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LOW-THRESHOLD HYDROGEN-POWERED BLI PROPULSION
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ITU Delft, Netherlands
2SAFRAN S.A. c/o Aerospace Embedded Solutions GmbH, 80639 Munich, Germany

Abstract

Results from the APPU project, which investigated the concept of an "Auxiliary Power and Propulsion Unit"
(APPU) are presented. The APPU is a hydrogen-driven boundary-layer-ingesting engine at the tail end of a
passenger aircraft which replaces the conventional APU and contributes about 15% of total thrust at top of
climb. The aim of the configuration is to allow the introduction of hydrogen and BLI technology by upgrading
existing aircraft designs. The concept aims to benefit from the advantages of these new technologies as
much possible, without requiring the same level of reliability as for conventional propulsion, during times when
hydrogen infrastructure is not universally available. The investigation concerns hydrogen tank mass, engine
efficiency, operational, aerodynamic and reliability aspects, and finds block CO, emissions can be reduced by
a larger amount than the thrust rating of the auxiliary hydrogen engine may suggest. One reason for this is that
the additional engine permits smaller and more efficient designs for the main engines. A still larger benefit is
found to arise out of the assumption that the APPU engine and associated H, fuel systems is less reliable than
the conventional underwing engines. This assumption permits different strategies to maximize the utilisation
of hydrogen over kerosene. CO, emissions for the design mission are found to be reduced by 23.1% over the
A321neo, and by 15.5% over an A321neo fitted with updated turbofan engines.

Keywords: keywords list (Boundary Layer Ingestion, hydrogen aircraft, conceptual aircraft design)

Nomenclature

Abbreviations NVF Net Vehicle Force (N)

APPU Auxiliary Power and Propulsion Unit I Power (Wg)

APU  Auxiliary Power Unit tsfc  thrust-specific fuel consumption ()
BLI  Boundary Layer Ingestion tsfc’ equivalent tsfe (;1y)

CFD  Computational Fluid Dynamics 1sec  thrust-specific energy consumption (i)
IPF Installed Propulsive Force o aircraft angle of attack (°)

LCI  Layered Composite Insulation Am  mass difference: m —my,y

LTO  Landing and Take-Off QE  rel. change in Energy: E/E,

MLI  Multilayer Insulation Qm  rel. change in mass: m/my;

OEl  One Engine Inoperative n efficiency (-)

ToC Top of Climb d,,; installed propulsive force (N)
Symbols Suffixes

cp pressure coefficient (—) act actuator disk

E energy (J) appu  APPU engine and propulsor

H altitude (m) cone  fuselage tailcone

M Mach number (-) core (APPU) engine core

m mass (kg) cr cruise
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eng engine ref reference case

k kerosene TO Take-off

blk block (design mission w/o diversion) tot sum of all components
prop  propulsor ToC Top of Climb

1. Introduction

The APPU (Auxiliary Power and Propulsion Unit) concept replaces the APU (Auxiliary Power Unit) in
the tailcone of a conventional passenger plane with an auxiliary engine which is capable of running
on hydrogen. The study shown here uses an Airbus A321neo as the baseline. In addition to enabling
use of a new fuel, the engine also makes use of Boundary-Layer Ingestion (BLI)[]], which promises a
notable reduction of mechanical power required for a given amount of thrust, and has been the object
of several studies on future transport aircraft [2, 3, 4]. Implementing these new technologies in an
auxiliary engine which is significantly smaller than the conventional engines is intended to allow much
faster introduction to the market, since it can be implemented by modifying existing designs rather
than requiring entirely new aircraft. It is also expected to reduce the technological — and therefore the
economical and operational — risk of introducing radically new technology, since lack of hydrogen fuel
or non-critical malfunctions of the new systems leave the conventional part of the propulsion system
unaffected. A previous investigation of the concept has found a large degree of commonality [5], as
can be seen in figure Al. The forward part of the aircraft stays unchanged, save for the insertion of two
fuselage frames forward of the wing and the removal of two frames aft of the wing, needed to align the
wing position to the centre of gravity after modifying the tailcone and installing additional components.
Figure B shows details of the original and modified geometry of the aircraft tail. The fuselage of the
modified aircraft is longer than the original by 77cm, and the empennage is reconfigured to a T-tail or
cruciform, in order to avoid interaction of the BLI propulsor with the wake of the horizontal tailplane
and create the necessary space for the LH, tank.

-l
<l

Figure 1 — Side view of the baseline A321neo (top) and the modified "APPU" version with shifted
wing, remodelled tailcone and open rotor (bottom)

Following earlier investigations [8, 6] focussed on mass estimates and conceptual aircraft design
methods, this paper presents further, higher-fidelity analysis, different sizing strategies, and investi-
gates the resulting impact on the configuration.

The LH, tank mass estimate is updated compared to earlier publications [5], and an upgrade of the
main engines is considered. The study investigates the degree to which the main engines can be
lighter and more efficient when taking the thrust contribution from the new APPU engine into account
in the sizing process, and how this affects block fuel burn. To this end, parametric engine models are
used which provide an estimate of how the engines, their mass and fuel consumption may change
depending on thrust requirements.

In an effort to investigate certification of an APPU unit, the impact of assuming different levels of reli-
ability of the APPU engine and H, fuel systems is regarded, in conjunction with operational strategies
for distributing the required thrust between the main engines and the APPU engine.
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Figure 2 — Close-up of the tailcone geometries of the A321neo (left) and the modified version with a
LH, tank of 14.6m?® gross volume(right)

The analysis is supported by CFD simulations of the original and modified fuselage tailcone, in order
to obtain more accurate estimates of additional drag, the propulsive benefit and power requirement
caused by the BLI propulsor. Its effect on the flow was simulated using an actuator disk, which in
combination with an engine cycle model provides a means to determine the effective thrust contribu-
tion of the APPU engine, its fuel consumption, and in combination with the overall aircraft analysis,
its impact on kerosene burn and CO, emissions.

The fuel consumption of the resulting design is compared to the baseline A321neo aircraft as well as
to a hypothetical varient with upgraded turbofan engines. Section 21 lays out the methodology for the
various sizing, performance and analysis methods. The approach used to investigate the impact of
reliability was developed for this study and is shown in section 8. In the Results section, the different
inputs are linked, and effect of the APPU engine on block kerosene is characterized. This is done first
while assuming perfect reliability, and section BH shows the impact of assuming non-perfect reliability
on mission fuel energy and kerosene burn.

2. Methods

2.1 Fuel burn analysis

The study uses a simplified mission fuel burn analysis, linking multiple component performance mod-
els and/or sizing methods. It was decided not to include analysis of climb and descent phases since
no sufficiently-consistent model of the BLI propulsor efficiency was available to generate credible
maps of tsfe and thrust capability for the APPU engine. Therefore, the impact on those flight phases
on mission fuel burn and e.g. climb performance was not regarded. The analysis focussed on the
maximum-range mission with maximum payload of the "WV053" weight variant[8], which has a range
of 4630km, a payload of 25t, and cruises at 10058.4m altitude (33kft) with a Mach number of 0.78.
Since the analysis uses constant altitude and Mach number, it was necessary to adjust engine rsfc
values to mission-averaged values, such that the fuel-burn analysis of the reference aircraft matched
the previously-determined block fuel. For this purpose, the block fuel and reserve fuel amounts were
determined by splitting the known total fuel mass at take-off [B], using the ratio of block fuel to reserve
fuel found by reproducing the design in Initiator[Z]. The engine tsfc values were adjusted by a factor
determind such that the fuel burn analysis of the reference aircraft matched the previously-determined
block fuel. The diversion phase was then modelled as continuing the flight for the appropriate dis-
tance over which the reference aircraft burns all reserve fuel. The tsfc correction factor and diversion
distance found for the reference aircraft were applied to all configurations in this study. More detail
can be found in a previous publication [5].

The fuel burn analysis of different variants of the APPU aircraft permits specifying either constant
throttle or constant thrust share between the main engines and APPU engine, with the limitation that
throttle may never exceed 100%, as well as the fuel type used by the APPU engine. These inputs
can be set differently for different phases of the mission (i.e. the diversion phase may use different
settings). The tool also includes routines to iteratively adjust either the APPU thrust share or the LH,
tank size such that all usable LH» fuel is consumed by the end of the mission, and likewise adjust
kerosene mass at take-off.
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The analysis method is linked to sizing methods for the hydrogen tank, APPU engine and main
engines, acording to given thrust/weight ratios for OEI operations at take off and at the start of the
diversion, as well as minimum climb requirement at Top of Climb (ToC). The OEl sizing was based on
the known ratio of take-off mass to maximum take-off thrust of the reference aircraft and its engines[9],
with incremented thrust required in scenarios when the aircraft was assumed to have three operative
engines.

2.2 Tank mass and size

A parametric model for the hydrogen tank was established using a modified version of the model by
Onorato [10], assuming a double-walled tank, and vacuum-assisted insulation. The tank mass model
accounts for structural mass of the pressure vessels including stiffeners and structural connection to
the fuselage, as well as residual H, and hydrogen fuel systems.

Based on previous studies, the largest feasible LH, tank size was selected, assuming a minimum
wall distance of 0.15m between the outer mould-lines and the inner volume. This assumes 50mm
thickness for both pressure shells and insulation, which is conservative compared to findings from
the CHEETA project [11] that a double-walled tank of 24mm total wall thickness, including stiffeners,
is possible, of which only 16mm are occupied by insulation. This is mainly based on the use of
vacuum multilayer insulation (MLI) or composite layers of MLI with other types of novel insulation
material (Layered Composite Insulation, LCI). Such materials can achieve thermal conductivity more
than two orders of magnitude below that of conventional foams [12] thus 20mm of LCI insulation
could theoretically replace conventional foam of 2m thickness. While this impressive, it is assumed
that early implementations may not be able to take full advantage of this capability, and require
measures which reduce the insulation effectiveness or increase its thickness. These measures could
consist of additional dividers or spacers, or of redundant layers with acceptable insulation properties
in atmospheric pressure, e.g. aerogel blankets, to limit the heat influx to manageable levels if vacuum
should be lost. By reserving more than twice the space for insulation as found by the CHEETA project,
it should also be possible to meet any reasonable requirement for dormancy time. An additional
100mm are taken up by frames which stiffen the external shell, on the outside of the tank, as proposed
by Montellano [13]. While Montellano shows that it is feasible to construct a structurally-integral tank
in this way, the current study neglects any savings in structural mass of the tailcone, in favour of a
pessimistic mass estimate.

2.3 Turbofan engines

The cycle of the underwing engines was modelled engine engine cycle analysis for two-shaft tur-
bofans based on handbook methods[d4]. It was extended to permit producing full-factorial maps of
engine tsfc as a function of altitude, flight Mach number and throttle setting, and to allow constrained
optimisation of engine cycles. To this end, the engines of the reference A321neo were first modelled
by replicating known engine data [9, 15].

Constrained optimisations were conducted to obtain a number of plausible next-generation turbofan
engine cycles for a range of thrust requirements. For these next-generation engines, it was assumed
that overall pressure ratio was limited to 55, bypass ratios could increase up to 16, turbine entry
temperature above 1800K could not be sustained, and fan radius could increase by 10% over the
current engines.

Since the fuel burn analysis uses a mission-averaged tsfc for the reference engines (see section P11),
the resulting design rsfc values were adjusted by the ratio between the mission-averaged tsfc and the
value found for the reference engine at design conditions.

Similarly, the resulting mass estimates for the turbofan engines were scaled with the ratio between the
mass estimate for the reference engine and the known dry engine mass [9]. To investigate the effect
of an engine upgrade on the APPU configuration, the engine mass and zsfc were then interpolated
from the series, dependent on the thrust requirement of the respective configuration. This leads to a
variable main engine mass and zsfc, as a function of the APPU engine contribution and whole-aircraft
thrust requirement. The correlation used for this study is shown in figure B, compared to the current
engines. Table @ shows the values of installed mass and zsfc for the reference engine, two variants of
the next-generation turbofan engines and the APPU engine.
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Figure 3 — Thrust-specific fuel consumption (black) and dry engine mass (blue). Crosses indicate
estimate for the CFM LEAP-1A engine, curves show the projection for the future engine design, as a
function of the design thrust at Top of Climb (ToC).
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Figure 4 — Engine geometry generated by GasTurb, based on engine cycle optimized in PyCycle.
Note that GasTurb always extends the power shaft to the front of the engine, but this is not
necessarily required for the APPU engine. Figure by Martin van Schie[17]

2.4 APPU engine core

The APPU engine core is projected to be a 2-shaft turbo core with a separate power turbine, driving
a single open rotor which is located downstream. Although this requires placing the rotor gearbox
close to the hot exhaust stream, it permits an annular exhaust, thus avoiding issues with base flow on
a rotating backwards-facing spinner and allowing the exhaust to contribute to overall thrust. Placing
the rotor as far aft as possible also reduces the impact it has on empennage design, since no critical
part of the empennage may be located within our downstream of the rotor plane. The engine has
a conventional axial low-pressure compressor and a radial high-pressure compressor. This allows
it to achieve an overall compression ratio of 25 or higher, despite a comparatively low core mass-
flow. This design also permits a reversed combustor chamber, which in turn permits the engine to be
shorter than possible with a conventional arrangement.

The design shaft power at cruise altitude was estimated based on the maximum feasible LH, tank
size and the estimated engine core efficiency, such that the APPU engine can make use of all usable
hydrogen during the reference mission. This resulted in a design shaft power of 2.2MW in total, of
which 2MW are supplied to the rotor and the remaining 0.2MW used for on-board power.

The engine cycle was initially modelled in GasTurb [16], and further improvement was part of a
separate study [17], using PyCycle. This took into account that the APPU engine core ingests air
from the near-wall region of the tailcone boundary layer, and that static pressure at the core exhaust
is increased above ambient conditions. Figure @ shows the projected shape and size of the engine,
as constructed by GasTurb, using the component sizing obtained during the cycle optimisation.
While the above engine design study also investigated further efficiency gains by using the cold H,
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drawn from the LH, tank as a heat sink, for water recovery from the exhaust, such potential benefits
were ignored in the study presented here. The predicted thermal efficiency is 44.5%. For the purpose
of this study, a lower value of n.,,=0.43 was used to represent the rate at which the energy stored in
the fuel is converted to shaft power. This was done to account for additional cooling required for the
downstream gearbox and other potential sources of losses.

2.5 BLI propulsor, Thrust & Drag Accounting

There is currently no accepted analytical method to calculate the "thrust" and "efficiency" of BLI en-
gines. The relationship of power applied to the flow and propulsive force produced was obtained
using CFD simulations of a "clean" fuselage tailcone. These represented the geometry of the fuse-
lage with the reference tailcone geometry and vertical tailplane (vtp), but omitted the wing since wing
downwash is expected to have only a minor impact on the design, as well as the horizontal tailplane
(htp), since it is likewise not influencing the flow field around the propulsor in the APPU configuration.
While this removes the ability to estimate the absolute drag of the aircraft, it also removes the neces-
sity to create a realistic and well-designed wing/body junction as well as empennage design for the
reference and modified aircraft, and to ensure correct trim of the htp in order to achieve a realistic
drag value and downstream wake.

A first estimate was based only on the flow about the reference geometry in combination with isen-
tropic 1D theory. The net momentum added to the flow by the propulsor was estimated by assuming
that the propulsor provides isentropic compression with a constant total pressure ratio across the
disk, and isentropic expansion from the disk to far-field static pressure. This provides an estimate of
the propulsor power required after viscous and compressibility losses on the rotor and power lost to
swirl, and finds a 30% lower power requirement for a BLI rotor of 4.5m? rotor area, compared to a tur-
bofan engine modelled similarly, by incrementing total pressure in an accordingly smaller free-stream
streamtube. This estimate is however very optimistic and has to be regarded as an upper bound in
ideal flow, since e.g. the efficiency of an open BLI rotor in transonic flow is unlikely to match that
of a ducted fan, and it disregards the interaction between the rotor and the forces on the fuselage
tailcone.

A more "holistic" estimate was obtained by conducting further CFD simulations which also simulated
the flow around the modified tailcone, with and without active propulsor, at varying powers. Since
the flow cannot be cleanly split into thrust and drag domains according to AGARD recommendations
for thrust and drag accounting [18], all comparisons took place on the level of the Net Vehicle Force
(NVF), which represents the integral of all aerodynamic forces on the aircraft. A separate study
concerned itself with the design of a submerged intake and exhaust for the engine core [19], but did
not model the propulsor.

By comparing the different simulation outcomes, the difference between the forces on the reference
tailcone and the fully modified tail with installed engine and propulsor can be split into various compo-
nents. ANVF ... (equation ) is the effect of modifying the tailcone without applying power to the flow,
ANVF ... (equation P) the effect of installing and operating the engine core with intake and exhaust,
operating at design power, and ANVF,,,, (equation B) represents the influence of the propulsor, as
function of the applied power. In combination, they represent the total effect of the modifications on
the streamwise force balance.

ANVF cone = NVF o ppuy—0 — NVF oy (1)
ANVVFcore,cr = NVFcore,cr - NVFmod,P,m:0 (2)
A]\IVFIJmp (Pact) = NVFmod (Pact) - NVFmod,Pac,:O (3)

Since the simulations with actuator disk were conducted with varying power applied to the actuator
disk, the results can be interpolated to a different actuator power. For the engine core and the
efficiency of the propulsor itself, only data at the design condition is known, therefore the effect of the
core on NVF is assumed to be linearly dependent on the output power. With this, the net effect of
modifying the tail, installing and operating the BLI propulsor on the streamwise force balance can be
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computed, in the form of the installed propulsive force (®;,;), shown in equation @.

q)inst,APPU(Pact) - ANVFcr)ne + ANVFcnre.cha:t + ANVFpmp (Pact) (4)
act,cr
Since thrust is not cleanly defined for BLI applications, but the fuel burn analysis requires a value for
tsfe, the thrust/drag split is based on the components of ®;,; appy: ANVF cop. IS regarded as additional
airframe drag since it is independent of APPU engine power output. The two other terms in equation &
depend on engine power and are accounted for as effective thrust. If the fuel flow in a given condition
is known, this results in an equivalent specific fuel consumption (zsfc’) of:

mf (P act)
ANVF corecr g+ ANVF prop (Pact)

(9)

/
IS¢’ appy =

Note that while equation B permits the calculation of fuel flow in the same way as zsfc for conventional
engines, it is not based on the same definition of thrust, which for example means that it can not
be used to calculate a physically meaningful value of propulsive efficiency, np. The efficiency of the
propulsor itself in applying shaft power to the flow can be expressed as 1., = Puci/Ponasi, that is the
amount of power needed by a perfect actuator disk to achieve a certain ANVF,,,,,, compared to the
shaft power required by the propulsor in order to achieve the same effect, in the same flow field.
With a given fuel energy content (LHV, Lower Heating Value) and engine core efficiency, this permits
estimating the fuel flow (equation B).

. Pyt
i (Pyey) = 6
f( HCI) LHVf *Ncore * MNprop ( )

Since an estimate of propulsor efficiency could only be obtained for the cruise condition, limiting
fuel burn analysis to flight at cruise altitude, and since ANVF,,,,,(P.; was found to be nearly a linear
function, tsfc’ was assumed to be approximately constant for the investigated range, and equal to the
specific fuel consumption in cruise, shown in equation [.

Pact.,cr (7)
LHVf *Ncore * NMprop (ANVFC()re,cr + A]VVFprop (Pact,cr))

/ _
ISfC appy or =

This way, fuel flow can be linked to the propulsive benefit gained from the BLI propulsor, irrespective
of the choice of fuel. Note that hydrogen-operated engines can have a slight efficiency advantage
over kerosene engines [20], which may be compensated by adapting turbine entry temperature or
accepting reduced power [Z1]. In light of the degree to which the calculation of the APPU engine tsfc’
in this study depends on assumptions, this distinction was neglected.

2.6 Reliability and Availability

It is likely that achieving the same reliability and availability as modern kerosene engines and fuel
systems for hydrogen propulsion poses a large threshold for market introduction, both in terms of
development time and cost. Permitting somewhat lower reliability (notwithstanding strict safety re-
quirements), for the APPU engine and LH, fuel systems could further reduce this threshold. Sizing
the aircraft to be able to compensate for some component failures permits safe operations despite
this, and may significantly reduce the risk to airline operations, thus reducing both safety and financial
risks.

While the effect of permitting higher failure rates on development costs cannot be credibly estimated
at this point, the impact on system efficiency (i.e. aircraft mass and fuel use) was investigated for
several scenarios. In addition, since LH, infrastructure and supply are likely not going to be univer-
sally available during the transition time for which the APPU concept is designed, the fuel burn during
kerosene-only operations was also regarded.
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2.6.1 Investigation approach

Regulations [22] specify permitted failure rates as a function of severity of the failure, which in turn
depends on the capacity to compensate for a given failure. With regards to the APPU drivetrain, low
expected reliability of the LH, fuel system requires additional kerosene fuel reserves at take-off, and
lowered expectations of APPU engine reliability need to be countered by additional thrust capability of
the main engines to permit safe operations. Going beyond safety, an additional question is whether
and when to also provide the capacity to continue operations to the scheduled destination after a
failure, and how this impacts fuel efficiency.

The impact of permitting a certain failure scenario on the design and the fuel burn of the aircraft
can be assessed by sizing the main engines and kerosene reserves for a mission during which
either the LH, supply or the APPU engine become unavailable at some point, and adjusting the
required fuel at take-off as well as the main engine thrust requirement accordingly, to ensure that OEI
thrust requirements are met at take-off and at the start of the diversion leg (aborted landing before
diversion), and that the required climb rate at ToC can be achieved.

For this investigation, the fuel burn estimation process was extended to allow iterative adjustment of
the target (®appy), While limiting engine thrust to each engine’s maximum thrust. This implies that
d4ppy may vary throughout the flight. The sizing of the main engines used the parametric model
developed in section 223 and ensured that the thrust requirements at ToC and at OEI conditions at
take-off mass and at the start of the diversion are satisfied in each case, by requiring the thrust-to-
weight ratio to at least match that of the reference aircraft in each given situation.

The reliability study assumed that the aircraft always uses the biggest possible LH, tank and the
same size of APPU engine for all variants.

2.6.2 Failure scenarios and required provisions

Since it is not credible at the current stage to construct a matrix of potential failures, it was decided to
regard a fairly generic set of scenarios classified by several variables, shown in table fl.

Which failure?

normal None. All components assumed to function normally

LH, The LH, fuel system is inoperative, or no LH5 is available for refill at an airport.
The APPU engine may still operate on kerosene as fuel.

APPU The APPU engine is inoperative, with the rotor feathered. Implies that no LH,
fuel can be used.

When?

Diversion The unit functions for the scheduled flight but is not relied upon in safety-critical
situations. The aircraft must be able to fly the the diversion (including go-
around) without using the respective unit.

Main segment The aircraft needs to be able to fly the entire mission with the respective unit
failing at or before the start of the mission. This goes beyond safety concerns
and ensures operations are not affected by reliability issues (with possible ex-
ceptions for ETOPS operations), similar to the current requirements on APU
units [23].

Table 1 — Variables used to parametrize component failure scenarios to investigate impact of reliability
on size of main engines and kerosene reserves

Combining the different variables yields 6 different missions scenarios, shown in table B. For each
of the missions, the engines and kerosene fuel reserves were resized using the process described
in B, with the additions laid out in E611, but prescribing the same APPU engine and size of LH»
tank to all variants, while adapting the thrust requirement for the main engines and the amount of
kerosene required at take-off to each mission. This yielded 6 different aircraft configurations, each of
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which is able fly its respective sizing mission. They differ from each other by the size and efficiency
of the main engines, and by the kerosene reserves which they need to carry at take-off.

mission phase
No. main diversion comment

cl normal normal full 3rd engine certification

c2 normal LH> H» fuel systems not critically reliable
c3 normal APPU  APPU engine not critically reliable (except for take-off)
c4 LH, LH> (unplanned) lack of LH> may never affect flight schedule

c5 LH, APPU as c4, and reduced reliability of APPU
c6 APPU APPU  Certified as APU (failure is "inconvenience")

Table 2 — Overview of the components assumed inactive during the 6 different missions used to size
the main engines and kerosene fuel at take-off, according to each reliability scenario.

For segments flown without thrust contribution from the APPU engine, it was assumed that the propul-
sor is feathered. Given the comparatively low thrust and the low flow velocities through the APPU
rotor, the resulting drag is assumed to be negligible compared to total aircraft drag.

One notable consequence of sizing scenarios which use no LH» during the diversion is that all usable
LH> may be used during the main mission phase. In order to maximize utilisation of the APPU engine
and minimize kerosene use, a target thrust share was iteratively determined for each of the sizing
missions c1—c3 in table B, with the aim of burning all available H, either by the end of the diversion
(c1) or by the end of the main phase (c2 and c3). In the case of c2 and c3, this thrust share
exceeds the thrust capability of the APPU engine for some part of the range. In this case, APPU
thrust was limited to full throttle until the total thrust requirement reduced sufficiently, and afterwards
thrust share was held constant until the end of the mission. Similarly, all "LH,>" phases (i.e. where
the APPU engine is operating but not using H,), assume that the APPU engine runs at full throttle
throughout, thus maximizing thrust share in order to benefit from the lower tsfc to the largest extent
possible. During the sizing missions c4—c6, no LH>, may be consumed at all, despite carrying a full
LH, tank.

While the respective component failures assumed in the engine and fuel mass sizing process are
expected to be too likely to neglect the implications for safety, they are still assumed to be rare ex-
ceptions to the operational routine. Thus, the impact of the different reliability scenarios on block fuel
burn was evaluated for nominal operations, i.e. assuming that the APPU engine and H, fuel system
work normally, while carrying the appropriate amount of spare kerosene to provide the necessary
reserves determined in the sizing process.

3. Results
3.1 LH, tank and tailcone redesign

Based on a geometrical analysis, it was found that a capacity of 832kg usable H, is possible, which
leads to an estimated tank mass of 956kg, including residual Ho and associated fuel systems. The
resulting gravimetric efficiency (1,.4y) is 46.5%. This is treated as added mass compared to the
reference aircraft. It may be possible to reduce the structure mass somewhat, by making the tank
a structurally-integral part of the tailcone or by using a fibre composite structure, but due to the
uncertainty in estimating the resulting benefits to structure mass, it was decided to use the more
conservative estimate. The effect of reshaping the rear part of the fuselage tailcone was investigated
using RANS CFD, and the resulting flow fields are shown in figure B. It can be seen that the tailcone
up-sweep leads shear lines to converge towards the upper part of the tailcone, which indicates the
beginnings of vortex roll-up. While the phenomenon is very weak in the reference case, the modified
tailcone exhibits this to a much higher degree, although analysis of the 3D flow field found no clear
vortex formation, which is likely inhibited by the very thick boundary layer over this part of the fuselage.
The modified tail was found to increase the overall drag coefficient by 4-104, which corresponds to
about 1% of total aircraft drag in cruise (H=10054.8m, M=0.78).
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Figure 5 — RANS simulation results of flow around the reference tail (left) and the modified tail (right)
at cruise conditions (M=0.78, a=1.5°), showing Mach number in the symmetry plane, pressure
coefficient and shear lines on the surface.

3.2 BLI performance

In order to investigate the relationship between power applied by the BLI propulsor and its effect on
the overall balance of forces, an actuator disk was implemented, using a body force model which
adds axis-parallel momentum to the flow passing through the volume occupied by the BLI rotor, thus
imposing a force on the fluid. This corresponds to a perfect lossless BLI rotor, since both swirl and
the entropy increase from viscous and compressibility losses on the blades are not regarded. The
simulations were conducted with 0, 2MW and 4MW actuator power, and showed a clear linear trend,
which permits interpolation to arbitrary disk power. One observation was that ANVF,,,, (see equation
B), i.e. the propulsive benefit produced by the actuator, is about 15% less than the force on the
actuator disk itself. This is explained by the conical surface on which the actuator operates. Figure B
shows the pressure field obtained with a preliminary radial load distribution and a total rotor power of
2MW, using a symmetric domain, and the difference in static pressure which the actuator creates. It is
clearly visible that the actuator causes a reduction in static pressure in the upstream flow field which
causes a force on the tailcone which acts in downstream direction, thus counteracts the upstream
force created by the actuator. Conversely, the pressure downstream of the actuator is increased but
cannot cancel this effect since it acts on a much smaller surface area. This means that an aircraft
with rear-mounted open rotor of this type is to some extent "pulling on its own tail", which in turn uses
up a certain amount of the power which it applies to the fluid.

-0.35

0.4

-0.45

-0.5 X

Figure 6 — Pressure coefficient on the surface and symmetry plane around the modified tailcone,
using a preliminary radial load distribution, no exhaust mass-flow and 2MW actuator power. M=0.78,
a=1.5°, H=10058.4m
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The BLI propulsor provides a ANVF,,,,=8.97kN with an actuator power of P,.,=2MW. This is about 8%
more than the force on an ideal free-stream propulsor of equal size, operating in undisturbed flow,
with equal power. In addition to this beneficial effect, the slower-moving flow on the fuselage tailcone
is also expected to reduce the efficiency penalty for an open rotor in transonic flow since the axial
Mach number at the rotor tip location does not exceed 0.7, despite the aircraft cruising at M=0.78.

3.3 APPU engine tsfc

Following the methodology laid out in section P8, the effect of the engine core and propulsor were
determined separately, using RANS simulations. For this purpose, the CFD geometry was adapted
to include a submerged inlet and exhaust, and the engine core mass-flow imposed on both intake
and exhaust, with the total temperature of the exhaust corresponding to the engine cycle model. This
was used to calculate ANVF . .. The effect of the propulsor was derived from separate simulations
using an actuator disk of varying power, from which the effect on overall forces as a function of
actuator power can be interpolated. Since the actuator disk dos not produce any losses, a propulsor
efficiency of n,,,=0.88 was assumed, which means that only 1760kW of the 2MW shaft power are
applied to the actuator. A separate design study found a thermal efficiency of 44.5% achievable[17]
for the APPU engine core, however this study assumed a reduced value of 43%, to account for any
installation penalties, e.g. increased cooling bleed for the propulsor gearbox. This leads to an overall
1sfc'y,=4.3-%5 at ToC, when operating on H, fuel. Table 3 shows the component values (see also
equation @), and table @ shows the specific fuel consumption assumed in the fuel burn analysis, for
the APPU engine as well as for the different underwing turbofan engines.

var value unit comment

Neore 043 - from engine cycle model

Nprop 0.88 —

Pucter 1760 kW  2MW shaft power times 1,,,,

ANVFE 7.9 kN  from RANS analysis with actuator disk

ANVF core cr 1.1 kN  from RANS analysis with intake and exhaust
tsec 514 ¥  seeequation?

Table 3 — efficiencies, net vehicle forces at ToC condition and the resulting effective tsec values for the
APPU engine

tsfccruise ( ﬁ)
kerosene Ho  my, ()  ToC thrust (kN)

LEAP-1A33 (reference) 14.3 4.89 30.3
new TF (LEAP replacement) 13.1 5.22 30.4
new TF (minimum size) 13.0 5.03 26.3
APPU 12.0 4.30 1.74 9.0

Table 4 — Specific fuel consumption, installed mass and ToC thrust for the turbofan engine on the ref-
erence aircraft, the next-generation turbofan (sized as standalone replacement with reduced design
thrust), and the APPU engine.

By comparison to the conventional turbofan engines on the reference aircraft, this finds a 16% im-
provement in fuel efficiency. The fairly large contribution of the engine core to the force balance can
be explained by the fact that the intake ingests slow-moving air from the near-wall boundary layer,
and exhausts into the region at the tailcone base, which has cp > 0.2. This means that the "ram drag"
component in the engine core force balance is quite low, since the ingested air is actually accelerated
in the intake. Simultaneously, the hot exhaust gas is released at comparatively high static pressure
at the base of the tailcone, thus reaches higher downstream Mach numbers than it would with a con-
ventional turboprop arrangement. In short: While the engine core efficiency is negatively affected by
the low intake total pressure and the exhaust counter-pressure, its propulsive force balance benefits
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considerably from the BLI effect. It is believed that the adverse effect on core efficiency is greater
than the benefit derived this way, but that an intake able to deliver air at close to free-stream total
pressure would be difficult to design, integrate, and likely to cause considerable distortion for the BLI
propulsor.

3.4 Main Engine Upgrade

As shown in figure B, the next-generation turbofan engine has a roughly 8.8% lower zsfc than the
current engines, at equal thrust requirement. In order to demonstrate the separate effects of the
APPU conversion and a main engine upgrade, a "stack-up" study was conducted with incremental
changes applied to the baseline reference. The resulting design scenarios are explained in table B.

label Main engines  APPU mod. comment

A321neo LEAP-1A no reference

LEAP+APPU LEAP-1A yes "naive" addition of APPU
A321v3 new TF no conventional upgrade scenario
v3+APPU new TF yes addition of APPU to A321v3
resized new TF, resized yes TF thrust adapted to APPU

Table 5 — Overview of the different designs generated for the incremental study. "APPU mod." refers
to the addition of the APPU engine and LH5 tank, as well as reshaping the tailcone and reconfiguring
the empennage.

In each scenario, it was assumed that the APPU engine operates at constant thrust share, determined
such that all available LH, is used up during the mission and diversion, but is not using kerosene at
all. This resulted in a nominal thrust share just below 15%. The resulting kerosene use of the different
designs is shown in figure . The upgrade of the underwing engines yields a 9% reduction in kerosene

_ o
100. 21.6%

95.0 -
-13.9%

ka(%}c/; 90.0 - -9.0%
(s]

85.0 - -13.1%

80.0 -

-13.0% 4 10,

750_ 1 1 1 1 1 1 1
A321neo LEAP+APPU A321v3 Vv3+APPU resized total APPU effect

Figure 7 — Change of block kerosene use, relative to the A321neo baseline for the various engine
design scenarios. The two rightmost columns show summarize the total benefit of all considered
changes over the baseline, and the part of these benefits which is enabled by adding the APPU unit.

burn, thus marginally exceeding the reduction in zsfc, since the reduced fuel mass compensates for
the increased engine mass. On its own, adding an APPU unit to the baseline configuration reduces
kerosene burn (and with it, CO. emissions) by about 13%, 45% more than a conventional engine
upgrade. This benefit of adding the APPU unit is almost independent of the main engines are also
upgraded or not, meaning that the addition of an APPU unit does not need to be regarded as an
alternative to a main engine upgrade but rather as an additional measure which provides a benefit
independently of the main engines. However, if the main engines are also upgraded, the added thrust
from the APPU engine permits reducing the thrust requirement on the new turbofan engines, which in
turn reduces both main engine mass and zsfc further, yielding an additional 1.1% benefit of combining
both upgrades. Overall the analysis finds that a total kerosene burn reduction of 21.6% is possible
for the reference mission, compared to the reference aircraft. This is the same benefit as about 2.5
consecutive engine upgrades.
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3.5 Reliability and Operational Considerations

Figure B summarizes te outcome of the fuel burn analysis for all configurations resulting from the
different reliability scenarios, in terms of block energy use and block emissions metric, relative to the
reference A321neo aircraft. The comparison also includes the A327v3 and the other configurations
shown in figure [.

The comparison in figure B confirms that block energy is largely dictated by the choice of the main
underwing engines while the addition of an APPU engine provides a benefit to block emissions which
is considerably larger than the benefit of an engine upgrade, and this benefit is largely independent of
the main engines it is paired with. The main effect of the APPU conversion is the ability to substitute
kerosene with hydrogen, thus reducing the climate impact for a given block fuel energy. This becomes
visible in comparing the LEAP+APPU to the A321neo reference, and the v3+APPU configuration to the
A321v3: In both cases the relative kerosene burn reduction achieved by including the APPU engine
is almost exactly equal (see also figure [@). The minor increase in block energy in the latter case,
is due to the fact that since the efficiency improvement of the APPU engine over the main engines
is too low to compensate for the mass added by the APPU installation. Resizing the main engines
(configuration c1) improves their efficiency and reduces weight, which brings back fuel energy use to
the same level as without the APPU engine.

1.007 @ nominal operations LEAP+APPU A321neo

QEpik reference cases
098 @ kerosene-only operations

0.96 A

0.94 4

0.92 4
c2 A321v3

0-90 T T T T T T T T T T T T
0.76 0.78 0.80 0.82 0.84 086 088 090 092 094 096 0.98 1.00

QMg pik

Figure 8 — Relative block kerosene burn and fuel energy use for the reference mission. Reference
cases are the configurations shown in figure [@. Lines indicate data for the same configuration during
nominal and kerosene-only operations. Dashed symbols indicate configurations which don’t meet
the OEI thrust criterion for the design range with full payload.

Another observation is that the lowest block kerosene burn, and thus CO, emissions, is achieved
by configurations sized for reduced reliability. Between configurations c2 through c6, block fuel
increases in line with more pessimistic sizing scenarios, but all configurations except c1 do not rely
on H» for the diversion and can thus use all available H, during the main segment of the flight. As
a consequence, the configurations c2 and <3 achieve the lowest kerosene use since they can have
sufficient LH, available to keep the APPU engine at maximum throttle for the first half of the flight,
at which point the total thrust requirement has reduced sufficiently for the APPU to provide about
17% of total thrust, and maintain a constant thrust share after this. This operational strategy reduces
kerosene burn by about 2% compared to the c1 configuration which needs to keep LH» reserves for
the diversion. In total, c2 and c3 have 23% lower CO», emissionas than the A321neo, and 15.5% less
than the re-engined reference A321v3, despite a maximum achievable thrust share of only 14.5% at
ToC.

This means that choosing to size the main engines and kerosene fuel reserves with the assumption
of reduced reliability of the APPU engine and fuel systems in critical situations does not only permit
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reducing development time and cost and safety risks, but also minimizes CO, emissions.

Another operational scenario of note is kerosene-only operations. This scenario assumes that there is
no hydrogen available upon departure, and the refuelling amount of kerosene is adjusted accordingly
before departure. In this scenario, the LH» tank is assumed to carry 10% of the usable amount of
hydrogen, in order to prevent thermal cycling during the flight, but the APPU engine is operating
on kerosene, and at 100% throttle. For the certification scenarios c1 — ¢3, the additional kerosene
increases the required take-off mass beyond the amount needed for the design mission, which means
that they would not be able to meet the required OEI thrust and thus not be permitted to fly the
reference mission. These configurations would thus be limited somewhat in either payload or range in
kerosene-only operations, and the data points have been marked accordingly in figure . Independent
of this, the results show that all certification variants whose design mission uses no H, (c4 — c6)
have reduced block energy consumption when operating on kerosene. This is due to the fact that
their design missions require them to carry sufficient kerosene for the entire mission at all times, and
this acts as dead weight when it is not used. In the kerosene-only scenario, they are able to burn the
heavy kerosene instead of lighter hydrogen, reducing aircraft mass compared to the nominal mission.
This does however not make them more efficient than the c1 - ¢3 configurations, since they still need
to use heavier and less efficient main engines. Overall, configurations c1 - c¢5 in kerosene-only
operations exceed the fuel burn of the A321v3 by about 1%, which is rather modest compared to the
benefit during nominal operations.

3.6 Conclusions

The results show that replacing the APU unit on a A321neo aircraft (and by extension on other
similarly configurations) with a hydrogen-driven APPU unit has the potential to reduce CO, emissions
by a fraction exceeding its nominal ToC thrust share. Take-off mass of the modified aircraft is reduced
since the lower fuel mass compensates for the added structure and systems mass.

In combination with a main engine upgrade to 2035 technology level, the total reduction of CO,
emissions is predicted to be 23%, compared to 9% for a main engine upgrade alone. This means that
addition of the H,-driven APPU yields a 15.5% CO, reduction, with 14.6% ToC thrust share. This can
be decomposed into multiple effects. Adding the APPU engine without changing the main engines
yields about 13% reduction in kerosene burn, by displacing some of the kerosene with hydrogen as
energy source. The effect is smaller than the thrust share produced from H,, due to the added mass
and drag from APPU engine installation, and is independent of the choice of main engines. Resizing
the main engines with a suitably reduced thrust requirement increases their efficiency and reduces
mass, resulting in about 1% further reduction of both CO, emissions and block energy use. An
additional 2% reduction in CO, emissions (with minor reduction in block fuel energy) can be achieved
if the main engine size and kerosene fuel reserves are adapted such that a failure of the APPU engine
and LH, fuel system may not lead to a safety-critical situation, and does not need to be relied on for
the diversion. This permits the APPU engine to consume all usable H, fuel onboard before the start
of the diversion and increase the effective thrust share.

This operational and sizing strategy permits the APPU engine and H. fuel systems to have reduced
reliability compared to conventional engines and fuel systems, without impacting aircraft safety. In
addition to the immediate reduction of the climate impact, it is expected that this can speed up both
development and market adaptation. The operation, maintenance and repair of hydrogen-driven aero
engines and BLI propulsion, in turn, is required to mature the technology to the point where it can
play a much greater role in achieving climate-neutral aviation.

3.6.1 Recommendations

The outcomes of this study are sensitive to the estimate of the APPU engine’s effective tsfc’ and
achievable thrust, therefore more accurate modelling of the BLI propulsor performance could permit
a better estimate of the achievable efficiency both in cruise and in other conditions. This would
simultaneously permit an update of the results presented here, and provide the input needed for a fuel
burn analysis which includes the climb and descent phases, and thus enable higher-fidelity mission
analysis throughout the entire payload/range envelope. This is of particular interest for shorter routes
or with lower payload, where the lower overall thrust requirement would permit the APPU engine to
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provide a larger share of overall propulsive energy without using kerosene. Analysing the impact of
the APPU engine on missions of varying range and payload permits further studies into operational
strategies and sizing criteria.

Another point of interest is a potential trade-off of thrust capability versus efficiency, since higher
thrust share has been shown to reduce CO, emissions but is expected to degrade the efficiency with
which the LH» is used. Such an investigation would require the ability to obtain thrust and efficiency
estimates for APPU engines and propulsors of varying size and power.

Another area of interest is the impact of the APPU engine on LTO emissions. While it is not clear if
the APPU engine could achieve break-away thrust, it seems plausible that it could cover most taxi
operations without requiring the main engines which are operating at very low efficiency while taxiing,
and could therefore provide considerable benefits, both by virtue of operating more efficiently during
taxi and being able to entirely avoid local emissions from carbohydrate fuels. It is less clear how
large of a benefit the APU engine can provide while providing onboard power, compared to dedicated
APU, and what the noise levels during gate operations and in taxi are, compared to a conventional
configuration.

While having a lesser impact on design decisions, a refinement of component mass estimates is
expected to improve confidence in the current results. Since the H, fuel system forms a major part
of the total LH, tank mass, a more reliable estimate would be desirable, although the path to obtain
it is not currently clear. Some work to establish and/or refine the mass and drag estimate of the
reconfigured empennage is currently underway, as is an investigation into the structural configuration
of an integral LH, tank, with the aim of determining the feasibility of such a configuration and its
impact on mass.
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