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Abstract

Heat exchanger integration is a key design consideration for engines adapted to run on
hydrogen and requiring liquid hydrogen to be preheated prior to combustion. For a typical
small turboshaft, a comparison is made of fuel heating via an intercooler, a recuperator,
or both in combination. This steady-state, zero-dimensional thermodynamic assessment
examines the overall performance effects of the heat exchanger installations, heat loads
and setpoint temperatures. It shows that exhaust gas recuperation provides up to 15%
SFC reduction relative to an engine using power offtake for fuel preconditioning, with
an average reduction of 14% across the evaluated operating points. Fuel heating via
an intercooler is constrained by off-design and low-temperature thermal management
requirements, so it only gives modest SFC benefits and will reduce specific power unless
the engine is substantially redesigned. Within the evaluated design space, the combined
intercooled and recuperated arrangement does not provide the lowest SFC, but it offers a
balanced heat load distribution that may help to mitigate the risk of local air-side icing in the
heat exchangers. Unlike previous works that considered turbofan engine architectures, this
study focuses on turboshaft and turbogenerator installations where shaft power objectives
and operating constraints determine the relative merits of alternative heat exchanger
integration strategies. It includes an assessment of potential effects on NOx emissions
as well as SFC. The study provides guidance for preliminary design and sizing of heat
exchangers for fuel thermal management, but analysis of transients in the cryogenic systems
and detailed assessments of aircraft-level integration penalties will be specific to particular
engine applications and are beyond the scope of the present study.

Keywords: liquid hydrogen; LH2; heat exchanger; aircraft engine; fuel system; turboshaft

1. Introduction
The ICAO Committee on Aviation Environmental Protection has projected that, by

the year 2040, carbon dioxide (CO2) emissions will increase by 21%, while emissions of
nitrogen oxides (NOx) will rise by 16%, compared to levels recorded in 2015 [1]. Therefore,
aircraft and engine manufacturers will need to adhere to stringent regulations aimed
at significantly lowering greenhouse gas (GHG) emissions. Under the Flightpath 2050
initiative, the Advisory Council for Aeronautics Research in Europe laid out ambitious
objectives for the next generation of civil aircraft. Specifically, they called for a 75% decrease
in CO2 emissions per passenger-kilometre and a 90% reduction in NOx emissions, taking
aircraft of the year 2000 as a baseline [2].
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Hydrogen propulsion has emerged as a promising solution for sustainable energy in
transportation, particularly as global efforts to mitigate climate change intensify. Utilising
hydrogen presents an opportunity to decarbonise various sectors, with aviation being a
primary focus due to its significant carbon footprint. Hydrogen-powered systems can
be broadly categorised into fuel cell technology and hydrogen combustion engines, each
demonstrating distinct advantages in efficiency and emissions reduction [3–5]. Fuel cell
systems are attractive, particularly for shorter range and regional applications, but cur-
rent aviation studies and technology roadmaps continue to identify important challenges
in specific power, heat rejection, air and water management, and technology maturity.
Direct hydrogen combustion, therefore, remains a relevant propulsion option, especially
where higher power density, operational flexibility, and compatibility with gas turbine
architectures are required [6,7].

Hydrogen’s gravimetric energy density is about three times higher than that of
kerosene [8], meaning it packs more energy per unit mass. This allows hydrogen to
power aircraft with far less weight penalty than if using batteries, making it attractive for
long-range or high-performance applications where electrification via batteries remains
infeasible [9]. Despite its tremendous promise, hydrogen also presents unique challenges.
Unlike conventional fuel, hydrogen is a gas at ambient conditions and cannot be stored in a
traditional wing fuel tank [10]. To carry sufficient fuel for a useful range, it must be stored
either as compressed gas or as liquid hydrogen (LH2) at cryogenic temperatures (∼20 K).
Even in liquid form, hydrogen’s volumetric energy density is only about a quarter of that
of jet fuel [11], necessitating much larger fuel tank volumes and significant aircraft design
changes. Comprehensive studies on large-scale LH2 aircraft have investigated the system-
level challenges of storage and integration. The Cryoplane project [12] concluded that the
use of LH2 for commercial aircraft is technically feasible, while also requiring substantial
further research and development, particularly because of the coupled aircraft, propulsion,
storage, infrastructure, safety, and environmental challenges. More recently, the FlyZero
project [13–15] identified green liquid hydrogen as the most promising zero-carbon fuel for
scalable commercial aircraft concepts and highlighted fuel storage, thermal management,
and propulsion system technologies as the key enabling challenges.

While Jet A-1 fuel system components and design considerations are well established,
fuel system architectures for LH2-fuelled aircraft are still at a very low Technology Readi-
ness Level (TRL) due to limited research and experimental data, which makes them more
challenging. Radical modifications are required to Jet A-1 fuel system architectures to
facilitate LH2-powered propulsion technologies [6,16]. Nonetheless, the cryogenic storage
temperature of LH2 and the higher heat capacity (9.69 kJ/kg K at 20 K for LH2 compared to
1.98 kJ/kg K at 293 K for kerosene) makes it a very effective heat sink as well as a fuel [17,18].
Recent studies have also examined LH2 conditioning for retrofitted gas turbines. Ref. [19]
assessed propulsion system-level LH2 conditioning for a kerosene-designed geared turbo-
fan and showed that combustor entry delivery temperature control, bleed-source selection,
fuel preheating, and engine rematching are strongly coupled. This highlights the impor-
tance of treating LH2 fuel conditioning as part of the engine cycle assessment rather than
as an isolated fuel system process.

Advanced aero engine concepts have been proposed that use the cooling capacity of
LH2 for intercooling or precooling the air [17,20–24], cooling the turbine exhaust water
vapour for a condenser [25–27], or simply using the recuperation concept to heat up the
hydrogen before injecting it into the combustor. For instance, Brewer et al. [17,20,21] intro-
duced four new heat exchanger (HEX) configurations for a LH2-fuelled turbofan engine for
a long-range passenger aircraft, namely a compressor precooler, an intercooler, a turbine
cooling air heat exchanger, and an exhaust gas heat exchanger. The compressor precooler
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was ultimately dismissed due to significant drawbacks, including severe air-side icing risks,
high pressure loss, and the necessity for extensive hardware changes, which rendered the
concept heavy and impractical. While the intercooler offered some performance advan-
tages, its disadvantages were still seen as substantial. However, later studies [28–30] have
suggested redesigning compression systems for use with an intercooler.

The turbine cooling air heat exchanger cooled the air used for turbine blade cool-
ing and showed promising results due to its ease of integration into existing engines
without significant structural complexity. It decreased the required turbine cooling air
mass flow [31], but considering the relatively small cooling air mass flow, the hydrogen
temperature rise was not very significant.

Lastly, the exhaust-gas heat exchanger proved to be the most promising for heating the fuel,
benefiting from a high temperature differential that allows for the design of a relatively small
heat exchanger. Figure 1 shows how hydrogen might pass through multiple heat exchangers.
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Figure 1. LH2 pathway in the engine fuel system (produced based on the NASA-Lockheed concept [17]).

Ref. [30] describes a fuel system that heats hydrogen by passing it through four heat
exchangers in series at high pressure. The hydrogen is then expanded through a power-
generating turbine before proceeding to the combustor. The use of recuperators to preheat
the air entering the combustion chamber is described in references [32–34]. However, these
more complex systems are out of scope for the current study, as is the use of another fluid
to transfer the heat [35]. The study focuses instead on thermal management just using
hydrogen in an intercooler and recuperator as the primary heat exchangers.

Recent studies exploring the intercooled-recuperated concept in hydrogen-fuelled tur-
bofan engines have revealed significant potential for improving efficiency. In these designs,
the hydrogen fuel acts as a heat sink, absorbing heat from the engine’s compressor bleed air
or turbine exhaust. This process enhances the efficiency of the engine, providing a useful
reduction in fuel consumption when compared to simpler baseline engine cycles [22,28–30].
For instance, the results from [30] (for conceptual and aerodynamic design of compact heat
exchangers) indicated that using the intercooled-recuperated concept decreased specific

https://doi.org/10.3390/hydrogen7020074

https://doi.org/10.3390/hydrogen7020074


Hydrogen 2026, 7, 74 4 of 34

fuel consumption (SFC) by up to 7.7%, while the intercooler-only concept resulted in a
4% reduction for a high-bypass ratio geared turbofan engine. However, Patrao et al. [30]
did not investigate the effect of the proportion of core air used to preheat the fuel at the
recuperator, so the additional benefits that may be achievable by optimising this ratio
remain unknown.

Another study by Gomez-Vega et al. [36] incorporated a series of heat exchangers (com-
pressor intercooler, recuperator, and turbine cooling air cooler) into a two-spool turbofan engine
powered by LH2 and showed energy demand reductions of 6.7–9.8%. Their study focused
primarily on steady-state cruise conditions and did not fully evaluate performance at other
operating points (e.g., idle, maximum take-off (MTO) and top of climb (ToC).

More recent work has also addressed the modelling fidelity of hydrogen heat exchangers
in cycle analysis. Görtz et al. [37] proposed scalable heat exchanger maps for hydrogen inter-
compressor cooling and showed that geometry-informed heat exchanger representations can
support gas turbine performance calculations across operating conditions. Their work also
highlights that simplified effectiveness-based methods can introduce uncertainty in off-design
calculations, and direct hydrogen cooling may introduce icing and safety challenges.

Recent turboprop-specific work has begun to examine the coupling between hydro-
gen fuel conditioning and engine performance. San Benito Pastor and Parmentier [38]
investigated the effect of combustor injection temperature on a hydrogen turboprop and
showed that fuel conditioning requirements can influence fuel consumption, engine sizing,
injection velocity, and flame-stability-related constraints.

Most prior LH2 heat exchanger studies focus on turbofans, aircraft-level turboprop
integration, or fuel-conditioning temperature requirements. The relative merits of intercool-
ing versus recuperation in turboshaft engines, including the effects of heat load, setpoint
temperature, recuperator flow split, off-design operation, and HEX freezing avoidance,
have therefore remained insufficiently explored.

In contrast to the mainly turbofan-focused literature, the present study addresses the LH2-
fuelled turboshaft engine, for which shaft power objectives, residual exhaust energy usage, and
off-design operating constraints can alter the relative benefit of intercooling and recuperation.
The paper presents a steady-state comparative assessment of intercooler, recuperator, and com-
bined intercooled-recuperated configurations, with emphasis on the effects of heat exchanger
heat load, setpoint temperature, recuperator core flow split, and representative operating points
on SFC, specific power, turbine entry temperature, fuel conditioning requirements, and the
correlation-based emission index of nitrogen oxides (EINOx).

The novelty of the present work lies not in new component-level modelling methods,
but in identifying architecture-level thermodynamic trade-offs of LH2 fuel conditioning
heat exchangers integration in turboshaft engine applications that have received much less
attention than LH2 turbofan ones. This addresses a clear knowledge gap. An additional
motivation for selecting LH2-fuelled turboshaft engines for this study is that they may
potentially serve as auxiliary power units (APUs) integrated into larger aircraft systems.
Evaluating their performance with LH2 as fuel could therefore extend hydrogen’s appli-
cability beyond smaller aircraft, potentially offering significant benefits where they are
adopted for larger auxiliary, or even primary, power systems.

It should be mentioned that, although the generic cycles for turbofan and turboshaft
engines are similar, their thermodynamic responses differ due to varying requirements,
such as flight speed, design range, shaft power objectives, and residual exhaust-energy
utilisation. The trade-off factors can be different, and this is the rationale behind the research.
Broader aircraft-level integration studies, including fuel cell/turboelectric regional aircraft
concepts, provide useful system context [39], but remain outside the present scope.
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2. Framework for Evaluating the LH2-Fuelled Turboshaft
Engine Performance

The objective of this study is to investigate the feasibility and performance potential of
LH2 as a fuel for regional aircraft engines. To achieve this, a progressive modelling frame-
work was developed, in which a validated baseline engine was systematically adapted to
incorporate hydrogen fuelling and advanced thermal management concepts. The frame-
work proceeds through the following stages:

(1) Selecting a baseline engine, which is the Pratt & Whitney PW127 engine [40,41] as
used in the ATR 72 [42–44] regional aircraft.

(2) Performing design and off-design cycle studies for the baseline engine with
Jet A-1 fuel.

(3) Changing the fuel type to hydrogen and conducting design and off-design point
studies (like those on the baseline engine) for comparative analysis. In this step, the
modified engine cycle is without heat exchangers.

(4) Adding heat exchangers (intercooler (IC), recuperator (RC), and intercooler with
recuperator) to the modified engine configuration.

(5) Exploring the effect of heat exchangers on the modified engine performance at its
design point by performing a parametric study on the heat loads for the different
heat exchangers.

(6) Examining the impact of proposed intercooled-recuperated architectures on the modi-
fied engine performance and conducting a feasibility study on them.

2.1. Modelling Setup and Baseline Engine Calibration
2.1.1. Baseline Engine Selection and Data: PW127 with Jet A-1

The selected baseline engine is the Pratt & Whitney PW127, which is a twin-spool
engine [40,41] with a free power turbine. The engine cycle is modelled as a turboshaft (with-
out its propeller and reduction gearbox) in Siemens Amesim [45] using the Gas Turbine
Performance library (Figure 2). The library provides component models (compressor, tur-
bine, combustor, etc.) that can be integrated into a full engine architecture, as demonstrated
with real engine data such as the GE T700 turboshaft engine in reference [46]. For instance,
in the stepwise fuel flow changes from 100% to 105% and from 105% to 95% scenario, the
model predicted the gas generator shaft speed within 0.05% of the experimental measure-
ments. (This benchmark is not used for direct validation of the PW127 model developed
here, but is cited to demonstrate the capability of the modelling environment, and justify
its use in the thermodynamic cycle analysis.)

Key input parameters, including compressor pressure ratios, combustor outlet tem-
perature (COT), component efficiencies, and air mass flow rate, were selected to match
reported specifications from the literature [40,41,47,48], including the fuel flow rate, over-
all pressure ratio (OPR) and output power. Table 1 represents the design-point (MTO)
calibration of the baseline Jet A-1 model.

Table 1. Baseline engine performance specifications at MTO (design point) for Jet A-1.

Parameter Value Source

Temperature deviation from ISA (MTO and Idle) [K] +19.4 [47]
Flight Mach number 0 [47]
Flight altitude [m] 0 [47]
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Table 1. Cont.

Parameter Value Source

Shaft power [MW] 2.05 [47]
SFC [kg/MW·h] 292.14 [40]

Engine mass flow rate [kg/s] 8.49 [40]
Fuel flow rate (Jet A-1) [g/s] 166.44 [40]

LPC pressure ratio 3.80 N/A
HPC pressure ratio 4.15 N/A

OPR 15.77 [40]
LPC isentropic efficiency [%] 82 (75–88%) [50]
HPC isentropic efficiency [%] 84 (75–88%) [50]
LPT isentropic efficiency [%] 88 (82–91%) [50]
HPT isentropic efficiency [%] 86 (82–91%) [50]
PT isentropic efficiency [%] 88 (82–91%) [50]

Combustor outlet temperature (COT) [K] 1476 N/A
Combustor pressure ratio 0.95 [50]

Combustor isentropic efficiency [%] 0.999 [50]
Nozzle gross (residual) thrust [kN] 2.66 N/A

Compressor bleed for HPT cooling [%] 8 (10% max) [51]
Power offtake from HPT [kW] 30 [42]

Fuel Lower Heating Value (LHV) [MJ/kg] 42.8 [52]

Figure 2. PW 127 engine [49] and its model in Siemens Amesim.

It is important to recognise that detailed turbomachinery efficiency maps and some
cycle parameters, such as pressure drops and power offtakes, are not publicly available.
Therefore, those parameters were estimated based on studies of technology trends and
similar engine types found in gas turbine engine design references [50,52,53]. Consequently,
the model should be regarded as a design-point-matched PW127-class baseline suitable for
comparative cycle analysis, and not as a proprietary PW127 engine model independently
validated over the full off-design envelope.

Similarly, the LH2-fuelled configurations are not independently validated against
experimental hydrogen turboshaft data, since such data are not publicly available. The
hydrogen cases, therefore, present comparative steady-state trends obtained by applying
consistent modelling assumptions to the matched baseline engine. Accordingly, the conclu-
sions are restricted to predicting relative trends between heat exchanger configurations at
the architecture level rather than providing precise predictions for a certified PW127 engine
converted to hydrogen operation.
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2.1.2. Engine Cycle Model and Global Assumptions

The engine is represented as a zero-dimensional steady thermodynamic cycle with
real gas properties. The model comprises: low-pressure and high-pressure compressors
(LPCs/HPCs), high-pressure and low-pressure turbines (HPTs/LPTs), a single power tur-
bine (PT), a single annular combustor, mechanical shafts (HP/LP/PT), ducts, and bleed air
for HPT cooling. Component map scaling factors are applied consistently to all off-design
cases. The combustor in the analysis is modelled with predefined efficiency and associ-
ated pressure loss, allowing for a realistic assessment of its performance. Turbomachinery
component efficiencies and heat exchanger pressure losses account for all other duct losses.
Off-design performance is evaluated at idle, cruise, and ToC, in addition to the design point
(MTO). Each point is defined by ambient conditions and a constant PT rotational speed,
so the engine power is modulated solely by fuel flow. At each off-design operating point,
performance is posed as a set of nonlinear algebraic balances with unknowns chosen to
match the components (e.g., corrected shaft speeds, corrected mass flow rates). The solver
iterates these unknowns until (a) mass flow continuity holds across every component,
(b) shaft power balances are satisfied on both HP and LP spools, and (c) energy balances
close across all components. Convergence is achieved when the residuals in mass and
power balances drop below the specified tolerances. Compressor and turbine maps provide
the off-design characteristics utilised during the iterative process. This formulation adheres
to standard practices for matching compressors and turbines, employing nonlinear root-
finding methods, such as Newton-type methods, which are commonly used for off-design
simulations of gas turbines. In modelling the heat exchanger variant cycles, synthesis mode
was utilised rather than design point mode to show what would be achieved if the heat
exchanger engine variants were constrained to using the same existing hardware.

After running the engine simulation at off-design conditions (idle, cruise, and ToC),
the key performance data are presented in Table 2.

Table 2. Baseline engine off-design points performance (Jet A-1).

Parameter ToC Cruise Ground Idle

Flight Mach number 0.375 0.407 0
Flight altitude [m] 6705 6705 0
Shaft power [MW] 1.18 1.02 0.10
SFC [kg/MW·h] 282.3 284.5 1230

Engine mass flow rate [kg/s] 4.81 4.63 3.63
Fuel flow rate [g/s] 92.54 80.62 34.17

OPR 18.52 17.00 5.43
COT [K] 1392 1311 952

Nozzle gross thrust [kN] 1.66 1.43 0.39
Power offtake [kW] 30 30 30

To make fairer comparisons regarding the fuel consumption changes with respect to
changing the fuel type from Jet A-1 to hydrogen, the energy-based specific fuel consumption
(ESFC) parameter is used [54]. By incorporating the energy content of the fuel, the ESFC
avoids the need to consider the impact of the LHV for various fuels and enables the actual
energy efficiency of engines with different fuel types to be compared. The ESFC can be
expressed as below (Equation (1)):

ESFC = SFC × LHV. (1)

For the turboshaft engine application, the ESFC is a non-dimensional number where
smaller is better.
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2.2. Fuel Properties and Thermodynamic Modelling
2.2.1. The Effect of Hydrogen Fuel Temperature and Its Range Limits

The effect of changing the hydrogen fuel temperature in the burner can be seen in the
change in its enthalpy, as indicated in Equation (2) [55]:

∆H = ∆H f +
∫ T

Tre f

Cp(T) dT, (2)

where Cp(T) is the specific heat and ∆H f is the enthalpy of formation with respect to the

reference temperature ( Tre f

)
, which is 298.15 K. The Cp(T) can be expressed as below

(Equation (3)):

Cp(T)
Ru

= a1T−2 + a2T−1 + a3 + a4T + a5T2 + a6T3 + a7T4, (3)

where Ru is the universal gas constant (8.3145 J/mol·K). The coefficients of a1 to a7 can be
obtained from the NASA report [56].

For the performance study, the hydrogen injection temperature range at entry to
the combustion chamber needs to be defined. For the minimum temperature limit, air-
side freezing must not occur, and the combustion process must be stable, so according
to [6,57,58], the minimum temperature is 150 K and ideally above 273 K. For the maximum
limit, the hydrogen auto-ignition temperature might be used, which is around 673 K
at atmospheric pressure [59]. However, three other factors should also be considered:
(1) providing cooling capacity for the injectors and maintaining the combustor’s structural
integrity, (2) engine performance gain by injecting fuel at higher temperatures, and (3) NOx
emissions [60]. These three factors are not aligned in the same way, so a compromise is
needed based on the design choices. Therefore, 500 K is selected as the maximum allowable
hydrogen injection temperature for this study, and 200 K is selected for the minimum
hydrogen injection temperature, considering the temperature validity domain for the Cp(T)
coefficients based on the NASA report [56].

For hydrogen circulating through the heat exchangers and HP pump, the fuel is
assumed to be in the fully parahydrogen state, since at around 25 K the equilibrium com-
position is about 99.8% parahydrogen [61]. This assumption is also made during the
simulation and heat transfer process, as conversion from para to ortho is not instant and
can take hours [30,61,62]. Furthermore, the Helmholtz energy equation of state (EoS) is
used for the simulation, as it offers the most accurate prediction of the hydrogen thermo-
dynamic properties and a broader validity domain (up to 1000 K and 20 kbar) [61,63]. For
compactness, the full equations are omitted; details are available in [61].

The hydrogen initial condition after the HP pump is taken to be 20.5 bar and 25 K at
MTO for the engine performance studies. This pressure is 30% higher than the air pressure
at the exit of HPC to account for the likely pressure drops across the fuel flow regulator
and the combustor fuel injectors [64]. Note that the fuel pressure should be substantially
higher than the air pressure in the combustion chamber for good fuel-air mixing and stable
combustion [65].

2.2.2. Correlation-Based EINOx Estimation

The EINOx was estimated using a lower-order correlation developed for a hydrogen
micromix combustor within the ENABLEH2 project [66] and subsequently applied to hy-
drogen aero engine cycle studies. This correlation was chosen because the current analysis
is a steady-state cycle-level assessment, which does not delve into combustor geometry,
injector-level mixing, flame residence time, or detailed chemical kinetics. Therefore, the
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EINOx calculation aims to provide a comparative indication of the relative EINOx ten-
dencies across different heat exchanger configurations, rather than delivering an absolute
emissions prediction specific to a particular combustor design. The following equations
(Equations (4) and (5)) are used for estimating the EINOx:

EINOx = 0.0864 p0.4
3 e

T31
191 ϕ1.95

[
g

kg

]
fuel, (4)

T31 = TH2
CpH2

.
mH2

Cpair
.

mair + CpH2
.

mH2
+ T3

Cpair
.

mair

Cpair
.

mair + CpH2
.

mH2
, (5)

where p3, T3, TH2, T31, Cp, and ϕ are HPC exit pressure in kPa, HPC exit temperature in K,
hydrogen injection temperature in K, fuel-air mixture temperature in K, specific heat capacity
in J/kg·K, and the fuel-air equivalence ratio, respectively. These parameters were computed
after each simulation to eventually calculate the EINOx as the output. It should be noted that,
to account for the variable hydrogen injection temperature, depending on the heat exchanger
configuration and operating point, the effect of fuel temperature was included in the EINOx
calculation through the corrected mixture temperature T31 (Equation (5)). This approach was
proposed by Reference [30].

The ENABLEH2 micromix combustor report [66] shows that hydrogen NOx formation
is strongly affected by combustor inlet pressure, inlet temperature, equivalence ratio,
injector design, fuel-air mixing, flame interaction, and residence time. The lower-order
correlation, therefore, captures only the first-order influence of cycle-level variables. It does
not distinguish between different hydrogen combustor concepts, such as micromix, lean
direct injection, staged combustion, or other flashback-control strategies [67]. It also does
not account for local equivalence ratio distributions, detailed injector geometry, fuel staging,
wall heat losses, thermoacoustic behaviour, or combustor pattern factor. Furthermore,
to assess the sensitivity of the correlation to the equivalence ratio, an additional local
sensitivity analysis was performed by perturbing the cycle-calculated ϕ while keeping
T3, TH2, p3 , and specific heat capacities constant. So, a ±10% perturbation in ϕ changes
the estimated EINOx by approximately −19%/+20%, while a ±20% perturbation changes
it by about −35%/+43%. It should be noted that a physically consistent variation in ϕ

would require changing fuel flow and rematching the engine, because fuel flow affects
shaft power, TIT, combustor conditions, and air mass flow. Such a rematching study is
outside the scope of the present work. Consequently, the variation in equivalence ratio is
used only to demonstrate the sensitivity of the NOx estimation and to support interpreting
the reported EINOx values as relative correlation-based trends.

Although direct hydrogen combustion eliminates fuel carbon and CO2 emissions, it
does not eliminate all climate-relevant emissions. Hydrogen combustion still produces
water vapour and NOx, and these species may contribute to non-CO2 climate effects de-
pending on altitude, atmospheric conditions, combustor technology, and aircraft operation.
In particular, increased water vapour emission can influence contrail formation, while NOx
emissions affect atmospheric chemistry. Therefore, the present EINOx results should be
interpreted only as cycle-level, correlation-based emissions trends. The study does not try
to quantify contrail formation, effective radiative forcing, or total climate impact.

2.2.3. Effect of Fuel Preconditioning (Heating and Pumping)

Initially, it was assumed that for the modified hydrogen engine, hydrogen was being
injected into the combustion chamber in a conditioned way at 300 K, and the comparison
with respect to the Jet A-1 fuelled engine was primarily reflecting the change in fuel LHV.
However, in order to compare the hydrogen-powered engine with different heat exchanger
configurations, it is necessary to take into account the amount of power needed, from the
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high-pressure fuel system point of view, to pressurise liquid hydrogen via the HP pump
and to vaporise it from liquid to the supercritical phase at 300 K. The hydrogen initial
condition at entry to the HP pump (i.e., after the cryogenic tank and the booster pumps) is
assumed to be liquid at 4 bar and 24 K.

For the HP pump’s required power, a performance map was selected from [17]. The
pressure rise and the volumetric flow rate of the original map were scaled to match the
design point specifications (efficiency of 77%, pressure rise of 16.5 bar and volumetric flow
rate of 54.32 L/min with a reference density of 70 kg/m3). The map data was implemented
in Amesim using two look-up tables: one for pressure rise and another for efficiency
calculations based on volumetric flow rate and rotational speed. The pumping power was
calculated as below (Equation (6)):

PPump =
.

m

∣∣∣∣∣
pin
ρin

− pout
ρout

ηpump

∣∣∣∣∣, (6)

where η, ρ, p, and
.

m are the pump efficiency, fluid density, pressure, and mass flow
rate, respectively. Furthermore, for the heating, a simple electric heater model was used
(Equation (7)) to calculate the required power based on the fuel mass flow rate, the inlet and
outlet temperatures, and the specific heat capacity. Since temperature change is significant,
the specific heat was computed by taking the enthalpy change average, as shown in
Equation (8).

PHeater =
.

m CpH2

(
TH2 out − TH2 in

)
. (7)

CpH2 =

∣∣∣∣h(pin, Tin)− h(pout, Tout)

Tin − Tout

∣∣∣∣. (8)

The hydrogen properties (e.g., density, enthalpy, etc.) at each state were computed
and available using the in-built Amesim fluid properties and Helmholtz EoS mentioned in
Section 2.2.1.

The total power for preconditioning was extracted from the HPT as a form of power offtake
that can be seen as a result of the extra torque required, as below (Equations (9) and (10)):

POff−takeHydrogen
= PElectric Heater + PHP Pump + PBaseline Jet A−1,PBaseline Jet A−1 = 30 kW,

(9)[
1000 ×

Poff−takeHydrogen

NHP
π
30

]
+ τHPC = τHPT, (10)

where Poff−take, NHP, τHPC, and τHPT, are the power offtake in kW, high-pressure shaft rotational
speed in rpm, HP compressor torque, and HP turbine torque in N·m, respectively. It is important
to note that the power offtake is utilised for various components, such as fuel pumps, oil pumps,
accessory gearboxes, and generators [68,69]. To accurately account for these effects, the baseline
power offtake of the Jet A-1 fuel engine was added (Equation (8)). Analysis indicates that the
power required for the Jet A-1 fuel pump is very low, at approximately 0.5 kW for a fuel flow of
166.4 g/s [70], so its effect on performance is negligible.

2.2.4. Heat Exchanger Modelling and Configurations

In this section, different heat exchanger configurations and modelling procedures are
described. The baseline hydrogen engine architecture and the heat exchanger architectures
integrated within the hydrogen engine in this study are illustrated in Figure 3.
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Figure 3. Hydrogen engine architectures with HEX ((a) baseline, (b) IC only, (c) RC only, and
(d) IC with RC).

The three main heat exchanger architectures are as follows:

1. Intercooler only: This configuration uses only the intercooler that is placed between
the LPC and HPC to cut compressor work (by reducing HPC inlet temperature) and
improve surge margin, while picking up heat for the hydrogen fuel.

2. Recuperator only: This configuration uses a recuperator after the PT to exchange some
heat from the turbine exhaust to the LH2 coming from the HP pump. In this concept,
there are three key questions that need to be answered (Figure 4):

a. What percentage of the core flow goes through the recuperator to achieve the best
SFC reduction? (Figure 4a)

b. The remaining core flow can either be mixed with the flow at the exit of the
recuperator, or the two flows may be released through separate nozzles. Which
architecture will provide the better performance? (Figure 4b)

c. What is the performance potential that can be achieved with the exhaust flow after
the recuperator? Might it be beneficial to also use another heat exchanger to heat
up the HPC exit air flow before it goes to the combustor? (Figure 4c)

3. Intercooler with recuperator: In this configuration, the intercooler and the recuperator
exchange heat from the air and exhaust gas side to the hydrogen to heat it up before
it is injected into the combustor. This concept is selected to be integrated with the
baseline hydrogen engine, and the optimisation of the heat load management between
the intercooler and the recuperator is carried out based on this architecture.

The heat exchanger modelling is based on the effectiveness-NTU (e-NTU) relationship,
where NTU stands for the number of transfer units. This method was selected, as unlike
the log-mean temperature difference (LMTD) method, it does not require a cumbersome
iterative process when only the inlet temperatures are known [71,72]. Therefore, the
evaluation of the overall engine performance in this study is performed without needing to
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model detailed heat exchanger geometry. The equations (Equations (11)–(14)) used are as
follows [73]:

ε =
Qactual
Qmax

, (11)

Qmax = Cmin(Thotin − Tcoldin), (12)

Qactual =
.

mhotCphot

(
Thotin

− Thotout

)
=

.
mcoldCpcold

(
Tcoldout − Tcoldin

)
, (13)

Cmin = min
( .
mhotCphot,

.
mcoldCpcold

)
, (14)

where Qactual , Qmax, and ε are the actual heat flow rate, the maximum possible heat flow
rate, and the effectiveness, respectively. It needs to be mentioned that, as using the full
capacity of the e-NTU method needs specific geometry and configuration definition (that
is out of scope for this research), in this study, the effectiveness is an input, which can be
implemented by the control system.

Recuperator Recuperator 
Nozzle

Main NozzlePT

 

Recuperator

Main NozzlePT Mixer 
Chamber

 

Recuperator

Main NozzlePT Extra HEX

Recuperator 
Nozzle

HPC

Burner

(a) (b) (c) 

Figure 4. Three different flow arrangements for the recuperator-only concept ((a) two-nozzle concept,
(b) single-nozzle concept, and (c) an extra HEX concept).

Furthermore, in the air-side half of the heat exchanger model, pressure loss was
represented using an equivalent thermal-pneumatic orifice with a constant flow coefficient
Cq. A nominal value of Cq = 0.65 was adopted as a surrogate restriction parameter, and also
to match the reference heat exchanger model in [30]. This value lies within the broad range
commonly reported for orifice-type flow coefficients (approximately 0.6–0.9 [74]), although
it should not be interpreted as a geometry-specific heat exchanger air-side parameter.
Equations (15) and (16) are used to calculate the air-side (compressible flow) pressure drop:

.
m = Cq ACm

Pup√
Tup

(15)

Cm =


√

2γ
R(γ−1)

√(
Pdn
Pup

) 2
γ −

(
Pdn
Pup

) γ+1
γ ; if Pdn

Pup
>

(
2

γ+1

) γ
γ−1

(Subsonic)√
2γ

R(γ+1)

(
2

γ+1

) 1
γ−1 ; if Pdn

Pup
≤

(
2

γ+1

) γ
γ−1

(Sonic − Choked)
, (16)

where Cm, γ, R, Tup, Pdn, Pup, and A are the flow parameter, the specific heat ratio, the gas
constant, the upstream temperature, the downstream pressure, the upstream pressure, and
the flow passage area, respectively.

In the hydrogen-side half of the heat exchanger model, the pressure drop was calcu-
lated based on the Darcy-Weisbach [75] equation (Equation (17)):

∆P = f
(

L
D

)
ρV2

2
, (17)

where ∆P, f , and L are pressure drop, friction factor, and heat exchanger length, respec-
tively. It needs to be mentioned that instead of relying on the Moody Chart [76] for the
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friction factor calculation, which requires iterative processes, Churchill [77] proposed using
the empirical equation to determine the friction factor, which is highly dependent on the
Reynolds number (Equations (18) and (19)):

Re =
ρVD

µ
, (18)

f = 8


(

8
Re

)12
+

1([
2.457ln

(( 7
Re
)0.9

+ 0.27
( e

D
))]16

+
[ 37530

Re
]16

) 3
2


1

12

. (19)

In the Reynolds number equation (Equation (18)), ρ, V, D, and µ, are density, velocity,
diameter, and viscosity, respectively, and in Equation (19), e is surface roughness. In this
study, the hydrogen-side passages were assumed hydraulically smooth, so surface rough-
ness was neglected in the friction factor calculation. This assumption may underpredict
fuel-side pressure loss, but its effect is expected to be smaller than the uncertainty associated
with the air-side pressure loss model. For the two-phase flow and considering homogenous
flow behaviour, meaning that two phases have the same velocity (no-slip) and temperature
(equilibrium) [78], McAdams et al. [79] was used (Equation (20)):

1
µ
=

x
µv

+
1 − x

µl
; x =

mg

mg + ml
, (20)

where µ and x are the mixture viscosity and the gaseous mass fraction, respectively.
As the focus of this study is the exploration of alternative fuel systems and heat

exchanger architectures, a baseline heat exchanger is selected from [30], with specifications
as listed in Table 3. Furthermore, a replication of the heat exchanger model was made to
compare the simulation results (in Amesim) with those reported by Patrao et al. [30]. The
results are presented in Table 4.

Table 3. Baseline heat exchanger geometry specifications and boundary conditions.

Parameter Hydrogen Side Air Side

Length [mm] 210 80
Hydraulic diameter [mm] 4.58 4.21

Total cross-sectional area [mm2] 80,648 253,184
Volume involved [L] 17 8.7
Mass flow rate [kg/s] 0.32 28.86

Inlet pressure [bar] 42 2.9
Inlet temperature [K] 26.7 398.0

Table 4. HEX performance comparison.

Parameter Simulation Patrao et al. [30] Difference [%]

Pout H2 [bar] 41.950 41.960 0.02
Tout H2 [K] 296.9 294.0 0.98

Pout Air [bar] 2.849 2.848 0.03
Tout Air [K] 351.7 356.0 1.2
Qactual [kW] 1359 1359 0

ε [%] 74.3 72.8 2

As the results from the simulation match well with the literature, the Amesim simula-
tion is used for the architecture exploration study.
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2.2.5. Control Strategy

In this study, a two-layer control scheme was used to separate power regulation from
fuel thermal conditioning. In the outer power loop, a target engine output power was
specified. Actual power was computed from the measured PT torque and rotational speed,
and the resulting error drove a hydrogen fuel flow controller. That controller metered
combustor fuel so that the delivered shaft work matched the demand. It was implemented
as a PI regulator with anti-windup and rate limiting, which kept the response stable and
consistent across operating points. In parallel, a thermal supervisory loop imposed a
desired hydrogen injection temperature at the combustor inlet. For the heat exchanger
control, effectiveness was adjusted to track the target temperature. To do so, the controller
used air-side mass flow and the inlet/outlet temperatures on both the air and fuel sides,
together with the instantaneous hydrogen mass flow, to determine the required change in
heat exchanger effectiveness. Admissible effectiveness was restricted to respect temperature
limits. These loops enabled power to remain at its setpoint while the fuel was delivered
to the combustor within the specified temperature range, allowing for fair comparisons
across different heat exchanger configurations. In the control strategy, PT torque and PT
speed were fed back to the fuel flow controller to close the power loop, while air-side and
fuel-side temperatures and flows were fed to the heat exchanger temperature controller to
close the thermal loop. The gas turbine core acted as the plant for both loops: commanded
fuel flow set combustor heat release and turbine work (closing the power loop), whereas
the scheduled heat exchanger effectiveness conditioned the fuel to the prescribed injection
temperature (closing the thermal loop). With this arrangement, shaft power was held at its
setpoint while the fuel temperature was maintained within the required window.

3. Results and Discussions
In this section, the results of engine cycle modification with different heat exchanger

configurations are presented. The engines are all scaled to meet the same design-point shaft
power requirements.

3.1. The Modified Engine (Uncooled) Performance with Hydrogen

The fuel for the baseline engine is changed from Jet A-1 to hydrogen, which has an
LHV of 120.2 MJ/kg. This altered engine is referred to as the modified engine. In this
configuration, the air mass flow rate, OPR, and output shaft power, as well as the efficiencies
of the components, are maintained, as this setup provides the necessary conditions for a
comparative study. The full cycle performance data for the target engine with hydrogen
are provided in Table 5 (the same methodology as described in Section 2.1.1 was applied).
The ESFC comparison between Jet A-1 and hydrogen for the modified turboshaft engine is
presented in Table 6.

Table 5. Modified engine full cycle performance (Hydrogen).

Parameter MTO ToC Cruise Ground Idle

Flight Mach number 0 0.375 0.407 0
Flight altitude 0 6705 6705 0

Shaft power [MW] 2.05 1.18 1.02 0.10
SFC [kg/MW·h] 101.5 98.3 99.1 426.7

Engine mass flow rate [kg/s] 8.49 4.81 4.62 3.64
Fuel flow rate [g/s] 57.84 32.21 28.07 11.85

OPR 15.77 18.57 17.01 5.41
COT [K] 1438 1357 1282 941

Nozzle gross thrust [kN] 2.64 1.65 1.42 0.38
Power offtake [kW] 30 30 30 30

https://doi.org/10.3390/hydrogen7020074

https://doi.org/10.3390/hydrogen7020074


Hydrogen 2026, 7, 74 15 of 34

Table 6. ESFC comparison (Jet A-1 and Hydrogen).

Operating Point Baseline Engine ESFC
(Jet A-1)

Modified Engine ESFC
(Hydrogen)

Difference (%)
(Hydrogen vs. Jet A-1)

MTO 3.47 3.39 −2.41
ToC 3.37 3.28 −2.60

Cruise 3.38 3.31 −2.21
Idle 14.63 14.25 −2.61

As indicated above, ESFC for the modified hydrogen-powered engine is, on average,
about 2% lower than the Jet A-1 baseline turboshaft engine. When ESFC is lower, it means
that the engine is more efficient (a smaller and more compact engine), and for hydrogen,
the outcome is matched by previous studies [36,54,80]. However, in those results, the
fuel was assumed to be preconditioned. In Section 3.2, the energy required for hydrogen
preconditioning is investigated to evaluate more realistic changes in performance.

3.2. The Baseline Hydrogen Engine Performance (with Fuel Preconditioning)

To account for the power offtake for fuel preconditioning, the expected performance
from the HP pump and an electric heater for fuel vaporisation are presented in Table 7.

Table 7. HP fuel pump performance and electric heater power requirement (pump exit temperature is 25 K).

Stage Pump Pressure Rise [bar] Pump Efficiency [%] Pump Power [kW] Electric Heater Power
[kW] (TInjection: 300 K)

MTO 16.5 77 1.91 262.92
ToC 7.35 64 0.58 144.56

Cruise 6.55 60 0.48 121.72
Idle 2.43 24 0.16 45.02

It is assumed the baseline hydrogen engine uses electric heating to vaporise LH2 for
combustion. Its turbomachinery architecture and components are the same as that of the
PW 127 type engine described in Section 2.1.1. Based on the information in Table 7, for the
300 K hydrogen injection temperature in the baseline hydrogen engine and pressurising the
liquid hydrogen at MTO, 264.8 kW of power is needed. Now, this amount of power offtake
for the hydrogen conditioning is added to the modified hydrogen engine model, which is
hereafter called the hydrogen baseline engine. The effect of heat exchanger configurations
will be compared with respect to the hydrogen baseline engine. The cycle performance
data for the baseline hydrogen engine that maintains the same net shaft power output,
OPR, air mass flow rate, and component efficiencies at the MTO design point are presented
in Table 8. This specific basis for comparison has been chosen in preference to various
potential alternatives, and according to Tables 7 and 8, the ESFC comparison is presented
in Table 9.

When considering the impact of hydrogen fuel conditioning, it is evident that the
ESFC increased compared to the baseline Jet A-1 engine (6.8% on average). This increase
is expected, as a significant amount of power is required for hydrogen preconditioning.
However, the data from the baseline hydrogen engine will serve as a useful reference for
comparing different heat exchanger configurations.
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Table 8. Hydrogen baseline engine full cycle performance (with fuel conditioning 300 K).

Parameter MTO ToC Cruise Ground Idle

Flight Mach number 0 0.375 0.407 0
Flight altitude 0 6705 6705 0

Shaft power [MW] 2.05 1.18 1.02 0.10
SFC [kg/MW·h] 111.2 107.0 107.9 473.5

Engine mass flow rate [kg/s] 8.49 4.80 4.62 3.72
Fuel flow rate [g/s] 63.37 35.09 30.56 13.15

OPR 15.77 18.47 17.01 5.62
COT [K] 1494 1410 1330 966

Nozzle gross thrust [kN] 2.70 1.67 1.45 0.41
Power offtake [kW] 295 175 152 75

Table 9. ESFC comparison (Jet A-1 baseline versus H2 baseline).

Operating Point Baseline Engine ESFC
(Jet A-1)

Baseline Engine ESFC
(Hydrogen)

Difference [%]
(Hydrogen vs. Jet A-1)

MTO 3.47 3.71 +6.93
ToC 3.36 3.57 +6.10

Cruise 3.25 3.60 +6.44
Idle 14.37 15.81 +8.07

3.3. Engine Performance with Alternative Heat Exchanger Configurations

For the liquid hydrogen fuelled engine, its efficiency can be improved by using heat
exchangers to preheat the hydrogen instead of using power offtake for an electric heater.
Six alternative engine configurations are investigated. The hydrogen might be preheated
in an intercooler between the LP and HP compressors, or by turbine exhaust heat in a
recuperator. The recuperator might just use a proportion of the PT exit flow bled off from
the jet pipe.

Table 10 compares the performance of the different engine configurations at MTO.
For this table, the exhaust nozzle area is held constant, and the heat exchangers would
all preheat the hydrogen to 300 K. However, there is potential to preheat the hydrogen to
higher temperatures to achieve greater SFC benefits, as discussed below. It is important to
note that the GH2 baseline engine uses conditioned hydrogen (300 K), which is injected into
the combustion chamber without requiring any power for preconditioning the hydrogen.
It can be observed that its SFC is lower than the LH2 baseline (as presented in Table 9), as
well as lower than the configuration that uses only an intercooler. This is expected, as the
GH2 baseline engine represents an ideal configuration, whereas a realistic configuration
must consider the effects of fuel conditioning.

Table 10. Comparison of possible heat exchanger cycles with the LH2 baseline cycle at MTO (ISA+19.4 K).

GH2 Baseline LH2 Baseline IC Only RC Only
25% Flow

RC Only
50% Flow

IC and RC
25% Flow

IC and RC
50% Flow

Net power [MW] 2.051 2.051 2.051 2.051 2.051 2.051 2.051
Fuel flow [g/s] 57.84 63.37 61.21 55.99 53.93 56.71 54.62

SFC [kg/MW·h] 101.5 111.2 107.5 98.28 94.66 99.53 95.87
Power offtake [kW] 30 295 * 31.84 31.68 31.63 31.71 31.65
Inlet air flow [kg/s] 8.49 8.49 8.84 8.56 8.45 8.54 8.43

Specific power [kW/kg] 241.5 241.5 232.0 239.6 242.7 240.1 243.3
H2 supply T [K] 300 25 25 25 25 25 25
H2 injector T [K] 300 300 300 300 300 300 300
HPC exit T [K] 751 751 730 752 746 746 740

TIT [K] 1438 1494 1430 1414 1394 1417 1398
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Table 10. Cont.

GH2 Baseline LH2 Baseline IC Only RC Only
25% Flow

RC Only
50% Flow

IC and RC
25% Flow

IC and RC
50% Flow

LPC PR 3.80 3.80 3.39 3.47 3.44 3.49 3.47
HPC PR 4.15 4.15 4.91 4.47 4.41 4.58 4.53

OPR 15.77 15.77 16.09 15.52 15.17 15.51 15.19
IC |∆T| air [K] - - 30 - - 10 8
IC |∆T| H2 [K] - - 275 - - 75 75

IC air-side Pin [bar] - - 3.443 - - 3.542 3.516
IC air-side ∆P [bar] - - 0.128 - - 0.118 0.115

IC air-side |∆P/Pin| [%] - - 3.71 - - 3.33 3.27
IC H2-side Pin [bar] - - 20.5 - - 20.5 20.5
IC H2-side ∆P [bar] - - 0.051 - - 0.012 0.011

IC H2-side |∆P/Pin| [%] - - 0.25 - - 0.06 0.05
RC |∆T| air [K] - - - 100 49 72 35
RC |∆T| H2 [K] - - - 275 275 200 200

RC hot-side Pin [bar] - - - 1.025 1.059 1.025 1.06
RC hot-side ∆P [bar] - - - 0.0021 0.0042 0.0021 0.0043

RC hot-side |∆P/Pin|
[%] - - - 0.20 0.40 0.20 0.40

RC H2-side Pin [bar] - - - 20.5 20.5 20.48 20.48
RC H2-side ∆P [bar] - - - 0.044 0.041 0.054 0.051

RC H2-side |∆P/Pin|
[%] - - - 0.21 0.20 0.26 0.25

Gross thrust [kN] 2.64 2.70 2.76 1.60 1.21 1.63 1.27
EINOx [g/kg] 4.699 4.686 3.748 3.715 3.422 3.293 3.041

* Power for fuel pumps and an electric fuel heater.

In Table 10, the calculated pressure drops indicate that the intercooler imposes the
primary hydraulic penalty on the air side, while the losses on the hydrogen side remain
relatively minor, as supported by the references [28,30] and the simulation results in
Table 4, where the air-side pressure drop was 1.80%, while the pressure drop for the
hydrogen side was 0.09%. In the cases involving the recuperator, the current cycle model
predicted low pressure-drop penalties, especially for the hot side. Since both the recuperator
and intercooler were modelled using the same simplified heat exchanger geometry, and
given that the recuperator functions within the exhaust-side matching of the turboshaft
free PT system, these predictions should be viewed as architecture-level estimates rather
than precise component forecasts. Nonetheless, the overall trend emphasises that air-
side pressure loss is a significant factor in intercooling, whereas the performance of the
recuperator in this study is heavily influenced by the assumed low-loss integration.

3.3.1. Intercooler-Only Configuration

In the intercooler-only concept, an increase in fuel injection temperature leads to a
decrease in SFC, specific power, and TIT (Figure 5). Additionally, the OPR increases by
1% to 3%, depending on the operating conditions and the fuel temperature. While having
lower SFC and TIT is beneficial, lower specific power implies higher required airflow for
the same power (a potential sizing penalty). Since the engine geometry, output shaft power
and the power turbine rotational speed are held constant, a reduction in specific power
directly implies that the matched operating point requires a higher total air mass flow rate.
This behaviour is consistent with an intercooled cycle in which the heat exchanger both
lowers the compressor delivery temperature and introduces an additional pressure loss.
These effects shift the compressor-turbine matching to a different operating condition of the
gas turbine engine. In this rematched condition, it is possible to observe a slight increase in
OPR while the required fuel-to-air ratio decreases, which reduces TIT and, for the fixed
power constraint, improves SFC.
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Figure 5. SFC, Sp Power, TIT, and OPR changes in the intercooler-only concept vs. the H2 baseline engine.

For each operating condition, the maximum allowable fuel temperature after the intercooler
is constrained by the physical limitations of the heat exchanger, such that the outlet temperature
of the cold flow cannot exceed the inlet temperature of the hot fluid. The upper temperature
limits are 470 K for MTO, 405 K for ToC, 397 K for cruise, and 385 K for idle. Furthermore, as
previously mentioned, the lower limit for the fuel injection temperature into the combustion
chamber, as required for stable combustion, is set at 200 K.

In the intercooler-only concept, apart from potential local icing, a problem with using
hydrogen alone as the coolant in the intercooler is that it does not give a lot of cooling
in return for the extra air-side pressure loss. In a recent study by Miltén et al. [81] (for a
turbofan engine concept), adding a bypass duct air intercooler stage can provide meaningful
temperature reduction with no hydrogen safety exposure, but it demands a large coolant
flow ratio and bulky heat exchanger hardware, adding drag and pressure loss penalties.

From a performance perspective, intercooling generally benefits SFC only when it is
used to allow for increased OPR, which is rarely an attractive option in small engines. In
this case, however, the heat extracted from the core is returned directly to the fuel, avoiding
the need for power offtake to an electric heater.

3.3.2. Recuperator-Only Configuration

For the recuperator-only concept, an initial selection of 25% of the core mass flow after
the PT is made to pass through the recuperator. A sensitivity analysis is then conducted
to vary the mass flow rate fraction to the recuperator from 10% to 50% at MTO (design
point). It is important to note that the upper and lower limits of the mass flow fraction are
determined by physical constraints: the lower limit represents the minimum mass flow
rate required to meet the fuel temperature requirements, while the upper limit indicates
the maximum fraction that can be directed into the recuperator while satisfying the PT
back-pressure requirement for engine operation. The results for different recuperator mass
flow rates are illustrated in Figures 6 and 7.

In both cases, the exhaust nozzle geometries remain the same in comparison to the
baseline H2 engine. By increasing the air mass flow rate through the recuperator, the SFC
and the residual thrust are reduced while the specific power is increased, regardless of the
fuel injection temperature. Additionally, there is a slight reduction in the recuperator’s
heat flow rate due to the increased air mass flow rate fraction. This reflects the increase in
specific power, which would enable the whole engine to be scaled down, including the
heat flow rate. As for the specific power, its trend increases with a higher mass flow rate
fraction. However, only at values above 40% does the absolute specific power exceed that
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of the baseline engine. Furthermore, increasing the core mass flow ratio for the recuperator
indicates that the engine becomes more suitable for turbo generator applications, as it
results in reduced residual thrust. In contrast, higher residual thrust is more advantageous
for turboprop applications. Finally, the results are presented only at the MTO condition for
the sake of simulation efficiency and time, as the previous analyses show that the overall
trend remains consistent across different operating points.

▶ Recuperator concept with a single exhaust nozzle and target fuel temperature of
300 K at MTO

In this concept, both the core flow after the PT and the air going through the recupera-
tor will be mixed and exit from a single exhaust nozzle. A sensitivity analysis is made to
evaluate the effect of nozzle exit radius, which also means the exit area, on the different
performance parameters (Figure 8). It is observed that by mixing the core flow and the
recuperator exit flows, and using a single nozzle identical to that of the baseline LH2 engine,
the overall performance of the engine (in terms of SFC, specific power, TIT, and OPR) is not
as good as the two-nozzle design. To enhance the engine performance, it is recommended
to increase the nozzle exit radius by more than 10%. Additionally, it was noted that altering
the mass flow rate directed to the recuperator in the single-nozzle design (ranging from
10% to 100%) did not impact engine performance, as the air mass flow rate, OPR, and TIT
remained constant.

 

 

Figure 6. SFC, Sp Power, TIT, and OPR changes in a recuperator-only concept vs. H2 baseline engine
(25% of the core mass flow rate with two separate exhaust nozzles).
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Figure 7. SFC, Sp Power, thrust, and HEX power changes with recuperator vs. baseline H2 engine
(10% to 50% of core mass flow rate with two separate exhaust nozzles at MTO).

Figure 8. Engine performance changes in the single-nozzle concept vs. the two-nozzle concept
(with recuperator).

▶ Recuperator concept with an additional turbine-exhaust heat exchanger to raise
the combustor inlet air temperature
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In this concept, the main goal is to determine the possible performance gain if an
additional heat exchanger after the PT is used to heat the HPC exit air before going to the
combustion chamber. This recuperated arrangement is common in small ground-based
gas turbines. Based on the engine cycle results with intercooler-only and recuperator-
only concepts, the HPC air exit temperatures for the target fuel temperature of 300 K are
730 K and 753 K, respectively. Furthermore, the hydrogen recuperator exhaust gas exit
temperatures with 10% to 50% core mass flow rate ratio are 553 K and 728 K, respectively.

As a result, since the target for the extra heat exchanger is to raise the HPC exit air
temperature, placing the heat exchanger right after the hydrogen recuperator is not logical,
as there will be no performance benefit (because of the reduced gas inlet temperature).
It is better to place the heat exchanger in the main core flow from the PT, after a portion
of the flow has already been extracted for the hydrogen recuperator, and where the gas
temperature (at the entry to the extra heat exchanger) is around 770–810 K, depending on
the recuperator mass flow rate ratio (the lower the mass flow rate, the higher the main
gas temperature). Based on the analysis in the previous section, using the single-nozzle
concept without changing the nozzle geometry adds a penalty in SFC and in specific power
(Figure 9), so the only concept investigated is the two-nozzle architecture (one for the main
flow and one for the recuperator).

Figure 9. Engine performance changes by adding an extra HEX in the recuperator concept.

Based on the figure above, it can be concluded that while combining a recuperator
with an additional heat exchanger reduces SFC by an average of around 17% for both
the 25% and 50% recuperator mass flow cases, the addition of the extra heat exchanger
to the recuperator-only concept only results in an average SFC reduction of about 3%.
Aside from the residual thrust, other parameters such as specific power, TIT, and OPR do
not change significantly. Therefore, it is up to the propulsion system designer to decide
whether to adopt the extra heat exchanger concept alongside the recuperator. This choice
entails weighing the benefits of a further 3% reduction in SFC against the added weight
and complexity introduced to the system.
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3.3.3. Intercooler with Recuperator

Regarding the intercooled-recuperated concept for a hydrogen-powered turboshaft
engine, a key question arises: What is the optimal division of heat loads between the
intercooler and the recuperator for heating hydrogen from a cryogenic temperature of
25 K to 500 K? To answer this question, a total of 72 cases were investigated by changing
the target temperature for both the intercooler and the recuperator at the MTO condition,
while taking from 10% to 50% of the core exhaust flow for the recuperator. The results are
presented in Figures 10 and 11.

 

 

Figure 10. Contours of SFC and Sp Power, EINOx, and TIT changes in the intercooled-recuperated
concept (recuperator mass flow fraction of 25%).

Based on the analysis presented, in terms of SFC and specific power, it is most ad-
vantageous to inject hydrogen into the combustor at the highest temperature studied,
which is 500 K. Additionally, it is preferable to use the intercooler at the lowest possible
hydrogen outlet temperature. However, when considering reductions in EINOx and TIT, a
higher hydrogen outlet temperature from the intercooler is recommended while limiting
the recuperator’s hydrogen outlet temperature. Moreover, increasing the recuperator core
flow split (Figure 11) increased the amount of core-stream thermal energy recovered for LH2

fuel preconditioning and, within the evaluated range, generally improved the cycle-level
trends in SFC, specific power, TIT, and EINOx. This indicates that stronger recuperative heat
recovery is beneficial from a thermodynamic perspective, as a larger fraction of the core flow
participates in exhaust gas energy recovery before combustion. However, the benefit comes
with a penalty. For a turboshaft or turboprop application, increasing the recuperator split also
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reduces the downstream exhaust enthalpy and, consequently, lowers the residual jet thrust,
which is relevant when exhaust energy contributes to overall system performance.

Figure 11. Effect of recuperator mass flow fraction on SFC, Sp Power, TIT, and EINOx in the
intercooled-recuperated concept (from 10% to 50% defined by physical operating constraints).

Higher recuperator flow fractions would also be expected to require larger heat ex-
changers and more demanding ducting arrangements, with associated risks in packaging,
pressure loss, weight, cost, and integration complexity. The preferred recuperator core
flow split should therefore be interpreted as a design compromise between thermodynamic
benefit and practical minimisation of system-level penalties, rather than as a single univer-
sally optimal value. Therefore, no single solution meets all requirements simultaneously,
necessitating a compromise in selecting the intercooled-recuperated concept.

3.3.4. Sensitivity to Heat Exchanger Effectiveness and Control Implications

Because heat exchanger effectiveness is mostly prescribed in the present cycle model,
its influence on the main performance trends is examined through an additional sensitivity
analysis. The objective is not to pre-empt detailed heat exchanger design, but to determine
whether the ranking of the intercooler and recuperator architectures is sensitive to the
assumed effectiveness levels.

Accordingly, two complementary analyses (Tables 11 and 12) were performed. Firstly,
the heat exchanger effectiveness was varied over a representative preliminary design range,
while allowing the heat load and hydrogen outlet temperature to change in accordance with
the heat exchanger energy balance. This quantifies the effect of the prescribed effectiveness
on SFC, TIT, and correlation-based EINOx. Secondly, selected hydrogen outlet temperature
targets were imposed, and the required effectiveness was back-calculated at each operating
point. This second analysis indicates the heat transfer capability required from the hardware
and the likely control intervention needed. The required-effectiveness analysis in Table 12
was performed for all representative operating points from idle to MTO to confirm the
thermal-control implications across the operating envelope.
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Table 11. Sensitivity of cycle performance to heat exchanger effectiveness at MTO for IC and RC
(percentage changes are reported relative to the baseline LH2 engine).

Configuration ε [%] H2 Exit
Temperature [K]

SFC
Changes [%]

TIT
Changes [%]

EINOx
Changes [%]

IC 30.0 153 −2.75 −3.41 −18.70
IC 50.0 238 −3.04 −3.95 −19.35
IC 63.6 300 −3.33 −4.28 −20.02
IC 70.0 329 −3.46 −4.48 −20.61
IC 90.0 423 −3.93 −5.02 −22.56

RC (25%) 30.0 240 −11.00 −5.36 −21.96
RC (25%) 37.8 300 −11.63 −5.35 −20.71
RC (25%) 50.0 396 −12.64 −5.27 −18.91
RC (25%) 70.0 556 −14.29 −5.21 −15.50
RC (25%) 90.0 716 −15.88 −5.10 −12.29

Table 12. Required heat exchanger effectiveness and control implications over operating points.

Operating
Point Configuration Target H2

Temperature [K] εRequired [%] Control Implication

Idle IC 300 77.7
A demanding IC case. The 300 K target requires high intercooler

effectiveness. If the installed IC cannot achieve this, hydrogen
recirculation, bypass mixing, or auxiliary heating would be required.

Idle RC (25%) 300 48.0 Moderate required effectiveness. The 300 K target is achievable with
lower heat transfer demand.

Cruise IC 300 75.4
High required effectiveness. The IC has a limited margin and would

need careful control of hydrogen bypass/recirculation to avoid
under-heating or excessive compressor air cooling.

Cruise RC (25%) 300 43.6 Moderate requirement. The recuperator provides sufficient thermal
potential with 25% flow split.

ToC IC 300 73.9 High but slightly less demanding than cruise/idle.

ToC RC (25%) 300 41.5 Relatively low required effectiveness. The recuperator has a
comfortable thermal margin.

MTO IC 300 63.6 Least demanding IC case due to greater hot-side thermal capacity.

MTO RC (25%) 300 37.8 Least demanding recuperator case. The 300 K target can be met with
relatively low effectiveness.

Tables 11 and 12 provide related but distinct interpretations of the prescribed heat
exchanger effectiveness assumptions. In the sensitivity analysis, effectiveness is imposed
directly, and the resulting hydrogen exit temperature is allowed to vary consistently with
the heat exchanger energy balance. The engine power controller maintains the same shaft
power output, while the heat exchanger effectiveness modifies the heat absorbed by the
hydrogen, thereby changing the fuel temperature, SFC, TIT, and the correlation-based
EINOx. In contrast, the required-effectiveness analysis imposes a target hydrogen exit
temperature of 300 K and back-calculates the effectiveness required to achieve this target at
each operating point. Therefore, Table 11 should be interpreted as a cycle-response analysis,
whereas Table 12 indicates the heat transfer capability needed to satisfy a specific fuel
temperature target.

For the intercooler configuration at MTO, increasing effectiveness from 30% to 90%
increases the hydrogen exit temperature from 153 K to 423 K. Over the same range, the
SFC reduction increases from 2.8% to 3.9%, while the TIT and correlation-based EINOx
reductions increase from 3.4% to 5.0% and from 18.7% to 22.6%, respectively. This shows
that intercooler effectiveness has a consistent but relatively moderate influence on the main
performance indicators. The required effectiveness result further shows that an intercooler
effectiveness of 63.6% is needed to reach the 300 K hydrogen target temperature at MTO,
while higher effectiveness values are required at lower power conditions, reaching 77.7%
at idle. This indicates that the intercooler-based heating path is relatively demanding,
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particularly away from MTO, and that insufficient effectiveness would require additional
thermal management action if a 300 K delivery target is imposed.

For the recuperator case, the core flow split is fixed at 25% throughout the sensitivity
analysis. Increasing recuperator effectiveness from 30% to 90% raises the hydrogen exit
temperature from 240 K to 716 K and improves the SFC reduction from 11% to 16%. This
confirms that recuperation remains substantially more beneficial than intercooling for SFC
reduction across the effectiveness range considered. However, the correlation-based EINOx
trend does not improve in the same way as recuperator effectiveness increases. Instead,
the predicted EINOx reduction decreases from 22% at 30% effectiveness to 12% at 90%
effectiveness. This behaviour indicates a trade-off between the SFC benefit and the EINOx
trend predicted by the adopted correlation.

Table 12 also shows that the recuperator can reach the 300 K hydrogen target tem-
perature with much lower effectiveness than the intercooler. With a fixed 25% core flow
split, the recuperator requires only 38–48% effectiveness from MTO to idle, compared
with 64–78% for the intercooler. This indicates that the recuperator has a greater thermal
margin for fuel preheating. If the installed heat exchanger has lower effectiveness than
the required value, the 300 K hydrogen target cannot be reached without additional heat
input, recirculation, or a different thermal management strategy. Conversely, if the installed
effectiveness exceeds the required value, the target fuel temperature would need to be
maintained by limiting the effective heat pickup; for example, through fuel-side bypass,
mixing, recirculation, or heat-source bypass where available.

Overall, these results show that the main architecture ranking is not reversed by the
prescribed-effectiveness assumption. The recuperator provides the largest SFC benefit over
the tested range and requires a substantially lower effectiveness to meet the 300 K hydrogen
target temperature. The intercooler provides a smaller but more consistent performance im-
provement and requires higher effectiveness to achieve the same target, especially at low-power
operation. The analysis therefore supports the use of prescribed effectiveness for the prelimi-
nary architecture-level comparison, provided that the resulting fuel temperature variation, the
required-effectiveness thresholds, and the control implications are explicitly recognised.

3.3.5. Overall Comparison and Off-Design Interpretation Across Operating Points

Figure 12 illustrates the overall performance comparison of the different concepts at
MTO. The intercooler-only concept introduced the lowest SFC benefit (average 3%) and
the highest specific power reductions (average 4%) at the same time. In terms of EINOx,
its trend is opposite to that of the other concepts, as with increasing the fuel temperature,
the EINOx decreases. The recuperator-only concept offers better performance compared to
the intercooler-only concept. The maximum performance advantage can be achieved via
the recuperator-only concept, which depends on the maximum mass flow rate that can go
through it. Based on the analysis of the two exhaust nozzle concepts, a maximum value of
about 50% of the core mass flow can go through the recuperator. This offers better SFC (on
average, a 14% reduction for 300 K fuel injection temperature), specific power (on average,
a 0.6% increase) and EINOx (on average, a 27% reduction) performance with respect to a
lower mass flow rate fraction (i.e., 25%). Furthermore, there is an additional capability to
improve performance by using another heat exchanger after the PT flow, which is already
divided by the recuperator. This setup increases the air temperature just before it enters the
combustion chamber. The reductions in SFC and EINOx vary depending on the core mass
flow fraction. For example, in the case of a 25% flow recuperator, the reductions in SFC
and EINOx are 5% and 6%, respectively. In contrast, for a 50% flow recuperator case, the
reductions are 3% for SFC and 3% for EINOx.
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Figure 12. SFC, specific power, EINOx, and thrust changes for different concepts at MTO.

The configuration ranking depends on where heat extraction and recovery occur in
the cycle from a thermodynamic perspective. In the recuperator-only setup, hydrogen
gets heated using exhaust-gas energy found downstream of the power turbine. This en-
ergy would typically be wasted, so recovering it helps reduce the LH2 preconditioning
penalty while hardly impacting the main compression process. However, the downsides
of the recuperator include exhaust-side pressure loss and a decrease in residual exhaust
energy for jet propulsion. On the other hand, the intercooler-only setup pulls heat from
the compressed-air path before combustion. While intercooling can lower compressor
discharge temperatures and may improve outcomes in a modified cycle with resized tur-
bomachinery and higher pressure ratios, its advantages are limited in a retrofit scenario
where the turbomachinery is not resized. Additionally, the intercooler incurs air-side pres-
sure losses and reduces the combustor air inlet temperature, thereby somewhat reducing
the fuel-heating advantages and contributing to a specific power penalty. The combined
intercooled-recuperated system spreads the heat load between two heat exchangers, po-
tentially enhancing thermal management flexibility. However, this configuration also
compounds the pressure loss and combustor inlet enthalpy penalties seen in each of the
individual setups. Consequently, the recuperator-only option provides the most reliable
SFC benefits, while the combined option is mainly appealing when heat load distribution
or icing-risk reduction is prioritised over achieving the lowest SFC.

The off-design results reveal a significant difference between the two stand-alone
heat exchanger concepts. In the intercooler-only configuration, the potential benefits
are largely determined by the operating point’s upper limit on fuel preheating, with the
maximum practical hydrogen injection temperature decreasing from 470 K MTO to 405 K
at ToC, 397 K at Cruise, and 385 K at Idle. Within these limits, increasing the fuel injection
temperature reduces SFC at all operating points, but the improvement remains modest
for cruise, ToC, and MTO, often accompanied by a decrease in specific power. Notably,
the Idle condition shows the strongest sensitivity to changes in SFC, despite being the
most thermally constrained. In contrast, the recuperator-only configuration demonstrates
a more robust off-design response, achieving larger reductions in SFC across the entire
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operating range, with an approximately linear improvement as fuel injection temperature
increases, and a comparatively small, nearly temperature-independent, penalty in specific
power. Overall, these trends suggest that heat exchanger integration should be viewed as an
operating-point-dependent trade-off rather than a configuration that offers uniform benefits
across all engine conditions, with recuperation providing a more consistent thermodynamic
advantage throughout the mission envelope, while intercooling faces greater constraints
from thermal limits and related specific power penalties.

Beyond the thermodynamic differences across operating points, the results also have
practical operability implications for the LH2 fuel system. In particular, off-design and
abnormal operating conditions may require short-term decoupling between upstream fuel
conditioning and combustor fuel demand. In a practical implementation, this could be
supported by an intermediate buffer volume downstream of the main conditioning path,
as illustrated in a patent from Rolls-Royce [82], although its sizing, control implications,
and integration penalties were not assessed in the present steady-state study.

The performance improvements reported in this study represent gross thermody-
namic engine cycle benefits and do not include the installed mass or integration penalties
of the heat exchangers, ducts, valves, insulation, supports, or control hardware. These
penalties are application and configuration-dependent. The intercooler requires integration
into the compressed-air path and is therefore sensitive to pressure loss and packaging
constraints, whereas higher recuperator flow fractions would likely increase heat exchanger
size, exhaust ducting complexity, and thermal protection requirements. The combined
intercooled-recuperated configuration offers improved heat-load distribution but intro-
duces the greatest hardware and control complexity. Therefore, the cycle-level ranking
reported here may differ from the final installed application-specific aircraft-level ranking,
once the mass, packaging, maintenance, and mission effects are included. A quantitative
mass penalty is not assigned because the present model does not include heat exchanger
geometry, material selection, duct layout, insulation, structural integration, or aircraft
mission analysis.

3.4. LH2 Entry Temperature Consideration

It is important to note that the results discussed previously do not account for the
prevention of ice formation and freezing in the intercooler-only, recuperator-only, and
intercooled-recuperated concepts. Two distinct cold-end hazards must be considered:
(1) water ice formation on the air or exhaust side when water vapour is present, and
(2) condensation of air constituents (primarily nitrogen and oxygen). Raising the hydrogen
inlet temperature to the heat exchanger above 90 K can avoid the risk of these gases
condensing, but it does not eliminate the water-icing risk, which depends on the humidity
and the local frost point. In this analysis, the set hydrogen inlet temperature thresholds
(e.g., 100 K) are used as proxies for the minimum cold-end wall temperatures in the first
heat exchanger, which ultimately governs both air constituent freezing and the risk of water
ice formation.

In the intercooled-recuperated architecture, preheating the hydrogen through the
upstream heat exchanger increases the cold-stream temperature entering the downstream
components, reducing the risk of nitrogen and oxygen condensation at the cold end.
However, the risk of water ice must still be addressed, particularly for the intercooler,
which will be exposed to humid air. If the air-side temperature falls below the water
freezing point, partial or complete blockage of the core airflow could occur.

In the intercooler-only and recuperator-only concepts, the incoming hydrogen at
cryogenic temperature (25 K in this study) can drive very low wall temperatures, increasing
the likelihood of air constituent condensing and, in the presence of humidity, water frost
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formation. Therefore, two mitigation strategies are considered. Firstly, a fraction of warmed
hydrogen can be recirculated from the heat exchanger outlet back to the inlet to raise the
hydrogen entry temperature (e.g., to approximately 117 K for 50% recirculation in this
study) without negatively impacting engine performance. It is essential, however, to ensure
that the heat exchanger geometry can accommodate this 50% increase in hydrogen mass
flow rate and associated pressure losses compared to its baseline design. Secondly, an
electric preheater upstream of the first main heat exchanger can raise hydrogen temperature
at the expense of additional power offtake (e.g., 78 kW to raise the hydrogen from 25 K to
100 K under MTO conditions, with a corresponding 2% SFC penalty).

If a conservative minimum hydrogen entry temperature of 0 ◦C is imposed to avoid
water freezing under humid conditions, a combination of electric heating and recirculation
is required. Preliminary results indicate that with 50% recirculation, an electric heater
of about 180 kW is required to provide the target 400 K hydrogen outlet temperature
(i.e., injection temperature into the combustor). The hydrogen outlet target temperature can
be lower than 400 K, but to achieve the entry temperature of 0 ◦C, either the recirculation
flow should be increased (up to 90%) or a more powerful electric heater should be used.
Either way, both concepts introduce a penalty for the cycle due to the higher power offtake
needed and the pumping complexity for recirculation of more than 50%. Figure 13 shows
how varying recirculation flow rates and hydrogen injection temperatures influence the
cold hydrogen entry temperature. Additionally, it shows how considering the effects of
oxygen, nitrogen, and humid air freezing will impact SFC changes. At some point, it
becomes necessary to use a combination of recirculation and an electric heater to ensure a
minimum entry temperature of 0 ◦C (273.15 K).

Figure 13. Effect of recirculation flow and cold hydrogen entry temperature on SFC changes.

While the presented figure accounts for the intercooler-only concept, similar conclu-
sions can be drawn for other cases.

4. Conclusions
This study has presented a steady-state comparative performance assessment of

intercooler, recuperator, and combined intercooler and recuperator HEX architectures for
fuel preheating in a civil turboshaft engine adapted to operate on LH2. It examines first-
order thermodynamic trade-offs associated with LH2 fuel conditioning and heat exchanger
integration but without providing detailed hardware-specific performance predictions.

LH2 reduces fuel mass relative to Jet A-1 for the same shaft power output at MTO,
but the requirement for fuel conditioning introduces an ESFC penalty of up to 6.9% for a
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baseline engine that would preheat the LH2 electrically. Among the alternative configura-
tions evaluated, the recuperator provides the best overall performance with the lowest fuel
consumption and an increase in specific power relative to the baseline. Using an intercooler
alone offers only a modest cycle benefit and generally reduces specific power. However,
intercooling may be more advantageous if the engine is redesigned for higher OPR.

The analysis further shows that performance within a given architecture depends
strongly on the distribution of heat recovery and the allowable hydrogen temperature
levels. In the recuperated cases, increasing the recuperator core flow fraction improves
SFC, specific power, TIT, and EINOx trends within the evaluated range, but it also reduces
exhaust enthalpy and hence residual jet thrust, which is relevant for most turboshaft
and turboprop applications. Higher recuperator flow fractions would also be expected to
require larger and heavier heat exchanger hardware, with associated penalties in packaging,
ducting, and integration complexity.

For the combined intercooler and recuperator arrangement, the most favourable fuel
consumption and specific power trends are obtained when hydrogen leaves the intercooler
at the lowest allowable temperature and is then heated in the recuperator to the highest
allowable combustor injection temperature. However, this operating strategy is not optimal
for reducing TIT and EINOx, showing that no single temperature schedule satisfies all po-
tential objectives. The combined HEX architecture, therefore, appears most valuable where
balanced heat load management is considered important, rather than where minimum SFC
alone is the dominant requirement. Within the evaluated range, increasing the recuperator
core flow split in the combined arrangement also strengthens the thermodynamic benefit
of heat recovery, generally improving SFC while reducing the specific power penalty and
further reducing TIT and EINOx. However, even for this concept, the preferred recuperator
mass flow fraction is a compromise between cycle-level benefit and the practical penalties
associated with larger heat exchangers.

The additional heat exchanger effectiveness analysis confirms that the main architec-
ture ranking is not reversed by the prescribed-effectiveness assumption. At MTO, increasing
intercooler effectiveness from 30% to 90% produces only a moderate additional SFC benefit,
whereas the recuperator maintains a substantially larger SFC reduction over the same
effectiveness range. The required-effectiveness analysis further shows that reaching a
300 K hydrogen exit temperature target requires 64–78% effectiveness for the intercooler,
but only 38–48% for the recuperator with a fixed 25% core flow split. This indicates that the
recuperator has a greater thermal margin for fuel preheating, while the intercooler is more
demanding in terms of heat transfer and control, particularly at low power.

Minimum off-design temperature constraints, particularly for the intercooler, may
be design-limiting. It is suggested that the combined arrangement might be employed to
help reduce susceptibility to local icing or freezing. However, mitigation measures such
as recirculation or auxiliary heating of the hydrogen may still be required, which could
introduce additional SFC penalties. The results indicate that any advantages gained from
intercooling and/or recuperation need to be balanced against HEX pressure-loss penalties,
especially on the air and exhaust gas sides.

Overall, the findings suggest a recuperator is the most promising option among
the HEX architectures considered for LH2 conditioning in turboprop, turboshaft and
turbogenerator or APU type applications, providing the biggest SFC reduction across
the evaluated operating points. Using an intercooler is harder to justify unless driven by
specific thermal management requirements. Its benefit is more constrained by off-design
thermal limits and associated specific power penalties. However, the combined HEX
architecture may provide more balanced performance considering heat load management,
specific power, and NOx emissions. The study’s results provide some guidance for early
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HEX sizing and architecture selection. Detailed component geometry selection, transient
simulations, non-CO2 climate effects, combustor-specific NOx prediction, and aircraft-level
integration effects will be application-specific and remain subjects for further investigation.
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Abbreviations
The following abbreviations and symbols are used in this manuscript:

A Area [m2] LPT Low-Pressure Turbine
APU Auxiliary Power Unit

.
m Mass Flow Rate [kg/s]

C Heat Capacity [J/K·s] MTO Maximum Take-Off
CO2 Carbon Dioxide N Rotational Speed [rpm]
COT Combustor Outlet Temperature [K] NOx Nitrogen Oxides
Cp Specific Heat Capacity [J/kg·K] NTU Number of Transfer Units
Cq Flow Coefficient OPR Overall Pressure Ratio
Cm Flow Parameter P Power [kW]
D Diameter [m] p Pressure [bar]
e Surface Roughness [m] PT Power Turbine
EINOx Emission Index of Nitrogen Oxides [g/kg] Q Heat Flow Rate [kW]
EoS Equation of State R Gas Constant [J/kg·K]
ESFC Energy-based Specific Fuel Consumption Ru Universal Gas Constant [J/mol·K]
f Friction Factor RC Recuperator
GH2 Gaseous Hydrogen SFC Specific Fuel Consumption [kg/MW·h]
GHG Greenhouse Gas SH2 Supercritical Hydrogen
GT Gas Turbine Sp Power Specific Power [MW/kg]
H Enthalpy [J/mol] Re Reynolds Number
H2 Hydrogen T Temperature [K]
HEX Heat Exchanger TIT Turbine Inlet Temperature [K]
HP High Pressure ToC Top of Climb
HPC High-Pressure Compressor TRL Technology Readiness Level
HPT High-Pressure Turbine U Overall Heat Transfer Coefficient [W/m2·K]
IC Intercooler V Velocity [m/s]
ISA International Standard Atmosphere x Gaseous Mass Fraction
L Length [m] γ Specific Heat Ratio
LH2 Liquid Hydrogen ε Effectiveness
LHV Lower Heating Value η Efficiency
LMTD Log-Mean Temperature Difference µ Viscosity [Pa·s]
LP Low Pressure ρ Density [kg/m3]
LPC Low-Pressure Compressor τ Torque [N·m]
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