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A compact air-breathing jet hybrid-electric engine coupled with solid oxide fuel cells
(SOFC) is proposed to develop the propulsion system with high power-weight ratios and
specific thrust. The heat exchanger for preheating air is integrated with nozzles. Therefore,
the exhaust in the nozzle expands during the heat exchange with compressed air. The
nozzle inlet temperature is obviously improved. SOFCs can directly utilize the fuel of liquid
natural gas after being heated. The performance parameters of the engine are acquired
according to the built thermodynamic and mass models. The main conclusions are as
follows. 1) The specific thrust of the engine is improved by 20.25% compared with that of
the traditional jet engine. As pressure ratios rise, the specific thrust increases up to 1.7 kN/
(kg·s−1). Meanwhile, the nozzle inlet temperature decreases. However, the temperature
increases for the traditional combustion engine. 2) The power-weight ratio of the engine is
superior to that of internal combustion engines and inferior to that of turbine engines when
the power density of SOFC would be assumed to be that predicted for 2030. 3) The total
pressure recovery coefficients of SOFCs, combustors, and preheaters have an obvious
influence on the specific thrust of the engine, and the power-weight ratio of the engine is
strongly affected by the power density of SOFCs.
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INTRODUCTION

Combustion engines in aviation sectors are partly responsible for air pollution and carbon dioxide
(CO2) warming impacts (Gnadt et al., 2019; Schafer et al., 2019). Widespread electrification of
vehicles can contribute to mitigating the damage caused by the power systems (Needell et al., 2016).
Fuel cells are advanced and highly efficient energy conversion equipment and can reduce greenhouse
gas emissions (Baldi et al., 2019). Newman (Newman, 2015) concluded that proton exchange
membrane fuel cells (PEMFC) and solid oxide fuel cells (SOFC) are the only two feasible energy
source devices for aerospace applications when the weight and power of fuel cell systems are taken
into account. The power density of PEMFCs is improved to a large degree recently, which is
beneficial to the propulsion system. However, the production, transportation, and storage of
hydrogen are not easy, and noble metal catalyst is needed for the PEMFCs. SOFC can be fueled
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by traditional hydrocarbon fuel (Chen et al., 2018) and integrated
with gas turbines to improve thermal efficiency and power
density (Fernandes et al., 2018).

The power density of SOFC gas turbine hybrid systems is small,
compared with that of the traditional combustion engines (Collins
and McLarty, 2020). Therefore, the system was proposed to apply
to unmanned aerial vehicles (UAV), commuter airplanes, and
distributed propulsion airplanes. This type of aircraft is sensitive
to emission and specific fuel consumption. The advantage of the
propulsion system in thermal efficiency can be shown when the
weight of the oil load is further higher than that of the power
system, which means that the endurance of aircraft is long.
(Himansu et al., 2006) first proposed that SOFC gas turbine
hybrid systems can serve as core engines of UAVs with high
altitude long endurance (HALE) aerospace missions. (Aguiar et al.,
2008) showed that the generation efficiency of the hybrid system
would be improved by using three fuel cell stacks instead of one
stack. Further study found that the preheating requirement for cold
atmosphere air and liquid hydrogen is huge when flight altitude is
high up to 15–22 km (Tarroja et al., 2009). Commuter airplanes are
promising in the civil sector. (Stoia et al., 2016) revealed that the
SOFC gas turbine hybrid system is suitable to provide power for
all-electric aircraft. It has comparative advantages over internal
combustion engines in emission, noise, efficiency etc., even though
the power-weight ratio of the hybrid system is low as 300W/kg.
(Stoia et al., 2018) also pointed out that the hybrid system can
achieve efficiency in excess of 60% by configuring a hot recycle
blower. Moreover, (Woodham et al., 2018) completed the safety
analysis for the hybrid power system. (Okai et al., 2012; Okai et al.,
2015) built an analytical model of a SOFC gas turbine hybrid power
system for a blended wing body distributed propulsion aircraft.
The authors showed that weight reduction would be key
technology if the engine is expected to come into service.
Moreover, the weight problems will be mitigated if the SOFC
gas turbine hybrid core is fueled by multi-fuel instead of sole
hydrogen fuel (Okai et al., 2017). (Valencia et al., 2015) found that
the use of SOFC gas turbine hybrid systems fueled by liquid
hydrogen could contribute to reducing by 70% thrust specific
fuel consumption on the aircraft with distributed propulsors
and boundary layer ingestion, but the weight of the aircraft will
increase 40%. (Yanovskiy et al., 2013) showed that the aviation
engine with SOFCs is promising by improving fuel cell
technologies, even though its weight is high. (Chakravarthula
and Roberts, 2017) showed that the SOFC hybrid system for a
typical commercial flight outperforms the conventional turbo-
generation in both endurance and power-weight ratio at
cruising altitude. (Papagianni et al., 2019) showed that the
SOFC gas turbine hybrid system could provide 12% in fuel-
saving under cruise conditions. (Evrin and Dincer, 2020)
evaluated an integrated SOFC system for medium airplanes,
which has overall energy and exergy efficiencies of 57.53% and
47.18%, respectively. An engine composing of compressors,
SOFCs, and nozzles for high altitude long endurance UAVs was
proposed in our previous work (Ji et al., 2019b), which are
remarkably different from traditional SOFC gas turbine hybrid
systems for aircraft (Ding et al., 2020). The compressor is powered
by SOFCs rather than turbines. There are no turbines in the

engines. Therefore, the combustion temperature can be further
improved. The specific power of the engine is high, but its weight is
also huge. Finding a configuration that presents a trade-off between
the thrust specific fuel consumption reduction and weight
increment is a crucial problem for the engine.

The novelty of this paper is as follows. A compact air-
breathing jet hybrid-electric engine coupled with SOFCs fueled
by liquefied natural gas is proposed and studied. The main
difference between this paper and our previous work (Ji et al.,
2020) is system configuration. In this work, an air preheater is
integrated with the nozzle. The exhaust in the nozzle expands
while exchanges heat with cold compressed air. In addition, a
heat-exchanger is integrated with combustors to preheat fuel. In a
nutshell, the weight of the engine is decreased, and the nozzle inlet
temperature is further increased. The above content is
demonstrated in Section System description and cycle analysis.
The mass estimation method and thermodynamic models with
verification are introduced in Section Mathematics models.
Performance analysis is completed in Section Results and
discussion.

SYSTEM DESCRIPTION AND CYCLE
ANALYSIS

The propulsion system configuration is demonstrated in Section
System description. There are some differences in the
thermodynamic process between the system and the
conventional combustion engine, which are analyzed in
Section System description.

System Description
The configuration diagram and detailed process flow diagram of the
compact air-breathing jet hybrid-electric engine coupled with SOFCs
(HEFC engine) fed by liquefied natural gas are shown inFigure 1. Air
from the atmosphere at state ① is compressed by an intake and a
compressor in turn. Then, the air is divided into two parts. Some are
provided for the SOFC cathode, and others are directly utilized by a
combustor at state③. The air exhaust preheater is integrated into the
nozzle to heat air from the compressor at state②. A fuel exhaust heat
exchanger is also integrated into the combustor, which is a common
method for protecting the combustor wall of ramjets (Jiang et al.,
2018). The air and fuel preheated are respectively provided for SOFC
cathode and anode. SOFCs generate electricity and drive the
compressor by the motor. Next, SOFC exhaust, part compressed
air, and some fresh fuel are mixed and burnt in the combustor.
Finally, the combustor exhaust expands and outputs propulsion
power in the nozzle. The alone heat exchanger and reformer are
designed in our previous system (Ji et al., 2019b), which are removed
or integrated with other components in this work.

The fuel exhaust heat exchanger and the air exhaust preheater
are specially designed for the HEFC engine, which is
demonstrated as follows. Advantages of the fuel exhaust heat
exchanger: 1) the wall of combustors can be cooled by fuels. 2)
The liquid fuel is converted into steam, which can be directly
utilized by SOFCs. 3) Because the combustor is cooled, the
limitation combustion temperature is increased. Advantages of
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the air exhaust preheater: 1) the wall of nozzles can be cooled by
compressed air. 2) The temperature of the air can be improved.
There are some differences between the HEFC engine and
traditional turbojet engines. For the turbojet engines, turbines
are connected to compressors via a shaft (Şöhret, 2018). However,
the shaft between turbines and compressors does not exist for the
HEFC engine.

Efforts have been made to decrease the weight of HEFC
engines, compared with a traditional SOFC gas turbine hybrid
system for the electric supply (Lv et al., 2016). The water pump,
the evaporator, the mixer, the turbine, the reformer, and the fuel
compressor are simplified. The power density of SOFC stacks is
0.17 kW/kg, and that of SOFC systems is 0.035 kW/kg,
according to (Chick and Rinker, 2010). Therefore, the
improvement of the power density for the HEFC engine is
possible. Besides, the power density of SOFCs increases with the
increase of years. The power density of SOFCs is about
0.263 kW/kg in 2015, and the one predicted in 2030 is
0.684 kW/kg, according to (Valencia et al., 2015). With the
increment of SOFC power density, the power-weight ratio of the
HEFC engine may be superior to that of ICEs.

Analysis of Thermodynamic Processes
HEFC engines undergo a special thermodynamic process in the
nozzle. The exhaust exchanges heat with cold air while
expanding, which is shown in Figure 2A. The working fluids
will undergo expansion from state four to state eight if it does
not exchange heat with cold air. When the heat exchanging
occurs, the working fluids undergo expansion from state four to
state five. A simple way can also achieve this in Figure 2B where
the combustion outlet temperature and pressure ratios are the
same as that in Figure 2A. The working fluids from the

compressor at state three are heated to state four. Then, the
working fluids undergo heat exchange from state four to state
eight and expansion from state eight to state five in turn.
However, the nozzle inlet temperature is low by this
method. The expansion power in Figure 2B is lower than
the one in Figure 2A when the combustor exit temperature
and pressure ratio in Figure 2A are the same as that in
Figure 2B.

MATHEMATICS MODELS

The mathematics model of the HEFC engine is built to measure
the performance of the propulsion system. First, the
thermodynamics and mass models are presented in this
section. Then, the performance criterion and solution methods
of the system are demonstrated.

Model Assumptions
(1) The HEFC engine is in steady-state operation.
(2) The fuel is liquefied natural gas (100% methane) and is

desulfurized.
(3) Gaseous working fluids are considered as ideal gases.
(4) The air contains 21% oxygen and 79% nitrogen.
(5) All components are adiabatic.
(6) Carbon deposition is not considered for the SOFC with

internal reforming.
(7) The detailed layout of the fuel exhaust heat exchanger and the

air exhaust preheater is not considered.
(8) The mass of the fuel exhaust heat exchanger is neglected.
(9) The mass of fuel pumps and pipelines is assumed as 10% of

the total mass of the HEFC engine.

FIGURE 1 | The (A) configuration diagram and (B) process flow diagram of a compact air-breathing jet hybrid-electric engine coupled with SOFCs.
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Thermodynamic Models
The thermodynamic model of the HEFC engine is built in this
section, which includes the air exhaust preheater model, fuel
exhaust exchanger model, intake model, compressor model, and
fuel cell model.

Air Exhaust Preheater Model
The polytropic process from state four to state five in Figure 2A is
re-described in the red zone in Figure 3 with q < 0 and w > 0. n is
the polytropic index, and k is the specific heat ratio. w and q are
process work and heat.

In this polytropic process, the property of the gas meets the
equation.

pv n � constant. (1)

Therefore,

p1v
n
1 � p2v

n
2 . (2)

Subscript 1 represents the inlet of the nozzle, and subscript 2
represents the outlet of the nozzle. The p2 is atmospheric pressure.
The process work can be calculated as,

w � ∫2

1
p dv. (3)

The work can be expressed by Eq. 2.

w � p1v
n
1 ∫2

1

dv
v n

� 1
n − 1

( p1v1 − p2v2). (4)

The equation of state can be expressed as,

pv � RgT . (5)

The equation of polytropic process work in Eq. 4 can be
simplified by Eq. 5 as,

w � k − 1
n − 1

cv(T1 − T2). (6)

The heat of the polytropic process can be calculated by the first
law of thermodynamics.

q � Δu + w � cv(T2 − T1) + k − 1
n − 1

cv(T1 − T2) � n − k
n − 1

cv(T2 − T1).
(7)

The ratio of the heat and work in the polytropic process can be
expressed as

w
q
� k − 1
k − n

. (8)

The Eq. 2 also can be expressed as,

n � ln(p2/p1)
ln(v1/v2). (9)

By combining Eq. 9 and Eq. 5, the polytropic index can be
expressed as,

n(n − 1) � ln(p2/p1)
ln(T2/T1). (10)

FIGURE 2 | Tephigrams of a compact air-breathing jet hybrid-electric engine coupled with SOFCs (A) in this work and (B) in our previous work.

FIGURE 3 | Tephigrams of polytropic thermal processes.
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The rate of heat exchange is equal to the energy provided for the
compressed air. The polytropic index and nozzle outlet temperature
can be acquired by combining Eqs 7, 10. The real process in the air
exhaust preheater is extremely complicated. However, the
polytropic process described by Eqs 1–10 can be achieved by
the reasonable arrangement of the preheater and the specific
geometrical design of the nozzle, which takes considerable time.
In addition, the qualitative conclusion may not be drawn because
the analysis of the novel thermal cycle can be limited by complex
physical layout models. Therefore, preliminary performance
analysis from the perspective of thermodynamics is important.
The effects of real physical conditions are considered and can be
reflected by total pressure recovery coefficients.

Fuel Exhaust Heat Exchanger Model
The outlet temperature of the fuel exhaust heat exchanger is
designed as SOFC anode inlet temperature. The heat transfer rate
can be drawn by Eq. 11. The combustion reaction is shown as Eq.
12. Particularly, the oxygen in the combustor can be used up by
adding fresh fuel to the combustor. The equivalence ratio of the
combustor flow is exactly stoichiometric. The combustion
temperature can be calculated according to the energy
conservation equation as Eq. 13. The total pressure recovery
coefficient of the fuel channel is assumed as 0.92. The total
pressure recovery coefficient of combustor ξcomb is assumed as
0.98. The combustion efficiency is assumed as 0.97.

qnozz � hhx2,out − hhx2,in, (11)

a CH4 + b CO + CH2 + d O2 + eN2 + f H2O + g CO2

� h CO2 + f H2O + g N2, (12)

∑m
1

∑n
1

mihi(Ti, pi, Cj,i) � ∑m
1

m · h(T , p, Cj), (13)

phx2,out � phx2,out × 0.92, (14)

pcomb,out � pcomb,out × 0.98. (15)

For the air exhaust preheater, the heat transfer rate in the nozzle is
equal to the energy provided for the compressed air. The outlet
pressure of nozzles is equal to atmospheric pressure. The total
pressure recovery coefficient of the air channel ξhx is assumed as 0.95.

qnozz � hhx1,out − hhx1,in, (16)

phx1,out � phx1,in × 0.95. (17)

Intake and Compressor Model
The thermal process in an intake is considered as an adiabatic
compression process. The total pressure recovery coefficient of
the intake is from the practical relation recommended by NASA
(Jansen et al., 2017). The outlet parameters of the intake can be
drawn by Eqs 18–21. The adiabatic compressor model is
assumed in this study (Korakianitis and Wilson, 1992). The
outlet parameters of the compressor can be calculated by Eqs
22–25.

Tout � Tin{1 + [(c − 1)/2]M2
∞}, (18)

pout � pin{1 + ηinta[(Tout/Tin) − 1]}c/(c− 1), (19)

ηinta � 0.95(1≥M∞ ≥ 0), (20)

ηinta � 1 − 0.075(M∞ − 1)1.35(1.7>M∞ > 1.0), (21)

Tout � {1 + (1/ηcomp)[(π)(c−1)/c − 1]}Tin, (22)

pout � pinπcomp, (23)

wcomp � hcomp,out − hcomp,,in, (24)

ηcomp � 0.91 − πcomp − 1
300

. (25)

TABLE 1 | Mass models of sub-components of the HEFC engines (Tornabene et al., 2005; Valencia et al., 2015; Cirigliano et al., 2017).

Components Equations R2 Constraint conditions NO.

Compressor mcomp,1 � 15.887 × π̂(−0.305) 0.983 Centrifugal compressor (26)
mcomp,2 � mcomp,1 × (mcomp,a/1.16–1)×8.6636 0.9998 (27)
mcomp � mcomp,1 + mcomp,2 — (28)

Motor mmoto � -2.354 + 1.609 × Pmoto
0.6693 0.832 5kW ≤ Pmoto ≤ 300kW (29)

SOFC mcell � Pcell/0.263 (2015) — Anode supported SOFC with metallic interconnect (30)
mcell � Pcell/(0.263 × 2.5) (2030) — (31)

Combustor mcomb,1 � 46.07 × mcomb,a+2.5179 0.9988 Tubular combustor (32)
mcomb,2 � 66.601 × mcomb,a+3.6596 0.998 (33)
mcomb,3 � 110.76 × mcomb,a+6.2118 0.9967 (34)
mcomb,da � [mcomb,1, mcomb,2, mcomb,3] — (35)
pcomb,da � [385, 289, 193 ] — (36)
mcomb � interpolation (mcomb,da, pcomb,da, pcomb) — (37)

Heat exchanger mhx,1 � −1.84 × ξhx+37.1 0.9288 Compact heat exchanger (38)
mhx,2 � −2.29 × ξhx+46.1 0.9319 (39)
mhx,3 � −2.83 × ξhx+55.5 0.9426 (40)
mhx,da � [mhx,1, mhx,2, mhx,3] — (41)
ma,da � [0.88, 1.1, 1.32] — (42)
mhx � interpolation (mhx,da, ma,da, ma,hx) — (43)

Total mass mtota� mcomp + mhx + mmoto + mcell + mcomb + mothers — (44)
Other components mothers � mtube + mejec + mpump — (45)

mothers � 10% × mtota (46)
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Fuel Cell Model
The lumped mathematical model of SOFCs has been
demonstrated in our previous paper (Ji et al., 2020). Fuel

internal reforming occurs in the SOFC anode channel, which
utilizes the water steam from the electrochemical reaction
(Ramírez-Minguela et al., 2018) as Supplementary Equations

FIGURE 4 | Flowchart of the HEFC engine modeling.
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S1, S2 in Supplementary materials Supplementary Table S1,
which produces a mass of hydrogen. Hydrogen reacts with
oxygen in the three-phase boundary (TPB) as Supplementary
Equations S3. The concentrations of hydrogen, water steam, and
oxygen in the three-phase boundaries are calculated by porous-
media gas-phase transport models (Aguiar et al., 2004) as shown
as Supplementary Equations S7–S9 in Supplementary materials
Supplementary Table S2. The law of energy conservation is used
to calculate the outlet temperature of the SOFC outlet as
Supplementary Equation S6. The SOFC outlet temperature is
considered as the reforming temperature and electrochemical
reaction temperature.

The open-circuit voltage is the maximum voltage that can be
achieved by a fuel cell as Supplementary Equation S10 in
Supplementary materials Supplementary Table S3. It falls
owing to polarization losses (Chan et al., 2001), which include
ohmic, concentration, and activation polarization as
Supplementary Equation S11. Ohmic losses produce because
of resistance to conduction of ions and electrons. This voltage
drop can be expressed as Supplementary Equation S12. The
electrode overpotential losses can be divided into activation and
concentration overpotential, which are connected with the
electrochemical reactions. When the electrode reaction is
hindered by the effects of mass transport, the concentration
overpotentials occur (Aguiar et al., 2004). The concentration
polarization can be calculated by Supplementary Equation
S13, according to Hughes and Dimitri et al. (Hughes, 2011).
The kinetics of reactions on the electrode reaction surface is
reflected by activation overpotentials, which is usually
represented by the non-linear Butler-Volmer equation (Chan
et al., 2001). The anode and cathode activation polarization can
be derived as Supplementary Equations S14, S15, respectively.
In addition, the anode and cathode exchange densities are
affected by microstructure and operational conditions
(Yonekura et al., 2011) as Supplementary Equations S16,
S17. Fuel cell physical parameters can be easily found in the
literature (Chan et al., 2001).

The performance of SOFCs is defined in Supplementary
materials Supplementary Table S4. The output power of
SOFCs is the production of the voltage, current, and fuel cell
area as Supplementary Equation S18. The electric efficiency of
fuel cells is the ratio of electric power and fuel energy as
Supplementary Equation S19. The fuel utilization of SOFCs
is equal to the ratio of molar flow rate of hydrogen consumed and
the maximum molar flow rate of hydrogen from fuel as
Supplementary Equation S20. The total pressure recovery
coefficient of SOFCs ξcell is assumed as 0.97.

Mass Estimation
For a traditional SOFC gas turbine hybrid system, (Tornabene
et al., 2005) have built detailed mass models to estimate its
performance. They analyzed the effects of thermal parameters
on the component mass. The mass of components is in
proportion to the mass flow and is affected by pressure.
HEFC engines are similar to the SOFC gas turbine hybrid
system. The difference between each other is that the
compressor is powered by fuel cells for the former.

Therefore, the configuration of feed systems of air and fuels
for SOFCs between each other are similar. In this study, the
mass equations of compressors, air exhaust preheater, and
combustors are fitted by the data provided by (Tornabene
et al., 2005) which are shown in Table 1 as Eqs 26–28 and
32–43. The mass of SOFCs is determined by power density as
Eqs 30, 31 (Valencia et al., 2015). The specific power of planar
SOFCs is predicted to be about 0.263 kW/kg in 2015 and
0.6575 kW/kg in 2030. (Cirigliano et al., 2017) fit the mass
equation of motors with R2 of 0.832 as Eq. 29. Apart from the
aforementioned components, mixers, splitters, fuel pumps, and
pipelines are included in the HEFC engines. The mass sum of
these components is assumed as 10% of the total mass of the
HEFC engine.

Performance Criterion
The performance of the HEFC engine can be evaluated by thrust
weight ratio/power-weight ratio, specific impulse, specific thrust,
thermal efficiency, overall efficiency, propulsion efficiency.

The mass flow of fuel injected into the engine is.

mfuel,tota � mfuel,refo +mfuel,comb. (47)

The energy of fuel is:

Q � mfuel,tota · LHVfuel. (48)

The output power of nozzles is w, according to Section
Thermodynamic models. Therefore, the outlet velocity of
working fluids in the nozzle is:

unozz,out �
�����������

2 · w(mfuel,tota + 1)
√

. (49)

The effective kinetic energy produced by the working fluids is:

Eke � 0.5 · [(mfuel,tota + 1)u2
nozz,out − u2inta,in]. (50)

According to momentum theory, the thrust produced by the
HEFC engine is

F � (1 +mfuel,tota) · unozz,out · uinta,in. (51)

The specific thrust is the ratio of thrust and air flow.

Fs � F/ma. (52)

The thrust weight ratio is the ratio of thrust and weight for the
HEFC engine. It can be expressed as:

T � F/(mtota · g). (53)

The power-weight ratio is the ratio of kinetic energy and
quality. It can be expressed as:

Y � Eke/mtota. (54)

The specific impulse is a measure of how effectively jet engine
uses fuel. It is dimensionally equivalent to the generated thrust
divided by the propellant mass flow rate.

Isp � T/mfuel,over. (55)
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The thermal efficiency of the HEFC engine is a measure of how
efficient the HEFC engine is converting heat to kinetic energy. It
can be expressed as:

ηther � Eke/Q. (56)

The propulsion efficiency tells us how efficient the HEFC
engine is using the kinetic energy generated by the gas generator
for propulsion purposes.

ηprop � (T · unozz,out)/Eke. (57)

The overall efficiency is the production of thermal efficiency
and propulsion efficiency.

ηtota � ηther · ηprop. (58)

Solution Methods
The computer flowchart of the HEFC engine is based on the
models described in Section Model assumptions–Performance
criterion, which is shown in Figure 4. The first part of this
computer code contains the HEFC engine’s input
information, including the component efficiency, altitude,
Mach number, pressure ratio, etc. In this work, the inlet
temperature of the anode and cathode of SOFCs are constants.
After intake and compressor calculations, the mass flow of
fuel for reformers is guessed. Then, the SOFC calculation
begins. The non-linear reforming, electrochemical equations,
and cell’s thermal equations are solved simultaneously. The
outcomes of SOFC calculation include the SOFC outlet
temperature, voltage loss, real voltage, electricity
efficiency, etc. If the SOFC power is not equal to the
compressor power, the mass flow of fuel for the reformer
will be guessed again. In case the convergence conditions of
the cycle are fulfilled, the calculation of the combustor, fuel
exhaust heat exchanger, nozzle, and air exhaust preheater
begins in turn. Finally, the performance parameters of the
HEFC engine are output, which includes thrust power ratio,
specific impulse, etc.

Model Verification
The purpose of verification is to quantify the error of numerical
simulation by the demonstration of convergence for the
particular model under consideration (Thacker et al., 2004).
SOFCs are a key component in the HEFC engine. The rest of
the component models have been widely cited and are without
verification assessments. The polarization model of SOFCs has
been verified in our previous work (Ji et al., 2019c).

Based on mass models discussed in Section Mass estimation,
the calculation results have been validated with that of
(Tornabene et al., 2005). The input condition for validating
the mass model (Freeh et al., 2005) is shown in Table 2.
There is a small difference between our results and Tornabene
et al.’s as shown in Table 3. The code-to-code comparisons as a
means of calculation verification are completed.

RESULTS AND DISCUSSION

The performance of the HEFC engine is shown according to the
built mathematical model and compared with that of the
conventional turbine engine. Then, the effects of pressure
ratios on the performance of the engine are demonstrated, and
sensitivity analysis is completed.

Performance of the HEFC Engine
Stream data, component mass, performance parameters are
shown in Tables 4–6 with zero altitudes and zero velocity.
Under the condition, the thrust of the engine is the highest
and called installed thrust. The designed compressor pressure
ratio is 6. In general, SOFC gas turbine hybrid systems are
equipped with a one-stage centripetal compressor. The
pressure ratio of the compressor is 2–6 Thacker et al., 2004.
The performance of the HEFC engine is shown as Case A in
Table 5. The performance of the traditional turbojet engines is
shown as Cases B and C. Case B: The fuel equivalence ratio is
always equal to the stoichiometric ratio. Case C: The combustion
temperature is constant and equal to 2,000K. The models of
intakes, compressors, combustors, and turbines (if any) in Case A
are completely the same as those in Cases B and C. In addition,
fuels for these engines are liquefied natural gas.

The combustion temperature is 2498K in Case A, and the
temperature in Case B is 2379K. The equivalence ratios for the
two cases are both stoichiometric ratios. Because the pressure
ratio is low, the nozzle outlet temperature is considerably high in
Table 4, and the thermal efficiency of the HEFC engine is only
0.254 in Table 5. The thermal efficiency in Case A increases by
9.01% and 6.28%, compared with that in Cases B and C. The
energy conversion efficiency of fuel cells is high, which converts
the chemical energy of fuel into electricity directly. The loss
caused by fuel cells becomes heat energy, which can be utilized by
the combustor and nozzle. Therefore, the thermal efficiency in
Case A is higher than that in Case B and C. The high nozzle inlet
temperature will produce huge thrust/power. The specific thrust
of the HEFC engine is 1253 N/(kg.s−1). It respectively increases by

TABLE 2 | Input condition for validating the mass model (Freeh et al., 2005).

Parameters Symbols Units Value

Pressure ratios of the compressor π — 1.83
Air flow of the compressor mcomp,a kg/s 1.01
Mass flow injected into the reformer mrefo,f kg/s 0.0141
Mass flow injected into the combustor mcomb,a kg/s 1.0369
Inlet pressure of the combustor pcomb kpa 130

TABLE 3 | Simulation and reference data of the mass model (Tornabene et al.,
2005).

Parameters Tornabene (Tornabene et al.,
2005) et al.

Mass model Error (%)

mcomp 11.8 11.9 0.85
mcomb 24.6 22.75 7.53
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4.4% and 20.3%, compared with Cases B and C. The HEFC engine
has an obvious advantage over the conventional gas turbine
engine in specific power. The specific impulse of the HEFC
engine 2,189 s. It is higher than that in Case B and lower than
that in Case C. The specific impulse in Case C is highest because
the propulsion efficiency in Case C is higher than that in Case A.

Table 6 shows that the weight of the HEFC engine is high up to
659.1kg, and Figure 5 shows the component mass distribution of
the engine. SOFCs makes up most of the weight of the engine,
which is over 50%. The sum of combustors weight and motors
weight makes up 20%–30% weight of the engine. Decreasing
SOFC weight is the key to decrease the weight of the engine. In
addition, improving the power-weight ratio of the motors is
meaningful work. The diagram of the weight and power of the
several power sources is shown in Figure 6. The pressure ratio
changes from two to six for the HEFC engine. Data for internal
combustion engines and turbine engines are from Ref (Cirigliano
et al., 2017). Obviously, the proposed HEFC engine has an
advantage over the internal combustion engines and has a
disadvantage over the turbine engines. When progress is made
in fuel cells for the future, the power-weight ratio of HEFC
engines will increase to a large degree. In addition, the specific

thrust of the engine under the highest combustion temperature in
this work is about 1.7 kN/(kg/s), which is higher than that in our
previous paper of about 1.6 kN/(kg/s) under the same operating
conditions (Ji et al., 2019a).

Effects of the Pressure Ratio on the HEFC
Engine
Pressure ratios are an important parameter for combustion
engines. Figure 7 shows the effects of pressure ratios on the
HEFC engines and the traditional turbojet engines (Cases A, B,
and C). The combustion temperature decreases with increasing
pressure ratios for the HEFC engines. However, the temperature
increases for the traditional turbojet engines. For these two
engines, two stable flow opening systems are built where the
inlet and outlet boundaries are the intake inlet and the combustor
outlet. Work or heat is added to the systems. For the HEFC
engine, the heat energy is added to the opening system. For the
turbojet engine, the mechanical work is added to the opening
system. As pressure ratios increase, the compressor power
increases. The rate of heat transfer by the air exhaust heat
exchanger decreases because of the constant inlet temperature

TABLE 4 | Stream data of the HEFC engine.

NO. Mass flow (g/s)

Temperature
(K)

Pressure
(bar)

O2 N2 CH4 CO2 CO H2 H2O Sum mass
flow (g/s)

1 288 1.01 232.9 767.1 0.0 0.0 0.0 0.0 0.0 1,000.0
2 495 6.08 163.0 536.9 0.0 0.0 0.0 0.0 0.0 700.0
3 495 6.08 69.9 230.1 0.0 0.0 0.0 0.0 0.0 300.0
4 1,000 5.78 69.9 230.1 0.0 0.0 0.0 0.0 0.0 300.0
5 300 350 0.0 0.0 8.3 0.0 0.0 0.0 0.0 8.3
6 300 350 0.0 0.0 50.1 0.0 0.0 0.0 0.0 50.1
7 1,000 5.78 0.0 0.0 8.3 0.0 0.0 0.0 0.0 8.3
8 1,031 5.60 139.8 536.9 0.0 14.4 5.4 0.9 11.0 708.3
Anode outlet 1,031 5.60 0.0 0.0 0.0 14.4 5.4 0.9 11.0 31.6
Cathode outlet 1,031 5.60 139.8 536.9 0.0 0.0 0.0 0.0 0.0 676.7
9 2,498 5.44 4.2 767.1 1.0 157.0 0.3 0.0 128.8 1,058.4
10 1,587 1.01 4.2 767.1 1.0 157.0 0.3 0.0 128.8 1,058.4

TABLE 5 | Performance comparison among the three thermal systems of engines.

Case A Case B Case C Performance argument
(Case A VS Case B) (%)

Performance argument
(Case A VS Case C)

Combustion temperature (K) 2,498 2,379 2000 5.00 24.90%
Thermal efficiency 0.254 0.233 0.239 9.01 6.28%
Specific impulse (s) 2,189 2097 2,447 4.39 −10.54%
Specific thrust [N/(kg.s−1)] 1,253 1,200 1,042 4.42 20.25%

TABLE 6 | Estimated component mass of HEFC engines.

Components Compressor Motor SOFC Combustor Heat exchanger Other components Total mass

Weight (kg) 7.81 56.6 330.2 169.8 28.8 65.9 659.11

Frontiers in Energy Research | www.frontiersin.org February 2021 | Volume 8 | Article 6132059

Ji et al. Hybrid Fuel Cell Engine

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles#articles


of the SOFC cathode. Therefore, the outlet enthalpy or
temperature of these opening systems varies. It is bad for the
traditional turbojet engine to increase pressure ratios. The highest
combustion temperature is close to 2,700K. The turbine
will be malfunction. With increasing pressure ratio, the
temperature is about 2,300K for the HEFC engine. The
combustion temperature in the HEFC engines is the same as
the one in the turbojet engine when the pressure ratio is about 11.

Owing to the constant combustion temperature in Case C
(2,000K), the specific thrust first increases and then decreases
with increasing pressure ratios in Figure 7B. The specific thrust
in Case B increases with the increase of the combustion
temperature and pressure ratios. In Case A, even though
combustion temperature decreases, the specific thrust still
increases. The compressor power increases with the increase of
pressure ratios and is converted into propulsion power in the
nozzle. Thus, the conclusion can be made that the specific power
of the HEFC engine increases with pressure ratios. The specific
thrust in Case A is superior to that in Case C, which means that
the HEFC engine has an advantage over the traditional turbojet
engine. In addition, even though the assumption is made that the
traditional turbojet engine can be operated at a high temperature
up to 2,700K, the HEFC engine still has an obvious advantage
over the turbojet engine when the pressure ratio is slightly high. If
the pressure ratio is too small, the compressor power is small. The
pressure loss in the air exhaust heat exchanger will lead to
the performance decline for the HEFC engine. Meanwhile, the
conventional turbojet with a few components will have an
advantage in the specific thrust.

The specific impulse in Case A and Case B both increases with
the increase of specific power under the constant fuel and air flow
rate in Figure 7C. In Case C, as the pressure ratio increases, the
fuel flow rate decreases. The specific impulse still increases, even
though the specific thrust slightly decreases when the pressure

ratio is big. It can be seen that the specific impulse in Case C is
superior to that in Case A. The reason is that the fuel flow rate in
Case C is lower than the one in Case A. The thrust in Case C is
also lower than the one in Case A. The specific impulse is the ratio
of thrust and fuel flow rate. Therefore, the low flow rate of fuel
means that the specific impulse can be high because the variation
degree of thrust is lower than the degree of fuel flow rate. The fuel
flow rate in Case A is the same as the one in Case B, but the
specific impulse in the former is higher than that in the latter. The
reason is that thrust in the former is higher than that in the latter.
As pressure ratios increases, the advantage increases because the
SOFC power increases. In Figure 7D, the thermal efficiency in
Case A is higher than that in Cases B or C, which shows that the
HEFC engines perform well in the view of thermodynamic cycles.
In our previous work (Ji et al., 2019d), the specific impulse of the
engine first increases and then decreases where the engine is
equipped with the anode and cathode exhaust recirculation.
Therefore, the novelty system configuration in this paper can
work well under high pressure ratios, which is meaningful.

Sensitivity Analysis
Finding the significant design parameters on the performance of
the HEFC engine is important. Therefore, the sensitivity analysis
is completed in this section, and the effects of some design
parameters on the specific thrust and power-weight ratio of
the HEFC engine are investigated and depicted in Figures 8,
9. The variation range for each parameter is about ± 10%.

The total mass flow of fuels is constant with varying fuel
utilization because the equivalence ratio is always equal to the
stoichiometric ratio. However, this will lead to the change of
the fuel flow rate in the SOFC and the one in the combustor. The
compressor power and propulsion power are hardly affected.
Therefore, the specific thrust is almost not affected by fuel
utilization Uf in Figure 8. The total pressure recovery
coefficients of SOFCs ξfc, combustor ξcomb and heat exchanger
ξhx have a strong influence on the specific thrust of the HEFC

FIGURE 5 | Component mass of the HEFC engine.

FIGURE 6 | Weight and power of the power sources investigated.
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engine. The reason is that the pressure ratio for the nozzle is
strongly affected by these coefficients. The decline in the total
pressure recovery coefficients will lead to the decline of the
pressure ratio for the nozzle. Thus, the thrust decreases. The
specific thrust is slightly affected by the transmission efficiency of
motors ξmoto and air separation ratio ϕ. SOFC cathode inlet

temperature Tca plays an important role in the HEFC engine. An
increment of the temperature means that the combustion
temperature and thrust both increase.

The weight of the motors or SOFCs is extremely sensitive to
the compressor power. Figure 9 shows that the power-weight
ratio of the HEFC engine is strongly affected by the transmission

FIGURE 7 | Effects of pressure ratios on the (A) thermal efficiency, (B) specific thrust, (C) combustion temperature and (D) specific impulse of the (Case A) HEFC
engine and (Case B and Case C) turbojet engines.

FIGURE 8 | Spider diagram of the sensitivity of specific thrust of the
HEFC engine vs. seven design parameters.

FIGURE 9 | Spider diagram of the sensitivity of the power-weight ratio of
the HEFC engine vs. eight design parameters.
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efficiency of motors ξmoto and power density of SOFCs ψ. The
weight of heat exchangers is affected by the total pressure
recovery coefficient of ξhx and air separation ratio ϕ. The
weight ratio of the heat exchangers and the HEFC engine is
low. Therefore, the power-weight ratio of the engine is not
sensitive to these two parameters. The sensitive degrees of the
rest of the parameters, such as SOFC cathode inlet temperature
on the power-weight ratio, are similar to their sensitive degrees on
the specific thrust.

CONCLUSION

In summary, a compact air-breathing jet hybrid-electric engine
coupled with SOFCs fueled by liquefied natural gas is proposed
and studied. Through simulations, the following key conclusions
are drawn.

1) The specific thrust of the HEFC engine is increased by
20.3%, compared with that of the traditional turbojet engine with
a combustion temperature of 2000K. Meanwhile, thermal
efficiency increased by 6.3%. The weight of SOFCs makes up
most of the weight of the engine, which is over 50%. The weighted
sum of the combustor and motor makes up 20–30% total weight
of the engine. In addition, the specific thrust of the engine under
the highest combustion temperature in this work is about 1.7 kN/
(kg/s), which is higher than that in our previous paper of about
1.6 kN/(kg/s) (Ji et al., 2019a).

2) With increasing pressure ratios, the limitation combustion
temperature of the traditional turbojet engine increases, but the
temperature of the HEFC engine decreases. Even though the
assumption is made that the traditional turbojet engine can be
operated at a high temperature up to 2,700K, the HEFC engine
still has an obvious advantage over the turbojet engine in specific
thrust. In addition, the specific impulse increases with the
increase of pressure ratios. However, the specific impulse of
the engine in our previous configuration first increase and
then decrease (Ji et al., 2019d). The novelty system

configuration in this paper can work well under high pressure
ratios.

3) According to sensitivity analysis, the total pressure recovery
coefficients of SOFCs, combustors, and preheaters have a strong
influence on the specific thrust of the HEFC engine. The power-
weight ratio of the HEFC engine is strongly affected by the
transmission efficiency of motors and the power density of
SOFCs.

4) The transmission efficiency and power density of
motors will increase if superconducting motors can be
applied to the engine. However, the motor needs to be
cooled generally, and a suitable cold source is essential.
Recently, researchers paid more attention to the light
materials for SOFC electrodes and electrolytes. The weight
of the SOFC will decrease to a large degree if the new
materials can be used.
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NOMENCLATURE

cp Specific Heat at Constant Pressure(J/(K·kg))
Deff average effective diffusivity coefficient (m2s−1)

E Energy (J/mol)

F Faraday constant (96485C/mol)Thrust (N)

F Faraday constant (96485C/mol)Thrust (N)

Fs Specific thrust (N/(kg·s))
g Gibbs free energy (J/s)

h Enthalpy (J/s)

Isp Specific impulse (s)

j Current density (A/m2)

k Preexponential factor

L Length (m)

m Quality (kg)

M Mass flow (kg/s)

M‘ Mach number

n Molar flow (molar/s)

ne Electrons transferred per reaction (2)

P Power (J/s)

p Pressure (Pa)

Q Heat energy (J/s)

R universal gas constant

s Entropy (J/s)

T Temperature (K)

u Velocity (m/s)

U Voltage (V)

w Power (J/s)

W Width (m)

Y Power weight ratio (W/kg)

ϕ Fuel utilization

σ Electronic conductivity (Ω−1m−1)

η Efficiency

π Pressure ratio

c Specific heat ratio

τ Thickness (m)

ξ Total pressure recovery coefficient

SUBSCRIPTS

act Activation

a, hx Air mass flow for heat exchanger

Ca Cathode

cell Fuel cell

comb combustor

comb,a Exhaust mass flow for combustors

comp Compressor

comp,a Air mass flow for compressors

conc Concentration

ejec Ejector

hx Preheater

hx1 Air exhaust preheater

hx2 Fuel exhaust heat exchanger

in Inlet

inta Intake

ke Kinetic energy

moto Motor

nozz Nozzle

OCP Open circuit voltage

ohmi Ohmic

out Outlet

prop propulsion

pump Pump

refo Reformer

tota Total

TPB Three phase boundary

ther thermal

tube Pipeline.
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