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If you want to find a major source of transportation-related emissions

JUST LOOK UP

Aviation currently accounts for around 2 % of global carbon emissions, and many scientists believe its share
could triple by the middle of the century if projected growth in air travel occurs.

But finding alternatives to fossil fuels has proven much more difficult for aircraft than it has with ground

vehicles.



Motivation for Turbine-Less SOFC-Based Aircraft
Propulsion

* Limitations of Conventional Engines

* Conventional engines face thermodynamic limits and complex mechanical designs, resulting in 35-45% efficiency with high
waste heat.

* Environmental Impact of Aviation
Aircraft emissions contribute to climate change, especially at high altitudes and polar regions where pollutants persist longer.

Advantages of SOFC Technology

* SOFCs convert chemical energy electrochemically, bypassing Carnot limits to achieve high electrical efficiency and produce
high-grade heat.

* Turbine-Less Propulsion Concept

* SOFC electrical output drives compressors directly while thermal energy heats fluid, enabling efficient, simpler, low-emission
jet propulsion.



|dentified Research Gap and Proposed Contribution

* Existing Research Focus
* Prior studies mainly explored fuel cells for electrical power with turbines handling thrust, keeping system complexity high.

* Research Gap
* No full propulsion system eliminates the turbine and uses all fuel cell outputs directly for jet thrust generation.

* Proposed Turbine-less SOFC Engine

* The engine uses an electric motor driven compressor powered by SOFC, replacing combustion with a heat exchanger using
waste heat.

* Thermodynamic Analysis Contribution

* This work presents a detailed thermodynamic analysis based on compressible-flow theory to prove feasibility and
performance.
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THE CONVENTIONAL GAS TURBINE ENGINE

Air is compressed to a higher pressure by the compressor
and forced into the burner

Air in the burner is mixed with fuel and combusted, hence INTAKE  COMPRESSION COMBUSTION EXHAUST
gains an increase in temperature and volume. :
v 1%
Hot compressed air hit the turbine and cause it to rotate - gg "
Air InIet/ Combustion Chambers furbine
Cold Section . Hot Section

The turbine drives the compressor by the shaft and
maintains the operation of the engine.

https://en.wikipedia.org/wiki/Turbojet#/media/File:Jet_engine.svg

The remaining energy in air is used to generate thrust at the
nozzle, this thrust pushes the engine, hence the aircraft,
forward.



Concept overview: Turbine-less SOFC Jet engineer

Key idea:

Replace gas turbine shaft with an electric motor

Motor powered by SOFC electrical output

SOFC waste heat used for air heating

Thrust produced by isentropic nozzle expansion FUEL CELL | mixer
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Figure 1 Concept 1A Compressed air is tapped from the
bypass side of the fan to feed into the fuel cell as cooling air

BYPASS AIR FLOW

Concept 1 A with an additional second stage compressor to
increase pressure of the hot gases fed into the afterburner
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Concept 3 A cooling air is fed into the fuel cell through a
dedicated air compressor
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Concept 3 C: Concept 3A with multiple nozzles. This makes it
more flexible in the design of the aircraft




THERMODYNAMIC ANALYSIS OF THE OPEN CYCLE
TURBINE-LESS JET ENGIN

* Assumptions for Analysis
* Inthe real world the Brayton cycle is a complex process
that is difficult to model. The following assumptions 5:‘
simplify the cycle to allow for an energy balance analysis: -
HH
E;
Thermodynamic Simplifications E
c Pa
* Air-standard assumption I
* Working fluid treated as ideal gas
« Steady, one-dimensional flow
* Adiabatic and isentropic compressor & nozzle
* Constant specific heats
 Subsonic nozzle operation Entropy (3 — kJ/kg K)

* T-S diagram of the gas turbine cycle, basic
Brayton cycle



THERMODYNAMIC ANALYSIS OF THE BASIC BRAITON CYCLE

* Definition of Thermodynamic States

Component Temperature |Pressure

Free air stream Q%

Diffuser Tos
Compressor Tos

fuel cell (heat

addition)

Adiabatic Tos

expansion
(Nozzle)

Pt

Temperature (T- K)

1TOa

Entropy (3 - klikg K)
T-S diagram of the gas turbine cycle, basic Brayton
cycle



THERMODYNAMIC ANALYSIS OF THE CYCLE

* Assuming a subsonic nozzle, where Mach numbers are specified, and adiabatic
conditions apply at the nozzle.

* For one dimensional and steady flow by definition:
h=c,T

* Performing an energy balance for the nozzle, we have the two components of

energy: enthalpy and kinetic energy:
2

C
Energy = h +7
* Performing an energy balance at the nozzle using the above equation:
i c3
CpT4 ~+ 7 —_ CpTg ‘I‘?



e Definition of Mach Number

v
M =—
a
* Where, a = /YRT
C
_ b
Mach S
R=c,—c
D \%
Number and Hence Mach number links :
Speed Of * Velocity
Sound » Temperature
* Gas properties '
* Allows conversion between thermal energy and
flow acceleration /
P 4




Relationship between nozzle pressure ratio
and Mach number at nozzle exit

e With further derivation we can conclude that:

1+y51M3

1
2

* Using the thermodynamic relationship for an 1sentropic flow:

A
P3_ T3 y—1
P, \T,

This way we can relate the nozzle pressure ratio to Mach number at the exit of the
nozzle.

T4 :T3

1+ L= M2



Isentropic Flow Relations

* NASA provides the exact analytical relationship between total-to-static pressure
ratio and Mach number for isentropic nozzle flow, which is the basis of your
Figure 5. This is one of the most authoritative and widely cited references in
aerospace propulsion.

* Relation shown and discussed: /(y-1)
P _ —v/(r-1

e Forair (y = 1.4).

* Reference:
NASA Glenn Research Center, Isentropic Flow Equations



Isentropic total-to-static nozzle pressure ratio
as a function of Mach number (y = 1.4)

Isentropic nozzle pressure ratio vs Mach number (y = 1.4)
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Mass flowrate of air in the Jet engine

The electrical power output of the fuel cell is the
efficiency of the fuel cell multiplied by the total power

output

the thermal output of the fuel cell which will be used in &h = (1 — M) &
the heat exchanger to raise the temperature of the = (1 — Nge) X Se
working fluid in the engine Mfec

We can use this to find the mass flow rate of air in the jet engine in terms of the
electrical power output of the fuel cell and hence find an expression for the jet
velocity.



FURTHER THERMODYNAMIC ANALYSIS

* Using the expression for mass flow rate leads to an expression for the overall efficiency of the
system:

gncnfc

y—1 N

O\
¢, Ty 4 (OZJ -1
£

\

Efficiency(overall) =

Vo

* Substituting the values assumed and calculated earlier, it can be shown that:

Noverall = 73%

which is higher than reported efficiency of latest generation gas turbine engines in simple and
combined cycles.



Key

Takeaways

Turbine-less SOFC jet engine is
thermodynamically sound

Nozzle analysis grounded in
classical gas dynamics

Very high theoretical
efficiency

Strong potential for
low-emission aviation



Thank you for your attention

mohamad.y.mustafa@uit.no



mailto:mohamad.y.mustafa@uit.no

	Slide 1
	Slide 2
	Slide 3: Motivation for Turbine-Less SOFC-Based Aircraft Propulsion
	Slide 4: Identified Research Gap and Proposed Contribution
	Slide 5
	Slide 7: THE CONVENTIONAL GAS TURBINE ENGINE
	Slide 8: Concept overview: Turbine-less SOFC Jet engineer
	Slide 10
	Slide 11
	Slide 12: THERMODYNAMIC ANALYSIS OF THE OPEN CYCLE TURBINE-LESS JET ENGIN
	Slide 13: THERMODYNAMIC ANALYSIS OF THE BASIC BRAITON CYCLE
	Slide 14: Thermodynamic analysis of the cycle 
	Slide 15: Mach Number and Speed of Sound
	Slide 16: Relationship between nozzle pressure ratio and Mach number at nozzle exit
	Slide 17: Isentropic Flow Relations 
	Slide 18: Isentropic total‑to‑static nozzle pressure ratio as a function of Mach number (γ = 1.4) 
	Slide 19: Mass flowrate of air in the Jet engine
	Slide 21: FURTHER THERMODYNAMIC ANALYSIS 
	Slide 22: Key Takeaways 
	Slide 23: Thank you for your attention  mohamad.y.mustafa@uit.no  

