte, current collector, protective circuits,

housings, etc.) and design dictate how quickly and efficiently the potential energy

is converted to electricity. Afterwards, the electricity is used by an electric motor to

drive a fan which changes the momentum of airflow passing through it (see Figure

C.3).
iThe TSFC is also an example of an incomplete metric for ESPG performance, since it ignores

the variation in thrust required to account for changes in aircraft mass if the engine mass—the
conversion system itself—changes.
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Figure C.2: Basic Fuel-Turbojet ESPG Representation of Major Components.

Figure C.3: Basic Battery-Fan ESPG Representation of Major Components.
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In both of these examples, there are actually very similar fundamental forms

of energy storage (i.e. accessing chemical potential energy from a chemical reaction

using an amount of material) and different layers of conversion. For the turbojet,

conversion takes place through a heat cycle to produce torque to drive a gas through

a nozzle to exhaust at high speed. For the battery-fan, conversion begins in the

battery where all of the components exist to constrain the chemical reaction into an

electrical circuit by separating the movement of atoms and electrons in the reaction.

The electricity is then converted into a change in momentum of air by converting

the electricity to torque on a shaft driving a fan via an electric motor.

The problem in making appropriate apples-to-apples comparisons can occur

since in practice one is tempted to treat batteries as energy storage similarly to

fuel; i.e. I need X number of batteries to have enough energy to fly Y mission—even

though this ignores all of the battery design choices that may impact the availability

of the fuel energy, and distorts the specific energy value by “miscounting” the non-

reactive battery components.ii

Beyond making appropriate comparisons, keeping in mind the concept of an

ESPG can be helpful in scenarios (such as in this work) where it might otherwise

be difficult to evaluate overall system performance from the individual components

in hybridized systems with multiple storage or conversion mechanisms that inter-

operate. While the different component capabilities can of course be discussed, and

remain important, they may or may not directly impact the ESPG performance in
iiTo be fair, fuel-based ESPGs too have gray-areas as well, such as the fuel storage tank and

plumbing that normally require corrections to an effective specific power that can change at dif-
ferent size scales.
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the same intuitive manner as, say, compressor efficiency as a simple multiplier on

the Brayton cycle thermodynamic efficiency.

Furthermore, for many ESPG systems the scale of the overall system or indi-

vidual components can have an effect on performance; for example, internal com-

bustion engines tend to become less efficient and generate less specific power at

smaller scales, for a variety of reasons including construction tolerances, incomplete

combustion, and increasing heat losses via the square-cube law [16].

One solution to account for each of these concerns is to ensure that we are

accounting for the entire ESPG system when comparing performance for different

system architectures that might be used. One means of doing so is with a Ragone

plot.

Ragone plots compare the specific power and specific energy of the whole ESPG

(not the metrics of storage and conversion individually), with different technologies

carving out particular curves or areas of capability depending on the relative scaling

of the energy storage and power generation component characteristics. In cases such

as those we will consider with multiple storage and conversion sources (or with the

variation of other design characteristics), we can generate area-swaths on the plot

corresponding to different relative scalings of energy storage and power conversion.

If we look at a toy example Ragone plot in Figure C.4, we can see at the

extreme edges along the y-axis you have scenarios where energy storage dominates,

generally representing a case where the ESPG is almost wholly fuel (moderated by

the mass of fuel containment and conversion efficiency) with a vanishingly small con-

version system by comparison. Along the x-axis are scenarios where the conversion
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Figure C.4: Example of a Ragone Plot for Three Arbitrary ESPG Architectures A,
B, and C.

system dominates, large amounts of power are generated for very short durations.

The optimal locations for any ESPG will depend on the mission at hand (also setting

an absolute scaling of the ESPG), but generally speaking greater specific power and

specific energy values are better. Additionally, when both axes are plotted on a log-

arithmic scale, straight lines of operational endurance (i.e. the duration over which

the ESPG will provide power) can be drawn. For missions with a target endurance,

this can provide a direct comparison between two ESPGs, with the (theoretically)

superior system existing further along the line of constant endurance.
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In practice, Ragone plots or any other discussion involving ESPG components

can be easily distorted or misunderstood by underlying assumptions for the specific

scenario, or by varying accounting for the performance or inclusion of different

components one might consider. Power and energy performance metrics may be

conflated even in archival literature (see Figure 1 of [127]), plotting the energy

density and specific energy of different fuel cell types along with batteries without

any scaling context. For example, a Ragone plot including both a battery and a

natural-gas turboshaft should include either the mass of an electrical generator on

the turboshaft, or an electric motor attached to the battery (and in both cases,

likely some electrical power conversion equipment), with the choice depending on

whether the Ragone plot is meant to represent an electrical or shaft power output.

Overall, we can use Ragone plots to establish the different capabilities of ESPG

systems, but great care must be taken to make sure that the values used on the plot

for different ESPG architectures represent the same scenario in terms of output

type, scale, and any other factors important for the application at hand that can

help constrain the scenario.
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Appendix D: Custom NPSS Component/Solver Modifications

D.1 Solid Oxide Fuel Cell

D.1.1 Additional Modes

As part of the author’s work, additional operating modes have been added to

the SOFC model. Since in general the SOFC model is computationally expensive,

“Simplified” and button cell modes have been added for better design and perfor-

mance estimation and evaluation, especially for comparison to analytical results per

Chapter 2. In the Simplified mode, the SOFC uses static efficiency and utilization

values that are set rather than calculated from a particular reformer/stack design

and MEA parameters. This is very useful for finding reasonable initial conditions

for the rest of the integrated system since the more physically-determined “Stan-

dard” SOFC model mode requires substantial runtime. As such, in most cases this

simplified mode is used with the rest of the GT/SOFC to reach an initial conver-

gence, then re-run in the full physics-based mode to ensure that we are close to a

reasonable solution.

The “button cell” mode eliminates the effects of concentration and temper-

ature gradients in the anode and cathode flows. It does this within the existing
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SOFC model by increasing anode/cathode flow rates and active areas such that the

composition and temperature in the anode and cathode flow passages are spatially

uniform. This mode is useful for testing and establishing the parameters and per-

formance maps of any given electrochemical model, such as the results provided in

Figures 3.15 and 3.16.

D.1.2 SOFC Model Solver Stability

One of the main efforts in this work has been to improve the stability of the

SOFC model for wider ranges of problems. As originally implemented, the SOFC

model could easily yield non-physical results during the normal solver process for a

wide array of possible causes. Some examples include division by zero errors if one

or another fuel species was missing entirely (such as by a CEA rounding error), or

if too much oxygen is transferred in a single segment.

Additionally, high or low operating temperatures increase or decrease the

SOFC current density respectively for a particular operating voltage. Both of these

scenarios are reinforcing cycles since the heat release inside the SOFC is what main-

tains the SOFC’s operating temperature. Very rapidly, the SOFC electrochemistry

solver can overshoot any safe operating temperature of the SOFC. out-of-bound

temperature operation. For all of these types of problems, “guardrails” have been

put up to prevent runaway scenarios or divide-by-zero errors.

Internally to the component, there were many instances where the internal

Newton-solver used to find a solution could oscillate around a solution, getting
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caught in a loop. Each step would overshoot a converged solution of temperature

and current density. This occurs because of the high sensitivity that current den-

sity and temperature have on each other within the SOFC segment. Altering the

step size used to determine the first-derivative did not consistently improve a sce-

nario. As such, a Newton-solver damping scheme was implemented to ensure that

each iterative step would become closer to a converged value. In addition, should

convergence of temperature and current density within an SOFC channel segment

take more than a set number of iteration, the solver will switch to using a central

difference scheme rather than a first-order forward difference scheme for calculating

first derivatives.

D.1.2.1 Electrochemical Performance Maps

As part of the NPSS model development process, the electrochemical model

tends to be slow and unstable to calculate and converge. This is especially true

for the aircraft GT/SOFC scenario due to (1) the larger hybrid model featuring

an SOFC stack with recirculation, and (2) greater variation in conditions over the

course of operation than ground-based SOFC systems. One solution to this problem

is to calculate the electrochemical performance ahead of time.

In this case, we have generated maps of the electrochemical performance of the

SOFC MEA at the range of conditions that might be expected for the GT/SOFC,

allowing for varying levels of reformation and recirculation (though not direct steam

injection). For a particular fuel and MEA material arrangement (e.g. JP-5 with Ni-
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YSZ/YSZ/LSM as in this work), we can find the MEA current density as a function

of six variables:

• Temperature

• Pressure

• Utilization

• Mass Ratio of Nitrogen to Oxygen in the Anode flow (decreasing as anode

flow is utilized)

• Mass Ratio of Oxygen to Nitrogen in the Cathode flow (decreasing as cathode

flow is utilized)

• Operating Voltage (may also switch as input/output with current density)

The assumptions of the map are that the temperatures and pressures in the

anode and cathode are close to matching, and that equilibrium is approached at all

times. As such, for a given fuel and MEA material, the six variables above should

be able to specify all possible conditions that the MEA will experience. Additional

factors of stack design and heat transfer specific to different SOFC systems are

handled externally to this performance map, which is a useful feature for generalizing

the use of these maps.

The MEA performance maps are created using the MapGenerator functions

built into NPSS; as such they should integrate directly with any future NPSS mod-

eling seamlessly. The MapGenerator iterates over a range of values given for each of

the six variables as inputs to the “button cell” mode of our SOFC model unit test,
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which removes pressure-loss and energy-balance (i.e. heating) from the calculation.

Once generated for a particular fuel, the MEA performance map is currently

best used to provide an initial estimate of the current density for a given voltage,

or vice versa, for the electrochemical solver at each segment of the MEA. The only

current difficulty is the large size of the map at any resolution above 3-5 delineations

per input variable. Since the map size scales to the power of the number of variables,

a map with 5 steps per variable represents over 15,000 points. At sufficient resolution

however will allow the electrochemical calculation to be removed from the model

entirely, reducing computational cost further. However, it should be noted that

this does not elminate many of the iterative solver loops that are involved in the

design of the entire SOFC stack. Unfortunately the overall model has many more

unspecified design variables, though stack performance maps do exist for set designs

or empirical devices [108].

D.2 Catalytic Partial Oxidation Reactor

D.2.1 Alternative Fuel/Reformation Capabilities

As part of this work, the fuel and fuel-reformation capabilities of the CPOx

model have been expanded. First, data has been tabulated for methane (CH4) to be

used as a fuel instead of JP-5 in prior work. This new tabulation was created using

the NASA CEA coefficients to solve for the minimum AFR before coking (C(gr)

formation above 0.00001 mole fraction) using the Cantera chemical thermodynamics

and kinetics toolbox [123].
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In addition, the tabulation was expanded to include a third “oxygen boost”

parameter to account for increased oxygen content that may be present if anode

exhaust is recirculated. This is a likely form for aircraft ATR systems, which gener-

ally avoid direct steam injection because of the substantial additional weight of the

necessary water. Exhaust recirculation instead returns a portion of SOFC anode

exhaust to the reformer, which carries steam as part of the combustion products

generated inside the SOFC. The anode exhaust contains fuel and air species in their

original ratios, as well as additional oxygen that was transferred across the SOFC

electrolyte from the cathode flow.

When the anode exhaust is injected into the reaction zone along with the new

fuel and air, the resulting elemental composition is the same as an AFR value, with

the addition of some proportion of oxygen. The added oxygen can be parameterized

as a relative boost to the amount of oxygen added with the air which will drive up

the air-equivalent, depending on how much air is recycled.

D.2.2 Bypass Heating

As an update for this work, the bypass exhaust temperature is updated after

each segment to inform the heat transfer calculation of subsequent segments. This

improves the accuracy in scenarios where the temperature rise in the bypass is

significant over the course of the CPOx.
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Figure D.1: Minimum Air-Fuel Ratio Mappings for Methane and JP-5.
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