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Abstract This paper investigates the impact of adopting different hydrogen fuel fractions on the 
turbofan’s design, performance, dimensions and emissions. Performance-wise, the thermal effi-
ciency of the cycle increases by adding more hydrogen fractions into the blended fuel. By switching 
the fuel from 100% Jet-A to 100% H2 at the design point, one can expect an increase up to 1% in 
thermal efficiency throughout a wide range of varying design parameters of specific thrust, overall 
pressure ratio, jet velocity ratio and pressure ratio split considering turbomachine component size 
correction. When fixing the design point and varying the fuel blends at critical off-design points, 
such as take-off, a key observation is that the combustor exit temperature could decrease as much 
as 70 K with an increasing hydrogen fraction. Dimension-wise, designing the turbofan with 
hydrogen-richer blended fuel could reduce the engine dry weight (core + fan) by up to 7%, which 
is mainly driven by the more powerful core with more hydrogen. The extent of benefits mentioned 
above is directly proportional to the hydrogen energy fraction in the blended fuel. From a first anal-
ysis of emissions using kinetics reactions with empirical residence time and primary zone fuel air 
ratio correction, the results show that the introduction of hydrogen has the potential of lowering 
NOx emissions even with a remarkably high NOx index. As expected, more hydrogen fractions 
in the fuel lower CO2 emissions. The relatively flat CO2 emissions index curves in the equivalence 
ratio range for typical turbofan operations suggest that constants can be applied for estimating the

CO2 emissions for all fuel blends. The indices are approximately 3.16, 2.38, 1.61, and 0.83 (in kg/kg

fuel) for 100% Jet-A, 75%/25% Jet-A/H2, 50%/50% Jet-A/H2 and 25%/75% Jet-A/H2

(in mass-based fraction) fuel blends, which are simply proportional to the Jet-A content in the fuel.
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evertheless, the prerequisite for granting the benefit of using the multi-fuel concept is a combus-

ion system which could deliver the same performance as the combustor of modern turbofans.

© 2026 The Author(s). Published by Elsevier Ltd on behalf of Chinese Society of Aeronautics and 
Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/ 

licenses/by-nc-nd/4.0/).
1. Introduction 

Alternative jet fuels, mainly different types of Sustainable Avi-
ation Fuel (SAF) and hydrogen, have been put under the spot-
light in the aviation sector as key means to achieve net-zero 
emissions targets. Compared to conventional fossil-based jet 
fuels, SAF is thermodynamically similar but can be produced
from sustainable sources and has the capability to release the

same level of heat with much lower greenhouse gas emissions.
Because of the similarities in terms of hydrocarbon contents,
energy density, density as well as other physical and chemical

properties,1 SAF has been used for blending with conventional 
jet fuels as a ‘drop-in’ since 2008. This has largely facilitated its 
compatibility with current airport infrastructure and aircraft.
Although pure SAF is still not allowed on commercial aircraft
until today, the production and blending capacity of SAF are
scaling up rather quickly2 and the certification process of 
achieving 100% use is on its way.3 Hydrogen, on the other 
hand, due to its very different physical and combustion prop-
erties, would require breakthroughs in onboard storage as well
as new airport infrastructures for aircraft anywhere in the

world.4 As indicated by the predictions made in the ICAO
report5 on the feasibility of a Long-Term Aspirational Goal 
(LTAG) for international civil aviation CO2 emission reduc-
tions, SAF has the greatest potential to reduce CO2 emissions 
for aviation. Unfortunately, none of the scenarios modelled in
the report could achieve net-zero CO2 emissions by 2050

through measures within the aviation sector alone, due to
the fuels’ life cycle emissions.

In light of the fact that hydrogen has already been used in 
the production of almost all types of SAF as well as many

other industrial applications, the production of hydrogen has
the potential of achieving life cycle net-zero emissions.6 The 
production of hydrogen may come at a high cost for develop-
ment and deployment at airports, but the direct use of hydro-
gen as aviation fuel should be beneficial compared to SAF 
from a life cycle emissions perspective, as the residual carbon 
emissions from the different SAF manufacturing processes 
may not be fully neutralized. However, the direct use of hydro-
gen as a jet fuel is not considered as a main driver for emissions

reduction by 2050 due to the low expectation of attainability
and readiness of hydrogen related technologies. Nevertheless,
its impact may increase in subsequent decades to further dam-
pen the emissions from the increasing traffic volume forecast.5 

However, the prerequisite is that hydrogen relevant technolo-
gies must be commercially feasible, such as LH2 storage and 
transport, advanced fuel cells as well as low NOx combustion. 
This poses the question: How do we de-risk hydrogen related 
developments and accelerate the transition to a more climate 
friendly fuel. The flexibility of burning blended fuel, a blend

of conventional Jet-A or SAF with hydrogen, is therefore a
transitional solution worth considering to kickstart the adop-
tion of hydrogen with less risks and obstacles in a wide range

of aircraft propulsion applications within the short term.
Generally, there are two options for utilizing hydrogen as a 
fuel for aircraft propulsion, either through electrochemical
conversion in a fuel cell or by direct combustion in a gas tur-
bine.7 The current consensus is that fuel cell technology, due to 
its low specific power, is limited to short range or regional air-
craft applications, or as auxiliary power units. In addition, fuel 
cells must compete with battery-electric powertrains, which 
have similar problems and may be a strong competitor to
hydrogen in these markets. To fit a wider and a longer range
of aircraft propulsion applications, hydrogen combustion is

the choice. As concluded by Ueckerdt et al.8 , one policy rec-
ommendation from the study for the development of hydrogen 
is to prioritize hydrogen use for specific no-regret sectors given 
the short-term scarcity and long-term uncertainty of hydrogen 
and other electricity-based synthetic fuels, where long-distance
aviation is one of the named no-regret applications as it is not
only hard to abate but also impossible to be electrified.

On the roadmap of 100% hydrogen combustion, the capa-
bility of burning blended natural gas and hydrogen has been
gradually enhanced towards pure hydrogen combustion.9 As 
of now, research is still on going in exploring different aspects 
of hydrogen capable gas turbines. Examples include the studies
on the combustion characteristics of blended ammonia and

hydrogen,10,11 blended natural gas and hydrogen,12–14 blended 
CO and hydrogen,15 combustion system tests with commercial
gas turbines,16,17 and further studies dealing with 100% hydro-
gen combustion gas turbines.18 Similarly, for aviation, it may 
be interesting to investigate how different blending ratios 
between kerosene and hydrogen would affect the design and 
performance of turbofans and associated emissions. Currently,

the majority of studies focusing on pure hydrogen aircraft
focus on the challenges related to the aircraft design and
infrastructure requirements.19–26 Starting from a lower blend 
ratio, which means a lower degree of hydrogen penetration 
and a lower demand of on-board hydrogen storage, could be 
beneficial for initiating the use of hydrogen in the short-term 
with less risks and smaller obstacles in certification. Similar 
ideas can already be found in some publications with different 
implementations. Among them, the concept inter-stage turbine
burner which equips an additional combustion chamber

between the High-Pressure Turbine (HPT) and the Low-
Pressure Turbine (LPT) has the potential to facilitate the use
of hydrogen to a certain fraction of the total energy consump-

tion in the second combustor without the burning of blended
fuel in one chamber.27–29 

In this paper, the multi-fuel concept refers to the combus-

tion of blended fuel in the same combustor, which theoretically 
could support fuel blend ratios anywhere between 0% and 
100% in terms of hydrogen fraction. Combustor compatibility 
enabling this capability is assumed while the results are consid-
ered at theoretical level pending combustor redesign valida-
tion. From the cycle analysis o f a single shaft industrial gas
turbine as conducted by Bexten et al.30 , the thermodynamic 
impact caused by a fuel switch from natural gas to hydrogen,

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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for which the hydrogen content is growing progressively, is 
only minor to the operating point of the investigated gas tur-
bine. However, the source of the fluid properties of different 
fuel combinations was not mentioned and the scope of that 
study focused on the variation in exhaust gas composition 
caused by the fuel change and exhaust gas recirculation. In 
addition, although the studies related to hydrogen aircraft 
propulsion are many, no concrete source for hydrogen and
hydrogen-kerosene blended fuel properties can be found. Here

in this work, chemical equilibrium was used to generate all the
required thermodynamic properties in the cycle analysis. This
is believed to be sufficient in order to represent the most
important fluid properties and to study the impact of fuel vari-

ations on the turbofan cycle design, sizing and weight estima-
tion of the core engine as well as major emissions trends.

In a numerical study31 of a gas turbine combustor fueled 
with hydrogen and Jet-A, the authors have shown that a lower 
pressure loss through the combustor can be achieved by burn-
ing hydrogen rather than burning Jet-A, given the same excess 
air ratio. On the other hand, the combustion efficiency shows 
the opposite trend at a low engine speed condition in the liter-
ature due to the excess air ratio of combustion zone cannot

reach stoichiometric conditions for that combustor design.
Otherwise, at the other two engine speed conditions the com-
bustion efficiency is substantially similar for both hydrogen
and Jet-A across varied excess air ratios. Hence, the combus-

tion efficiency and the pressure loss through the combustor
are kept constant for all. The paper is organized as follows:

(1) Materials and methods: This section introduces the 
modeling tools used for simulations. It then presents 
the details of the blended fuel properties, including ther-
modynamic characteristics and combustion products.
The section concludes with the design parameters and
assumptions applied in the power plant cycle analysis.

(2) Results and discussion: This section first explores the 
isolated effects of four major design parameters on 
engine performance and dimensions for different fuel 
variations, with each parameter varied individually 
while the others are kept constant. Next, it discusses 
the impact of varying the fuel blend ratios at take-off,
a critical operating condition for thermal design.

Finally, it provides an initial analysis of emissions
indices for typical Landing and Take-Off (LTO) cycle
operations of the studied turbofan with default design

values.

2. Materials and methods

2.1. Engine performance modelling and conceptual design tools

At the heart of the simulations the Chalmers in-house code for 
aircraft engine simulations, GESTPAN (GEneral Stationary
and Transient Propulsion ANalysis),32 is used which allows 
the user to perform design, off-design and transient analysis 
of gas turbine cycles. It has been used and validated in several
projects and studies which can be found in Refs. 25,33–36. 
With the turbofan performance calculated, GESTPAN feeds 
relevant data to the weight and dimensions model WEICO
(WEIght and COst estimation),37 which is a tool that allows
for the engine conceptual design and sizing. Its validation is 
supported by a number of projects such as VITAL38 and 
NEWAC.39 Studies using the weight estimation code can be
seen for geared turbofan,40 and for intercooled cores.41 A com-
puter program named Chemical Equilibrium and Applications
(CEA)42 developed by NASA was used to generate all the 
required thermodynamic properties. A second tool for chemi-
cal kinetics, thermodynamics, and transport processes mod-
elling CANTERA43 was used for cross-validation and 
generating combustion emissions results. The reaction models 
for the fuel used in CANTERA can be found in Refs. 44–46. 

2.2. Thermodynamic properties and emissions characteristics of
blended fuel

2.2.1. Thermodynamic properties
For conventional turbofans with kerosene-based jet fuel, the 
thermodynamic properties, such as the specific heat capacity 
at constant pressure (cp) and the specific heat capacity ratio 
(c), of the working fluid before and after combustion can be 
approximated with constants in a simplified cycle analysis. In 
addition, the gas temperature change through combustion with

different Fuel to Air mass Ratios (FAR) and inlet air temper-
atures can be derived from a reference hypothetical composi-
tion (13.92% H and 86.08% C by weight for kerosene) and
lower heating value (43200 kJ/kg) with a combustion efficiency

assumption of about 0.99.47 However, in fact these properties 
are a function of temperature, pressure, and gas composition. 
The difference between using approximated constants and
using high fidelity thermodynamic process modelling tools
for these properties in cycle analysis has been demonstrated
in Ref. 48, in which high error values are observed at high

pressures.
Within the cycle analysis performed by GESTPAN, the 

thermodynamic properties of the working fluid as mentioned 
above, as well as the specific gas constant (R) and the specific 
enthalpy (h), are all read from gas property look-up tables gen-
erated from equilibrium reactions using CEA. To ensure that 
the readings are always in the valid range, the tables are gen-

erated for different fuel/air ratios up to the stoichiometric ratio
of that fuel at temperatures (up to 3000 K) and pressures (up
to 200 bar, 1 bar = 105 Pa) in a range which is larger than

required.
A sample of the thermodynamic property for 11 different 

fuel blends (from pure Jet-A to pure H2 with 10% step change

in H2 mass fraction) are given in Fig. 1, where the combustion 
temperature rise chart (the upper chart) was created with an 
inlet air temperature of 950 K and pressure of 50 bar. The dots 
in the combustion temperature rise chart represent the FARs 
required for different fuel blends to achieve the same tempera-
ture rise of 650 K. This results in a combustion exit tempera-
ture of 1600 K as used in plotting the other charts of cp and

c. Blending more hydrogen in the fuel generally shows higher
values for the key thermodynamic properties with the same
combustion conditions. Similar trends have already been

shown for the comparison of pure hydrogen and kerosene
combustion in Ref. 49.

The change of the thermodynamic properties from different 
fuel blend ratios can be traced back to the change in the com-
bustion product compositions fractions, mainly the H2 O, CO
and CO2, as can be viewed in Fig. 2. These are believed to

move_f0005
move_f0010
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Fig. 1 Sample thermodynamic property charts for 11 different fuel blend ratios from pure Jet-A to pure H2.
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Fig. 2 Mole fractions of major combustion products for five fuel blend ratios (100% Jet-A; 75%/25% Jet-A/H2; 50%/50% Jet-A/H2; 
25%/75% Jet-A/H2; 100%H2) and combustion inlet conditions 900 K/42 bar with a stoichiometric ratio.
be the key factors when the FAR is lower than stoichiometric 
FAR. The products from the equilibrium reactions of different 
fuel blend ratios present two main trends for an increasing H2

penetration, one is the increasing fraction of H2O, and another
is the decreasing fraction of CO and CO2. As reported by

Woolley,50 the cp for the ideal gas state of the light isotopic 
water molecule is much higher than the rest of the species in 
the reaction products which drives the c p higher for the fuels

with increased H2. For the FAR above stoichiometric ratio,
the excessive unburnt fuel turns the curves of cp and c sharply.

Another observation from the charts in Fig. 1 is that the 
initial penetration of hydrogen has a larger effect on all the 
thermodynamic properties. This is simply because of the use 
of mass-based fractions as well as the large energy density dif-
ference between hydrogen and Jet-A. As illustrated in the

charts of Fig. 3, the first 10% mass-based hydrogen penetra-
tion in the blended fuel can be translated to about 23.6% in 
energy fraction. Further increasing the hydrogen mass brings 
less and less energy-based fractions. Additionally, switching
the fuel from pure Jet-A to pure hydrogen, assuming the same
combustion conditions as highlighted by the dots in Fig. 1, 
would reduce the equivalence ratio for the combustion, reduce 
the total fuel mass for onboard storage by 62% and increase
the total fuel volume for onboard storage by 330%. The charts
in Fig. 3 are produced, assuming liquid hydrogen with a den-
sity of 70.85 kg/m3 and a Lower Heating Value (LHV) of
120 MJ/kg.

2.2.2. Emissions characteristics
Using the combustion products from chemical equilibrium 
reactions, emissions indices for major emissions can be calcu-
lated. This is particularly true for CO2; however, further cor-
rections are required for other emissions such as NOx, HCs, 
and CO. Validations given in the next section have shown that 
HC emissions, which are directly tied to combustion efficiency, 
can be well estimated from chemical equilibrium results with
combustion efficiency corrections. NOx emissions estimations
from chemical equilibrium, on the other hand, showed poor

agreement with high fidelity simulations and experimental
results extracted from literature. This is primarily due to the
fact that NOx formation is highly time-dependent and strongly

influenced by combustion parameters such as mixing quality,
temperature, and pressure levels, etc.51–54 As a result, a reac-
tion kinetics approach following the chemical equilibrium
reactions was then developed using CANTERA allowing
NOx formation to be simulated based on residence times 
assumed to a level matching a modern turbofan combustor,

which has been used for theoretical studies on fuel blends emis-
sions in flames.55,56 Nevertheless, for CO formation, these sim-
plified methods are not applicable as CO is generally 
considered as a transient intermediate product reflecting 
incomplete combustion which is highly sensitive to local condi-
tions. In this paper, the focus is therefore on the two emissions 
CO 2 and NOx which can be sufficiently well captured by chem-
ical equilibrium and kinetics reactions with reasonable
assumptions for residence times. Again, the results are consid-

ered at low fidelity theoretical level pending detailed combus-
tor design validation.

In Fig. 4 the emissions charts of CO2 and NOx for five 
blend ratios and four combustion conditions are presented. 
The five blend ratios vary from pure Jet-A to pure hydrogen 
with a 25% mass-based fraction step of change, whilst the four 
combustion inlet conditions, 900 K/42 bar, 850 K/37 bar, 
700 K/16 bar and 550 K/8 bar, are selected representing typical 
LTO cycle operating conditions take-off, climb-out, approach 
and idle respectively, for the studied turbofan in this paper. 
The relatively flat EICO2 curves in the equivalence ratio range
for typical turbofan operations suggest that, constants can be
applied for estimating the CO2 emissions of all fuel blends,
which are approximately 3.16, 2.38, 1.61, and 0.83 (in kg/kg

fuel) for 100% Jet-A, 75%/25% Jet-A/H2, 50%/50% Jet-A/
H2 and 25%/75% Jet-A/H2. The CO2 from pure hydrogen
combustion results from the CO2 which is already in the air

and can be neglected.
Based on the mass-based indices shown in the charts, intro-

ducing hydrogen generally increases NOx emissions under the 
same combustion inlet conditions and equivalence ratio. The 
result curves generally match well w ith the study conducted
by Hui et al.56 using chemical kinetic model, though different 
boundary conditions have been used. Please note, the residence 
times for creating the NOx charts have been assumed constant 
for all cases. Impacts of different residence time assumptions 
are discussed in the next section. The results generally agrees 
with a test result (inlet conditions up to 530 K and 5.4 bar cov-
ering equivalence ratio on both the lean and rich side of stoi-
chiometry, however, actual numbers are not given only 
curves with trends available) from an leading industry develop-
ment as reported in Ref. 57 with practical aerospace gas tur-
bine combustor and four different configurations. For the 
condition with the highest inflow temperature and pressure

move_f0015
move_f0020
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Fig. 3 Hydrogen fraction in mass base versus hydrogen fraction in energy base (black dot scale in the left), equivalence ratio for the same 
combustion temperature rise (red diamond scale in the left), fuel total weight (black dot scale in the right) and fuel total volume (red

diamond scale in the right).

Fig. 4 Emissions indices (mass-based) for five fuel blend ratios (loosely dotted line in black: 100% Jet-A; dotted line in red: 75%/25% 
Jet-A/H2; dash-dotted line in orange: 50%/50% Jet-A/H2; dashed line in yellow: 25%/75% Jet-A/H2; solid line with green: 100% H2) and

four representative combustion inlet conditions (d: 900 K/42 bar; .: 850 K/37 bar, ▲: 700 K/16 bar and : 550 K/8 bar).
(i.e. 900 K/42 bar), the peak NOx emissions occur at an equiv-
alence ratio around 0.7 which is the closest one to the value as

reported in Ref. 58 for pure hydrogen combustion in a single 
cylinder engine. With a decreased inflow temperature and pres-
sure, the equivalence ratio for the peak NOx emissions 
increases. In addition, the equivalence ratio for peak NOx also 
increases with higher Jet-A fuel composition. The reason for
the higher NOx in some cases of H2 25%, Jet-A 75% than pure
hydrogen cases is unknown. But a similar behavior was

observed by Hiroyasu et al.59 , where the authors showed that 
NOx index initially increases with an increase in the hydrogen 
addition, then drops from 10% to 30% hydrogen fraction (en-
ergy base fraction) towards higher fractions for different
experimental setups. However, relatively low flow rates, 70–
130 g/s, were used in these tests.

2.2.3. Validation of fuel combustion and emissions
characteristics

Although there is no public data available for a direct compar-

ison with the previously presented data, studies conducted by
Kahraman et al.31 , Alabaş and Albayrak Ҫeper60 and Saleem 
et a l.61 were used for validation. In Ref. 60, a CFD study for a 
mini gas turbine engine using Colorless Distributed Combus-

tion (CDC) with varied kerosene/hydrogen blended fuels is 
reported. Using the equivalence ratios and input parameters
of the three validation cases given in the paper, as plotted in

the left chart of Fig. 5, the combustor outlet temperatures from 
the chemical equilibrium reaction are in good agreement with
the CFD results in Ref. 60 as well as the experimental results
originated from Refs. 62,63. When comparing the CO2 emis-

sions from varying hydrogen fractions, CO2 emissions can be
predicted with acceptable accuracy.

Unlike CDC combustion, the second validation wi th Ref.

31 gives larger deviations at combustor exit temperature while 
the gap between Jet-A and hydrogen curves is well captured, 
see upper left chart of Fig. 6. An explanation for this could 
be an inhomogeneous combustion resulting in higher tempera-
tures compared to chemical equilibrium results. One thing 
worth mentioning is that, as more details are reported in the 
literature such as combustion efficiency and combustion zone 
FAR, using the combustion efficiency corrected FAR could 
largely improve predictions. Especially for CO2 and HCs

move_f0025
move_f0030
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Fig. 5 Validation 1─Combustor outlet temperature and emissions comparison with Refs. 60,62,63.

Fig. 6 Validation 2─Combustor outlet temperature and emissions comparison with Ref. 31. 
emissions, the results could be matched very well with combus-
tion efficiency corrections as can be seen from the upper right
and lower left charts of Fig. 6. For NOx emissions, since they 
are more sensitive to local combustion conditions, the results
plotted at the lower right chart of Fig. 6 are calculated with 
the combustion zone FAR given in the literature. This was also
demonstrated by Heywood & Mikus54 in their study on 
parameters controlling nitric oxide emissions from gas turbine 
combustors, where they emphasized the use of primary zone 
FAR over overall value when predicting NOx in low FAR 
regimes. This approach aligns with modern gas turbine com-
bustor designs, which employ a small, high temperature and
relatively fuel rich pilot flame in the primary zone for flame

stabilization and efficient burning. This also explains that in
the NOx emissions plot given in Fig. 4, the index is remarkably 
low when the equivalence ratio is less than 0.4, while modern 
engines operating in this regime do present high NOx emis-

sions. A primary zone FAR multiplier, as proposed in Ref.
54, is then introduced in the LTO emissions analysis given later 
in the paper. This applies only for low overall FAR regimes 
where less than 0.3, while in the report the NOx emissions pre-
diction at high overall FAR regimes where around 0.6 
matched well with experimental data using the overall FAR.
With kinetics reaction simulation, similar levels of NO emis-
sions are observed in this validation. This is, however, achieved

through different residence times set up. For hydrogen com-
bustion, the residence time has been set half as for the Jet-A
combustion case.

The last validation presents the NOx emissions for three 
blend ratios compared to the results generated by the correla-
tion proposed by Saleem et al.61 The correlation was a linear 
model with independent input variables: pressure, tempera-
ture, FAR, extent of premixing and mole fractions of blended 
fuel compositions including hydrogen, natural gas, ammonia 
and kerosene. Although the valid range for the model is limited 
as the foundation of the model is from published data on NOx
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Fig. 8 Geared turbofan layout.

Fig. 9 A320-class aircraft with year 2035 technology level 
assumptions.64 
emissions for various fuels under varying experimental equip-
ment and scenarios. It is considered a strong support for the
presented work. As can be seen from the comparison shown

in Fig. 7, general trend of the NOx emissions with varying fuel 
blends and equivalence ratios are in good agreement. One 
thing which has been added to the comparison is the different 
residence times, from 1 ms to 9 ms, set in the kinetics reaction
model. With typical residence times 3–5 ms, the simulation
results match the best with the correlation while the residence

time has the least impact on pure hydrogen combustion.

2.3. Design parameters and assumptions in cycle analysis

A Geared Turbofan (GTF) architecture, see Fig. 8, has been 
selected in this study, following the performance requirements
from an A320-class aircraft as shown in Fig. 9.64 Since on-
board hydrogen storage design and whole aircraft modelling 
is out of the scope of the paper, the turbofan operating condi-
tions are obtained from the A320 type aircraft design without
revisions to fit the hydrogen related systems and are identical

to all the cases.
The key operating conditions and design ratings for the

geared turbofan are listed in Table 1, with assumptions of 
the turbofan components key parameters given in Table 2. 
The assumptions were estimated based on the methods given
in Ref. 65 originated from Ref. 66 with basic correlation for 
entry into service year, component size and Reynolds number. 
The aim is to identify the impact of different fuel blend ratios
on the key turbofan performance parameters, such as Specific
Fig. 7 Validation 3─Comparison of NOx emissions from reaction kinetics modelling with Ref. 61. 
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Table 1 Turbofan operating conditions.

Operating condition Mach number Altitude (m) dTISA (K) Net thrust (kN)

Take-Off (TO) 0.2 0 +15 94.5 
Top-of-Climb (TOC) 0.78 10668 +10 21.0 
Cruise (CR) 0.78 10668 +0 17.0 
LTO take-off 0 0 0 120.0 
LTO climb-out 0 0 0 85% of LTO take-off
LTO approach 0 0 0 30% of LTO take-off
LTO idle 0 0 0 7% of LTO take-off

Notes: dTISA refers to the deviation from International Standard Atmosphere (ISA).

Table 2 Turbofan key parameters assumptions for baseline

GTF establishment.

Parameter Value 

Gear box speed ratio 3.67 
Fan polytropic efficiency at CR 0.94 
IPC polytropic efficiency at CR 0.88 
HPC polytropic efficiency at CR 0.90 
HPT isentropic efficiency at CR 0.90 
LPT isentropic efficiency at CR 0.94 
Combustor outlet temperature at CR (K) 1588 

Table 3 Design space exploration range of design parameters.

Parameter Min Max Default 

Overall pressure ratio OPR at CR 35 65 52 
Jet velocity ratio JVR at CR 0.65 0.90 0.78 
Specific thrust SFN at CR (m/s) 80 110 100 
Pressure ratio split exponent PRn at CR 0.25 0.40 0.3 
Fuel Consumption (SFC), thermal efficiency, propulsive effi-
ciency and dimensions. Similar to the studies on intercooled
core engine design41,67 and hybrid turbofan performance anal-
ysis,68,69 the following design parameters are varied to provide 
an overview of the impact on the key turbofan performance
parameters.

(1) SFN: Specific thrust defined as engine net thrust over

fan inlet mass flow.
(2) JVR: Jet velocity ratio defined as the bypass nozzle ideal 

jet velocity over core nozzle ideal jet velocity.

(3) OPR: Overall pressure ratio defined as the compressor 
exit pressure over the fan inlet pressure.

(4) PRn: Pressure ratio split exponent defined as the loga-
rithm of the ratio of the Intermediate Pressure Compres-
sor (IPC) exit pressure divided by the fan inlet pressure
to the base of OPR.

Two sets of simulations have been conducted for the pre-
sented study. For the first set of simulations, the following 
parameters have been kept constant for the Cruise (CR) point: 
combustor outlet temperature, component polytropic efficien-
cies, duct, combustor, and inlet pressure losses, gearbox and
shaft mechanical efficiencies, as well as HPT and LPT cooling

ratios. The four design parameters are varied independently
for the CR point in the range as given in Table 3, while the 
other three are set to the default value. Through this investiga-
tion, the impact of different fuel blend ratios on the turbofan 
thermal efficiency, propulsive efficiency as well as dimensions 
and weight are to be discussed in the later section. The thermal 
efficiency has been defined as the ratio of the summation of
useful energy at each nozzle exit divided by the fuel heat input.
When calculating the fuel heat input, 43.2 MJ/kg for Jet-A and
120 MJ/kg for hydrogen, were assumed for the lower heating
values of the fuels. For blended fuels, the lower heating values 
have been simply approximated with the average of fractions.

The second set of simulations has been carried out with the 
amount of the cooling flow calculated for the HPT turbine 
blade temperature limit of 1240 K at Take-Off (TO). In this 
setup, all the parameters mentioned above in the first set of 
simulations have been kept constant. The only varied parame-
ter is the fuel blend ratio for TO, while the cooling flow is var-
ied as it is computed based on the TO operating condition. 
This setup is aimed at investigating the impact of changing 
the fuel on the off-design performance as well as turbine cool-
ing need. In both set s of simulations, TOC has been selected to

size the turbofan. The cooling model is based on the model
described in Refs. 70,71, for which Thermal Barrier Coatings 
(TBCs), convection cooling, film cooling, and internal cooling 
mechanisms are considered. To estimate the required cooling 
flow rates, several key parameters have been identified that 
may be influenced by the combustion of hydrogen instead of 
conventional jet fuel. These include the TBC Biot number, 
combustion pattern factor, cooling flow factor, and film cool-
ing effectiveness. Due to the increased water vapor content in 
hydrogen combustion products, there may be implications for 
TBC material performance. However, in the absence of pub-
licly available data on TBC behavior under such conditions, 
it has been assumed that the same performance remains appli-
cable. The combustion pattern factor is expected to be higher 
for hydrogen combustion, potentially resulting in increased 
peak temperatures at the turbine blade inlet. However, this 
effect is dependent on combustor design, such as th e distance

between the combustor exit and turbine inlet, and not recog-
nized as a very significant parameter according to the sensitiv-
ity study reported in Ref. 70. The cooling flow factor, defined 
in relation to the ratio of specific heats between the combus-
tion gas and coolant flow, is anticipated to increase under 
hydrogen combustion due to the higher specific heat of the 
combustion gases. Additionally, film cooling effectiveness 
may be adversely affected. The study by Jeong et al.72 reported
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a reduction in film cooling effectiveness of approximately 
2.5%–3% as the hydrogen blending ratio increases from 0 to 
100%. To evaluate the influence of these parameters on cycle

efficiency, the sensitivity analysis conducted by Ref. 70 is refer-
enced. Based on this work, a reduction in film cooling effec-
tiveness due to hydrogen combustion may result in an 
estimated 0.15% decrease in cycle efficiency. However, this 
loss may be partially offset by an increase in the internal cool-
ing factor. While uncertainties remain, particularly pending

combustor design validation, the associated errors are consid-
ered negligible for the scope of the present study, for the pur-
poses of preliminary system-level cycle analysis.
3. Results and discussion

3.1. Performance and dimensions

3.1.1. Varying SFN independently
To ensure the clarity of the figures in this section, within the 
first set of simulations, only the results of five mass-based fuel 
blend ratios are shown, which are 100% Jet-A, 75%/25% Jet-

A/H2, 50%/50% Jet-A/H2, 25%/75% Jet-A/H2, and 100%
H2. Fig. 10 shows the results varying the first design parameter 
SFN at CR while OPR, JVR and PRn are fixed at 52, 0.78 and 
0.3 respectively. The most pronounced results are the increas-
ing Fan Pressure Ratio (FPR) and the decreasing propulsive
efficiency with an increasing SFN, which was observed in pre-
vious turbofan studies.41,67,68 As expected, the change of fuel 
blend ratio has no effect on the impact of varying SFN, so 
the curves of the above-mentioned parameters coincide. On 
the other hand, although the trends are identical, changing 
the fuel blend ratios does have an impact on the flow split
between the core and the bypass, hence the Bypass Ratio
(BPR). More hydrogen in the blended fuel results in a more

powerful core hence a larger BPR, which is mainly contributed
by the higher cp of the gas leaving the combustor.

From the perspective of exergy analysis, having more air 
exposed to the combustion process increases exergy destruc-
tion as illustrated by Aygun73 and a smaller core potentially 
experiences less exergy destruction in the core components35 

given the same SFN, OPR and combustor exit temperature. 
This can be a plausible reason for a higher thermal efficiency 
by burning more hydrogen. The improvement in thermal effi-
ciency obtained throughout the range explored is substantially 
constant at about 1.25%. One thing that must be noted is that
the smaller core could offset part of the thermal benefit. Tak-
ing into account the component size correction as introduced

by Rolt et al.74 , the thermal efficiency improvement will be
reduced to around 1%.

In addition to the improvement of thermal efficiency, less 
core air also results in less heavy turbofan core components 
when burning the fuel with increased hydrogen fractions. 
Remarkably consistent improvements have been observed for 
both the thermal efficiency and core components weight across 
the explored range of design parameters, which are generally
proportional to the hydrogen fractions in the fuel. Neverthe-
less, the stage count change in the High Pressure Compressor

(HPC) gets delayed with more hydrogen in the blended fuel
when the SFN increases. Under the same conceptual design
rules, this is the result of a lower HPC installation position
from a decreased fan size and a pre-fixed inter-compressor 
duct radius ratio and compressor tip speed.

3.1.2. Varying JVR independently
Subsequently, the results of varying the JVR at CR are given in
Fig. 11, with OPR, SFN and PRn fixed at 52, 100 m/s and 0.3 
respectively. The varying JVR at CR was achieved from vary-

ing the FPR at CR. As suggested in Ref. 75, the optimal JVR is 
reached when the value approaches the product of the isen-
tropic efficiencies of the fan, LPT and the bypass duct. From 
the assumed component efficiencies, this product is around
0.86, which marks the near optimal SFC for all the assessed
fuel blend ratios, as can be seen in Fig. 11. Similar to what 
has been observed from the cases with varying SFN, no major 
difference could be found in the trends of varying JVR for the 
presented performance and dimension parameters. More 
specifically, the change of fuel blends and associated combus-
tion products does not have a significant impact on the transfer
efficiency determined by the fan, LPT and shaft efficiencies
and bypass duct and jet pipe losses.

Looking closer at the propulsive efficiency curves, slightly 
higher values can be observed for fuel blends with higher 
hydrogen fractions in the low JVR range of 0.65–0.75 while 
an opposite behavior can be found in the JVR range of 0.8– 
0.9. This may be explained by the different fuel flows added 
to the core jet, which slightly changes the specific thrust as this 
is normally defined with the fan inlet air mass. At low JVR, the 
higher fuel mass, when operating with more Jet-A fractions, 
increases the core jet energy and hence lowers the propulsive 
efficiency calculated for the fixed flight speed and net thrust
requirement. With increasing JVR, the impact of the core jet
on the propulsive efficiency deteriorates as the bypass jet veloc-
ity increases while the hot jet velocity decreases. Combining

the higher BPR while burning the fuel with more hydrogen
leads to a decelerated increase in propulsive efficiency. For
the same reason, the LPT stage count increase due to the high

JVR. The associated FPR increase comes earlier for the cases
with more hydrogen in the fuel. Overall, the benefits observed
in thermal efficiencies and core component weights remain at

the same levels for higher hydrogen fraction blended fuels.

3.1.3. Varying OPR independently
For the investigation of varying OPR, the JVR, SFN and PRn 
are fixed at 0.78, 100 m/s and 0.3 respectively. From this vari-
ation, the most remarkable result in the performance parame-
ters shown in Fig. 12 is that the optimal OPR shifts towards 
higher values for the cases with more H2 in the fuel. This 
can be explained, again, by the smaller core with more hydro-
gen fraction mixed into the fuel. As turbine cooling air flow 
losses increase with higher OPR, the smaller core with less 
exergy destruction caused by turbine cooling could delay the
offset of the thermal efficiency benefit by increasing the
OPR. The higher optimum OPR, however, could drive the last

compressor blade to be even shorter and hence increases the
efficiency penalty for the HPC and even the High Pressure
Turbine (HPT).

The stage count of the compressors increases as the OPR 
increases. Since the pressure ratio split exponent PRn is fixed 
at 0.3, this means that the HPC must compensate the OPR 
rise. Hence, a more frequent stage count change in the HPC 
is expected and can be observed from the step change in
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Fig. 10 Performance results at CR (top) and sizing and weight results (bottom) with varying specific thrust.
HPC weight as shown in the plot. Interestingly, for the designs 
with hydrogen-richer fuel the IPC stage count change occurs 
earlier than the ones burning more Jet-A fraction fuel, but 
the HPC stage count change is delayed. Whilst the HPC tip 
speed is set, the IPC tip speed is determined by the fan tip
speed, the fixed gear ratio and its installation location. For

the power plant designed with more hydrogen, the smaller core
has a direct impact on the IPC stage loading leading to an ear-
lier demand for an additional stage to fulfill an increased pres-

sure ratio requirement.

3.1.4. Varying PRn independently
The final design parameter to be varied is the PRn. Typically, 
the PRn has the least impact on the performance of a simple
cycle. In general, increasing the PRn for a given OPR leads
to an increased pressure ratio load on the IPC and therefore 
reduces thermal efficiency and increases the SFC, as can be
seen from Fig. 13. This is expected as the IPC works less effi-
ciently than the HPC and the compressor exit temperature 
rises with poorer efficiency. Meanwhile, the core components
stage counts change is almost at the same pace for all cases.

3.1.5. Varying off-design point fuel blend ratios

For the second investigation, the design parameters at the 
design point have been kept the same, while the fuel blend 
ratio in one of the off-design points, the TO point, varies from 
0 to 100%. Different lines with markers in Fig. 1 4 represent 
different cases with fuel blend ratio at design point from 
100%/0 Jet-A/H2 to 0/100% Jet-A/H2, where the horizontal 
axis gives the varying fuel blend ratios at TO. Comparing
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Fig. 11 Performance results at CR (top) and sizing and weight results (bottom) with varying jet velocity ratio.
the different curves, one can notice that, for a given combustor 
outlet temperature at design point and a given fuel blend ratio 
at TO, the combustor outlet temperature at TO increases with 
higher H2 fractions compared to the blend in the design point.
This is one of the main drawbacks of the smaller core as a
result of increased hydrogen fractions in the fuel for design.

Whilst looking at a single curve, all the curves generally 
present the same trend. That is, for a given combustor outlet 
temperature at design point and a given fuel blend ratio at 
design point, the combustor outlet temperature at the off-
design point in TO decreases with higher hydrogen fractions
in the fuel which is used at TO. The differences between the

combustor outlet temperatures at varying fuel blend ratios in
TO could reach temperature differences up to 70 K. Similar
trends have been observed in Refs. 76,77. This can be
explained, again, by the higher cp of the gas after burning more 
hydrogen content, which brings down the requirement of tem-
perature drop through the turbines for a similar power require-
ment. By subtracting the turbine exit temperature T5 from 
turbine inlet temperature T4, one can see that the temperature 
drop for the expansion process reduces by about 37 K from 
burning 100% Jet-A to burning 100% hydrogen at TO. Look-
ing at the turbine cooling demand, as the compressor outlet 
temperature does not change much for all cases, the best choice 
is to design the engine with 100% Jet-A and operate with 
100% hydrogen at TO for minimizing the cooling flow need. 
Nevertheless, repeating the same test for cruise condition gives 
relatively low variations in combustor outlet temperature with
varying fuel blend ratio. This means that this effect is more
pronounced in operating conditions with high FARs.
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Fig. 12 Performance results at CR (top) and sizing and weight results (bottom) with varying overall pressure ratio.
3.2. Emissions for LTO cycle

Throughout the ranges of the selected parameters in the above-
mentioned results, the turbofan powered with more hydrogen 
offers quite stable benefits on performance and weight over the 
100% Jet-A powered variant, while the benefits are in general 
proportional to the hydrogen energy shares in the fuel. More
interestingly, the combustor operating temperature’s variation
from varying the off-design point fuel blends could deliver

additional benefits on emissions, compensating for part of
the fact that burning hydrogen would result in higher EINOx

as shown in Fig. 4. A detailed comparison of the LTO cycle 
emissions indices for the turbofans designed with the default
values as given in Tables 1–3 is presented in Table 4. For each 
of the turbofan designs, two fuel blends are used in off-design 
points, one is 100% Jet-A and another is 100% hydrogen. For
the NOx estimation, kinetics reaction method used to establish
the emissions characteristics as given in Fig. 4 was used for the 
assessment, with primary zone FAR multiplier, as proposed by
Heywood and Mikus,54 applied. Through matching typical 
modern gas turbine EINOx as published in report78 for Jet-A 
variants, the values of the multipliers are set to 1.8,1.8, 2.4,
3.5 for the LTO take-off, climb, approach and idle

respectively.
As can be seen from Table 4, the EINOx shows that the 

index could be 1.3–2.5 times higher for the turbofans running 
at 100% hydrogen, in comparison with burning Jet-A for dif-
ferent LTO cycle operating points. The hotter the working 
condition, the larger the difference. But when considering the 
2.8 times higher FAR with burning Jet-A, the NOx mass emit-

ted is lowered. While the uncertainty of the NOx emissions 
reduction is high, the CO2 emissions reduction is nearly certain 
that can be reduced by 99%, as the remaining 1% of CO2 is

already present in the atmosphere.
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Fig. 13 Performance results at CR (top) and sizing and weight results (bottom) with varying pressure ratio split.
4. Uncertainties, limitations and future outlook

Since the presented study focuses on the assessment of the 
multi-fuel powerplant, limitations exist mainly on the scope 
that no aircraft level trade-offs have been included and dis-
cussed. As can be seen from Fig. 3, the fuel required volume 
increases excessively along with the hydrogen fraction increase 
and would have a large impact on aircraft weight, energy con-
sumption, range and payload. A wide range of studies regard-
ing hydrogen aircraft design generally concludes large
penalties due to the use of hydrogen and associated weight
and volume of the tanks compared to conventional aircraft.

This includes, to name a few, energy penalties of 10%–
40%,79 increased energy consumption between 20% and 
70% depending on the storage technology,25 increased direct 
operation cost of 95%,80 increased operating empty mass of 
11%–27% and increased specific energy consumption of
3.3%–13% for short-and-medium range class design,81 

increased block-energy consumption of 6.5%–7.5%,82 

increased aircraft mass by 13% for 19 passenger commuter air-
craft,20 and increased energy consumption of 9%,83 etc. Nev-

ertheless, most studies do not consider the top-level design 
requirements for the propulsion system would be significantly 
affected, as one may sacrifice capacity or range for achieving 
similar aircraft maximum take-off weight. More importantly, 
the presented concept shows a way to ease these penalties –
through the introduction of hydrogen as a ‘‘drop-in” fuel –
in the short term to kick start the use of hydrogen in aviation

in practice.
Large uncertainties lay on the estimation of the NOx emis-

sions which largely relies on the combustor development for 
Jet-A and hydrogen blended combustion. On the positive side, 
the introduction of hydrogen can improve the flame stability as
reported by Hiroyasu et al.59 , appeared mainly in the primary
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Fig. 14 Fuel blend ratio versus performance parameters at take-off off-design point.
combustion zone, where lean combustion can be easily real-
ized. Studies of a micro-turbine jet engine incorporating 
hydrogen micromix diffusion combustion technology used to
achieve homogeneous mixture preparation and low emissions
demonstrate that NOx emissions can be below 2 10 5 exper-
imentally.52 Low emission combustors using Lean Direct 
Injection (LDI) developed by NASA84 have demonstrated that 
the practical designs of hydrogen injectors for LDI could result 
in comparable NOx emissions levels to the Jet-A LDI combus-

tor concepts. Except for the studies regarding pure fuels, a
multi-fuel concept study within EU project HOPE conducted
by Dave et al.85 has investigated the macroscopic properties 
of kerosene-H2 blended flames, which has demonstrated the
capability of testing a full range of blend ratios.

On the other hand, challenges however in presence also 
because of the advantages of high temperature and high flame

speed of burning hydrogen. As have been shown in Fig. 4 and 
the study conducted by Hui et al.56 , with equivalence ratio 
higher than 0.5, the NOx emissions from adding hydrogen 
would be increased rapidly. But as mentioned above, this 
drawback could be mitigated by the use of lean burn technol-
ogy. For the higher risk of flashback which can be detrimental
to the engine, studies of using Axial Air Injection (AAI) have

demonstrated the capability of flashback resistance improve-
ment.86–88 Specific to the multi-fuel concept, a study89 within 
EU project HOPE has also deployed AAI and found that 
the most suitable position for kerosene injection is on the axis
of the burner surrounded by hydrogen injection and air flow.

An interesting insight for future outlook would be replacing 
Jet-A with SAF in the fuel blends, as mentioned in the intro-
duction, SAF itself has been certified as one of the most
promising alternative fuels for reduction emissions. Different

SAFs could present different fuel properties and combustion
characteristics. An experimental study90 in different SAFs 
has demonstrated that, while Jet-A1 performs overall better 
than most SAFs in fuel consumption, emissions results with
different SAFs and fuel blends are a mix. For emitted particle 
numbers, SAFs generally provides better performance with up 
to 100% reduction, but in terms of NOx and CO the perfor-
mance is similar or slightly worse. Another minor factor is 
the fuel purity, while jet fuels, even SAFs, could contain sulfur 
content and emit SO2 ; hydrogen on the other hand, could con-

tain a very low level of methane <1% from production. For
the focus in the paper, these factors were, however, not consid-
ered as the very small amount of those elements contributes lit-

tle to the combustion and emissions characteristics and would
not change the conclusion.

5. Conclusions 

In this paper, to ease the adoption of hydrogen with less risks 
and obstacles in aircraft propulsion applications within the 
short-term, a power plant concept, which can use hydrogen 
and Jet-A blended fuel, has been investigated. Through the 
conceptual design and first analysis of emissions for a wide
range of multi-fuel geared turbofan designs with the fuel char-

acteristics established by chemical equilibrium reaction mod-
els, the main results are concluded as follows:

(1) The thermal efficiency of the cycle increases with adding 
more hydrogen into the blended fuel, which is generally 
proportional to the energy fraction of the hydrogen in 
the fuel. The first 25% of hydrogen mass fraction in 
the blended fuel, which is about 48% energy fraction 
of the fuel, delivers half of the benefit which can be 
obtained from switching the fuel from 100% Jet-A to 
100% hydrogen. For adopting 100% hydrogen, one 
can expect a maximum increase of 1.25% in thermal effi-
ciency while keeping the same propulsion efficiency. 
Taking account of component efficiency drop due to a
smaller core for the hydrogen turbofan, the increase will
be reduced to around 1%.
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Table 4 LTO cycle combustion parameters and emissions indices for selected turbofan designs.

Operating 
co ndition

FRd: 100%
Jet-A

FRd: 25%/75% H2/Jet-A FRd: 50%/50% H2/Jet-A FRd: 75%/25% 
H 2/Jet-A

FRd: 
100% H 2

FRod: 
100% 
Jet-A

FRod: 
100% 
H 2

FRod: 
100% 
Jet-A

FRod: 
100% 
H 2

FRod: 
100% Jet-A

FRod: 
100% 
H 2

FRod: 
100% 
Je t-A

FRod: 
100% 
H 2

FRod: 
100% 
Je t-A

FRod: 
100% 
H 2

LTO 
ta ke-off

T3 (K) 953.8 953.1 954.0 953.0 954.2 953.1 954.3 953.1 954.4 953.1 
P3 (bar) 60.0 59.9 60.0 59.9 60.1 60.0 60.1 60.0 60.1 60.0 
T4 (K) 1796.8 1735.0 1822.9 1757.4 1837.7 1769.7 1846.7 1777.3 1853.0 1782.5 
FAR 0.0254 0.0091 0.0267 0.0094 0.0272 0.0096 0.0275 0.0097 0.0278 0.0098 
EINOx_pz 40.0 82.2 45.4 102.6 47.4 113.4 48.3 119.3 48.8 123.9 
EICO2 3093.5 70.9 3090.3 68.7 3088.5 67.6 3087.5 66.9 3086.7 66.4 

LTO climb-out T3 (K) 920.0 919.0 920.1 918.9 920.2 919.0 920.3 919.0 920.4 919.0

P3 (bar) 51.3 51.3 51.2 51.2 51.2 51.2 51.2 51.2 51.2 51.2 
T4 (K) 1724.5 1667.1 1750.2 1689.3 1764.2 1701.7 1773.2 1709.5 1779.5 1715.0 
FAR 0.0243 0.0086 0.0252 0.0089 0.0256 0.0090 0.0259 0.0091 0.0262 0.0092 
EINOx_pz 19.6 32.5 26.1 45.2 29.8 53.7 32.2 59.1 33.8 63.0 
EICO2 3099.0 75.2 3095.9 72.8 3094.2 71.5 3093.2 70.8 3092.4 70.3 

LTO approach T3 (K) 717.6 717.6 716.3 716.4 715.7 715.8 715.3 715.3 714.9 715.0

P3 (bar) 19.4 19.4 19.3 19.3 19.2 19.2 19.2 19.2 19.1 19.1 
T4 (K) 1465.3 1423.5 1484.0 1440.5 1494.1 1449.8 1500.5 1455.6 1505.1 1459.7 
FAR 0.0214 0.0076 0.0220 0.0078 0.0223 0.0079 0.0225 0.0080 0.0227 0.0080 
EINOx_pz 10.0 14.0 13.0 19.2 14.8 22.5 15.8 24.9 16.6 26.5 
EICO2 3110.1 84.8 3107.7 82.5 3106.5 81.3 3105.7 80.5 3105.1 80.0 

LTO T3 (K) 552.5 552.1 550.6 550.3 549.7 549.3 549.0 548.7 548.6 548.3

idle P3 (bar) 6.8 6.8 6.7 6.7 6.7 6.7 6.6 6.6 6.6 6.6 
T4 (K) 1145.5 1120.6 1157.0 1131.2 1163.3 1137.0 1167.5 1140.9 1170.5 1143.7 
FAR 0.0159 0.0056 0.0163 0.0058 0.0165 0.0059 0.0166 0.0059 0.0167 0.0059 
EINOx_pz 3.4 4.0 4.2 5.3 4.7 6.0 5.1 6.6 5.3 7.0 
EICO2 3133.8 112.3 3132.0 109.7 3130.9 108.4 3130.3 107.5 3129.8 107.0 

Notes: FRd denotes the design fuel blend ratio and FRod denotes the off-design fuel blend ratio.
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(2) The dry engine weight (core + fan) can be reduced by 
6%–7% from adopting pure hydrogen fuel. Similarly 
to thermal efficiency, the achieved benefit is propor-
tional to the energy fraction of hydrogen in the blended

fuel.
(3) The results have shown that the change of the blend 

ratio of the fuel does not have any noticeable effect on 
the trends of varying the studied turbofan design param-

eters, SFN, JVR, OPR and PRn. Hence the benefits to
be obtained are consistent throughout the explored
ranges for a certain fuel blend ratio. However, the opti-

mal OPR for a cycle that burns more hydrogen fraction
is higher because of less turbine cooling air losses.

(4) For a multi-fuel turbofan, varying the fuel in thermally 
critical operating conditions could result in extra bene-
fits. Switching the fuel towards more hydrogen fractions
at TO condition could reduce the turbine inlet tempera-
ture by up to 70 K if 100% hydrogen is used.

(5) The CO2 emissions index is weakly dependent on the 
typical turbofan operating conditions, and for multi-
fuel turbofans it is generally proportional to the Jet-A

fraction in the fuel and combustion efficiency dependent.
(6) With more hydrogen in the blended fuel, NOx emissions 

index increased by up to 250% for hot LTO cycle oper-
ating points. However, the lower fuel rate of about 33%
resulting from higher heating value of hydrogen reverses
the conclusion for total NOx emissions. This potential,

however, largely depends on the design of the
combustor.

With the conclusions above, one can consider a few strate-
gies for using a multi-fuel combustion aircraft power plant and 
kick-starting the use of hydrogen with minor revisions to the 
aircraft. These strategies include lowering the turbine inlet

temperature and cooling flow requirements in thermally criti-
cal operating conditions, designing lean burn combustor suit-
able for hydrogen combustion, and benefitting from CO2

reduction.
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30. Bexten T, Jö rg S, Petersen N, et al. Model-based thermodynamic

analysis of a hydrogen-fired gas turbine with external

exhaust gas recirculation. J Eng Gas Turbines Power 2021;143

(8):081016. 
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