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Abstract:

Hydrogen is a promising aviation fuel due to its CO2-free combustion and excellent cooling properties, which can
be utilized in an aero engine for transferring heat to improve engine performance. This includes intercooling and
recuperation, of which the former aims at decreasing NOx emissions, compression work, increasing core specific
power, and allowing for higher engine pressure ratios, while the latter allows for capturing waste heat in the engine
exhaust which improves engine efficiency.

This report investigates the use of existing aerodynamic surfaces in the low-pressure compressor (LPC) and turbine
rear structure (TRS) for the purpose of heat transfer. It also studies the conceptual design and integration of
compact heat exchangers for intercooling and recuperation. System models for a baseline aircraft and hydrogen
turbofan engine are set up, which allow for the calculation of fuel consumption and mission fuel burn but also
provide engine data for more detailed aerothermal analysis and design of various heat management systems.

The use of existing aerodynamic surfaces for heat transfer can be carried out without incurring any additional
pressure loss penalties, albeit for relatively low heat flows. Employing different combinations of stator surfaces for
intercooling in a modern LPC design achieved at most a core air temperature drop in the order of 7 K. Even smaller
core air temperature drops were found when using the TRS vane for heat transfer. Both cases highlighted the need
for more surface area to achieve higher heat flows.

Compact heat exchangers, such as the finned tube type, can provide large heat flows with low to moderate pressure
drops as long as the throughflow velocities on the air side are low, which means it is of critical importance to design
a low-loss diffusing duct. Therefore, a large aerodynamic optimization campaign by means of CFD simulations is
carried out to optimize a diffuser duct in conjunction with a heat exchanger and a contraction for different area
ratios. It is observed that optimized designs could deliver an order of magnitude higher heat flows than existing
aerodynamic surfaces with total pressure losses ranging from 4% to 7%.

A down-selection was carried out using full engine system level and conceptual design models to determine the
most relevant concepts for further technology maturation studies. The baseline engine model was extended to
include intercooling and recuperation by using pressure drop correlations from aerodynamically optimized duct
designs. Several different engine configurations were created which used heat exchangers of different area ratios
and combinations of intercooling and recuperation. The largest benefit in terms of SFC was seen for the
recuperated and the intercooled recuperated configurations which decreased SFC by 4.6-6% depending on the
operating point. The latter configuration also benefitted from a decrease of NOx emissions (EINOx) of 17% during
cruise and 39% during take-off. Intercooled configurations reached decreases in SFC ranging from 1.5% to 3.4%
and NOx emissions from 12% to 40%. Fuel burn for the design mission of 3000 NM was reduced by approximately
5% for the recuperated and intercooled-recuperated engines.

The intercooled-recuperated concept using compact heat exchangers is finally the down-selected configuration as
it is the highest performing from an aerothermal and system perspective. In addition to substantial fuel burn benefit,
it achieves reduced core temperatures and the intercooler will also preheat the hydrogen which avoids icing in the
recuperator. It should be highlighted that this configuration also offers both increases in thermal efficiency and
decreases in NOx emissions.

This project has received funding from the European Unionis Horizon 2020 research and innovation programme
under grant agreement no 769241
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1 Glossary
[Abbreviation [Deseripton ]
ACARE Advisory Council for Aeronautics Research in Europe
AR Area Ratio
BC Boundary Condition
BPR Bypass-Ratio
BWB Blended Wing Body
CFD Computational Fluid Dynamics
CO Carbon Monoxide
CO2 Carbon Dioxide
FB Fuel Burn
FPR Fan Pressure Ratio
GA Genetic Algorithm
GHG Greenhouse Gas
HEX Heat Exchanger
HPC High Pressure Compressor
HPT High Pressure Turbine
HTC Heat Transfer Coefficient
HTR Hub-to-Tip ratio
HWB Hybrid Wing Body
ICD Interconnecting Compressor Duct
IGV Inlet Guide Vane
ISA International Standard Atmosphere
LH2 Liquid Hydrogen
LHS Latin Hypercube Sampling
LPT Low Pressure Turbine
NIST National Institute of Standards and Technology
NOx Nitrous Oxides
NTU Heat exchanger Number of Transfer Units
Nu Nusselt number
OPR Overall Pressure Ratio
PAX Passengers
PS Pressure Side
Q Heat flow
R1 Rotor 1 in the ENABLEH2 compressor
R2 Rotor 2 in the ENABLEH2 compressor
RBF Radial Basis Functions
Re Reynolds number
S1 Stator 1 in the ENABLEH2 compressor
S2 Stator 2/outlet guide vane in the ENABLEH2 compressor
SFC Specific Fuel Consumption
SMR Short-to-Medium Range
SS Suction Side
T&W Tube and Wing
T0 Take-Off
ToC Top of Climb
TRS Turbine Rear Structure
VINK Virtual Integrated Compressor Demonstrator
WEICO Chalmers in-house conceptual design tool
© ENABLEH2 Consortium 3
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2 Introduction

Temperature

Tbine o |

Fuel line Turbine cooling Low High

LH, TANK
-253°C

Booster pump 15

Figure 1 - Cross sectional meridional view of a turbofan engine in which different locations for core cooling using liquid
hydrogen are shown. The used fuel, LH2 (liquid hydrogen), is stored at its boiling point in the fuel tank. The LH2 temperature
is progressively increased due to the fuel flow across the different core installed heat exchangers [10].

Since the publishing of the European Green Deal in December 2019, the European Union (EU) has had
the goal of achieving zero net emissions by 2050 as well as reducing Greenhouse Gas (GHG)
emissions by at least 55% by 2030, compared to 1990 levels [1]. To achieve this challenging goal,
emissions need to be reduced through all European industries. The largest potential reductions in CO2
emissions in the EU lies in the transport and electricity production sectors, with reductions
corresponding to 31% and 30% of total CO2 emissions [2]. For aviation, the share amounts to 3.8% of
total CO2 emissions in the EU, collectively, and 13.9% of GHG emissions from transports [3]. Beyond
CO2 emissions there are additional emissions which are which are at least as important and impactful
on the climate as CO2, namely nitrogen oxides, water vapor contrails, sulphates, and soot particles [4].
The forementioned factors together with a continuously growing air traffic leads to the risk of tripling
emissions by 2050 compared to 2015 [5].

In the case of the aviation industry, emission targets have been established by the ACARE (Advisory
Council for Aeronautics Research in Europe) which stated that a 75% and 90% reduction in CO2 and
NOx emissions, respectively, should be achieved by 2050 [6], therefore requiring the development and
operational introduction of new technology and carbon-free fuels. The fuel that stands out as the most
suitable option for aviation is liquid hydrogen (LH2), due to the following advantages:

1 COZ2-free combustion

1 Higher specific energy compared to kerosene (2.8 times higher [7]).

i Elimination of CO2, CO, soot, sulphur, and unburnt hydrocarbons emissions.
1 Formidable coolant due to its high specific heat capacity.

The main disadvantages of LH2 are:

1 Lower density compared to kerosene
1 Required cryogenic storage temperature, which affects propellant feed system size, mass, and
insulation requirements.

The combination of high specific heat capacity and cryogenic storage temperature leads to interesting
possibilities regarding engine thermal management, which is the process by which the fuel absorbs the
heat generated by the different components and systems of the engine as it passes through them [8].

© ENABLEH2 Consortium 4
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An example of this is shown in Figure 1 which shows a turbofan engine featuring precooling,
intercooling, and recuperation. The precooler and intercooler deliver air with increased density, thus
decreasing compression work. Moreover, their installation also allows for increasing overall pressure
ratio (OPR) and core specific power without exceeding any cycle temperature limit. Another possible
advantage arising for both pre- and intercooling is the possibility of reducing the combustor inlet
temperature for a given OPR, which will curb NOx emissions. For recuperation the waste heat in the
engine exhaust can be recovered and used to either preheat the LH2 before combustion or to drive an
expander cycle turbine.

Several approaches for heat transfer exist in an aero engine. This report aims at investigating the
potential for heat transfer in existing aerodynamic surfaces in the engine core but also the design of
compact heat exchangers for intercooling and recuperation.

© ENABLEH2 Consortium 5
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3 Baseline hydrogen engine and aircraft

The baseline engine and aircraft are developed in connection with the activities reported in deliverable
D1.3 - LH2 T&W and BWB/HWB aircraft platform models. An illustration of the aircraft model is shown
in Figure 2. The selection of the low-risk configuration for the reported optimization results is because
Chalmers owns the aircraft model. Hence, we can easily generate non-linear trade factors that account
for the effect of specific fuel consumption, engine weight and fan diameter into the aircraft mission fuel
burn. This allows the creation of a more informed engine integration model that accounts for installation
effects on the actual calculated aircraft performance.

7.5m 6.4 m 17m

- - -

& )
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Front support group (per tank): 2x vertical
+ 1 sideway + 2x diagonal
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Figure 2 - Low-risk short-medium range aircraft with PVC insulated tanks mounted above the pressurized fuselage.

3.1 Engine design, performance and system model

The baseline hydrogen engine is a 30kIbf thrust class, year 2050, geared turbofan engine for SMR
applications. The engine does not feature a dedicated fuel heat management system (i.e. the fuel is
pumped directly from the tank to the hydrogen combustor). The engine performance is derived using
the technology parameters listed in Table 1, and is listed in Table 2. The thrust requirements are
extracted from the baseline aircraft model early described in D1.3, and the initial estimates of fan
pressure ratio and BPR are derived using rough estimates of the contribution of engine weight and drag
on the nominal performance of the aircraft. It is noted that these are only early estimates for the low-
pressure system performance that will later be corrected using aircraft derived linear-trade factors. The
engine conceptual design was carried out using Chalmersi in-house tool WEICO (Weight and cost). A
cross-sectional drawing is shown in Figure 4. The engine includes a three-stage low-pressure
compressor, a 10-stage high-pressure compressor (HPC), a two-stage high-pressure turbine and a
three-stage low-pressure turbine. The fan tip diameter at the inlet is 2.04 m, and the last stage blade
height of the high-pressure compressor is 12 mm. Corrections to the polytropic efficiency with the last
stage blade height are applied using the function shown in Figure 3 [9].

TOUUTYX  PEXXGT

- -0 L T8TLOC 1)
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where _ is the last blade height in mm and w is a correction factor assumed to be equal to 1 for the
HPC and 0.5 for the HPT. For calculating the last blade height it is assumed an HPC exit hub-to-tip ratio
of 0.92 and axial Mach number of 0.27. The correlation is used for every HPC design generated in the
optimization loop.

0.05 T T

0.00 -

-0.05}

Z0.10 e

—0.15 Fo e

Correction for polytropic efficiency

-0.20

g 6 & 10 12 14 16 18 20
Last blade heigh [mm]

Figure 3 - HPC polytropic efficiency correction with last stage blade height

In Table 2 EINOx is estimated for a micromix combustor using the correlation for dry air derived in the
ENABLEH2 project:

)./0 Tt 0ot 0 7 % [g/kg fuel]

The baseline interconnecting compressor duct (ICD) is shown in Figure 5 to establish the corner points
required to conceptually design the intercooler. The intercooler diffuser, heat-exchanger and contraction
duct will be later placed between the corner points that define ICD inlet and outlet.

Table 1 ¢ 2050 performance data assumptions as per D1.1 ¢ Common technical basis, given for cruise and ISA conditions

unless stated otherwise.

Fan efficiency (outer fan, isentropic) 94.0%
FPR (outer fan) 1.45
Booster efficiency (polytropic) 92.0%
Cooling ratio (all points) 0.10
BPR (estimate, to be computed from optimization) 15.0
HPC efficiency (polytropic, subject to size correction) | 92.0%
HPT Efficiency (isentropic) 91.0%
LPT efficiency (isentropic) 94.0%
OPR (top of climb) 50
T4 [K] (ISA, take-off) 1825

© ENABLEH2 Consortium 7
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Table 2 ¢ Performance data for the baseline LH2 SMR 2050 engine

Altitude (ft) 0 35000
Mach Number 0 0.75
Net Thrust (Ibs) 30,600 6,290
DTisa (K) 0 0
T3 (K) 871 795
P3 (bar) 41.0 17.4
T4 (K) 1825 1694
BPR 17.1 16.7
FPR 1.44 1.54
OPR 40.5 50.2
Yo (K) 26.7 26.9
SFC (mg/Ns) 2.35 461
EINOXx (g/kg fuel) 40.2 15.8
Fan diameter (m) 2.04

Engine weight, including nacelle (kg) 3185

35000
0.75
5,050
0
758
14.7
1603
18.2
1.45
42.3
27.0
4.59
9.6

GTFSR

Figure 4 - Schematic engine layout for Y2050 SMR baseline concept
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Figure 5 ¢Corner points defining the baseline ICD duct used as boundary conditions for the preliminary aerodynamic design

of the intercooler.

3.2 Aircraft trade-factors

In order to properly account for the integrated effects of the new propulsion units on mission fuel burn,
a set of linear trade-factors was created for the 2050 LH2 SMR aircraft, for which detailed performance
is provided in deliverable 1.3. The mission characteristics and flight profile are tabulated in Table 3 and
Table 4, respectively. It is noted that in order to properly model the aircraft design response for the

© ENABLEH2 Consortium
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variation of engine performance parameters, engine and nacelle scalability with thrust was included in
the present model, in terms of size and weight. After, important parameters relating to engine specific
thrust and specific fuel consumption were independently varied to determine the linear response of the
aircraft model in design and off-design conditions.

Table 3: SMR range aircraft mission characteristics.

Design Range 3000 NM
Economic range 900 NM
PAX (design) 200
Payload 21 000 kg
Cruise Mach 0.75
Climb Mach 0.75
Initial cruise altitude 35 000 ft

Table 4: Flight Profile

Initial climb up to 10,000 ft 250 CAS

Climb (ISA) after 10,000 ft 300 CAS MO0.75
Cruise (ISA) MO0.75 MO0.75
Descent (ISA) 300 CAS MO0.75
Contingency 5% Trip Fuel

Diversion 100 NM 25 000 ft
Hold 30 min 1500 ft

The resulting linear trade-factors are listed in Table 6. The variation is given relative to the design point
conditions:

Table 5 ¢ Reference engine design and performance characteristics

Fan diameter reference [m] 2.04
SFC reference, max cruise @MO0.75, 35,000ft. [mg/Ns] | 4.6
Reference engine mass [kg] 3185

Table 6 ¢ Trade-factors derived for the year 2050 LH2 SMR aircraft.

SFC -2% -2.5% FB** -2.66% FB**
Weight (inc. nacelle)* +500kg | +2.44% FB** +2.58% FB**
Fan diameter*** +2% +0.15% FB** +0.16% FB**

* Weight is for a single power plant
** Trip fuel burn, not including taxi

*** Mainly impacts on nacelle drag

© ENABLEH2 Consortium 9














































































