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(54) PROPULSION SYSTEM

(567) A propulsion system (300) for an aircraft (10) B T e ,

comprises fuel reservoirs (100 and 800) configured for
storing hydrogen (H2-1 and H2-2) and a fuel reservoir
(200) configured for storing a liquid hydrocarbon fuel
(HC). The propulsion system may be provided with a gas
turbine engine (400) comprising a fuel injection unit (500)
comprising : a hydrogen pilot burner (510) in fluid com-
munication with hydrogen fuel reservoirs (100 and 800)
via flow control valves (512 and 542). There may also be
provided a dual fuel main burner (520) in fluid communi-
cation with the hydrogen fuel reservoirs (100 and 800)
via a flow control valve (522) and in fluid communication
with the hydrocarbon fuel reservoir (200) via a third flow
control valve (532). A control system (600) may be pro-
vided which is operable to control: the flow control valves
(512 and 542) to control the flow of hydrogen from the
hydrogen fuel reservoirs (100 and 800) to the hydrogen
pilot burner (510); the flow control valve (522) to control
the flow of hydrogen from the hydrogen fuel reservoirs
(100 and 800) to the dual fuel main burner (520); and the
flow control valve (532) to control the flow of the hydro-
carbon fuel (HC) from the hydrocarbon fuel reservoir
(200) to the dual fuel main burner (520).
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Description

[0001] The present disclosure relates to a propulsion
system.

[0002] In particular the disclosure is concerned with a

fuel and propulsion system for an aircraft.
Background

[0003] Dual fuel capability (i.e. using more than one
fuel type at a time, for example as a blend of hydrogen
and methane) has been employed on industrial gas tur-
bines. This results in reduced emissions of carbon diox-
ide which is a driver of climate change. Since hydrogen
and methane are both gasses at ambient conditions, dual
fuel capability can be achieved by premixing the fuels.
[0004] Hydrogen has been proposed as a fuel for air-
craft gas turbines in order to similarly reduce carbon
emissions into the atmosphere. However, hydrogen,
even in liquid form, occupies a much higher volume per
unit energy generation than the liquid hydrocarbon fuels
such as kerosene which are currently in use. This greater
fuel volume gives rise to significantly increased aircraft
size and hence drag and/or reduced payload volume and
passenger numbers. The capability of an aircraft to use
a combination of hydrogen and liquid hydrocarbon fuel
would reduce the volume of hydrogen required by the
aircraft and hence also the reduce the drag penalty.
[0005] Hence a propulsion system for an aircraft ca-
pable of running on a combination of hydrogen and liquid
hydrocarbon fuel, with a configuration which enables a
switch to burn hydrogen and a liquid hydrocarbon sepa-
rately or at the same time when needed to deliver power
output at acceptable combustion temperatures, stability
margins and exhaust emissions is highly desirable.

Summary

[0006] Accordingtothe presentdisclosure there is pro-
vided an apparatus and method as set forth in the ap-
pended claims. Other features of the invention will be
apparent from the dependent claims, and the description
which follows.

[0007] Accordingly there may be provided a propulsion
system (300) for an aircraft (10) comprising: a first fuel
reservoir (100) configured for storing hydrogen (H2-1); a
second fuel reservoir (200) configured for storing a hy-
drocarbon fuel (HC) and a gas turbine engine (400) com-
prising a fuel injection unit (500). The fuel injection unit
(500) may comprise : a hydrogen pilot burner (510) in
fluid communication with the first fuel reservoir (100) via
a first flow control valve (512); a dual fuel main burner
(520) in fluid communication with the first fuel reservoir
(100) via a second flow control valve (522) and in fluid
communication with the second fuel reservoir (200) via
a third flow control valve (532). The propulsion system
(300) may further comprise a control system (600) oper-
able to control: the first flow control valve (512) to control
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the flow of hydrogen (H2-1) from the first fuel reservoir
(100) to the hydrogen pilot burner (510); the second flow
control valve (522) to control the flow of hydrogen from
the first fuel reservoir (100) to the dual fuel main burner
(520), and/or the third flow control valve (532) to control
the flow of the hydrocarbon fuel (HC) from the second
fuel reservoir (200) to the dual fuel main burner (520).
[0008] The first fuel reservoir (100) may be a low tem-
perature and low-pressure reservoir for storing liquid hy-
drogen. The propulsion system may further comprise a
third fuel reservoir (800) configured for storing pressu-
rised hydrogen gas (H2-2). The third fuel reservoir (800)
may be in fluid communication with the hydrogen pilot
burner (510) via a fourth flow control valve (542). The
control system (600) may be operable to control the fourth
flow control valve (542) to control the flow of hydrogen
(H2-2) from the third fuel reservoir (800) to the hydrogen
pilot burner (510), the third fuel reservoir (800) being in
fluid communication with the hydrogen pilot burner (510)
via a fourth flow control valve (542).

[0009] Thefirstfuel reservoir (100) may be in fluid com-
munication with the hydrogen pilotburner (510) via a heat
exchanger (110) configured to deliver heat to the liquid
hydrogen delivered from the first fuel reservoir (100) to
convert it into gaseous form.

[0010] The hydrogen pilot burner (510) may comprise
a plurality of flow outlets (514) in flow communication with
the first fuel reservoir (100).

[0011] The hydrogen pilot burner (510) may comprise
a plurality of flow outlets (514) in flow communication with
the first fuel reservoir (100) and the third fuel reservoir
(800).

[0012] The dual fuel main burner (520) may comprise
a plurality of outlets (524, 528) which surround the hy-
drogen pilot burner (510). A first subset (528) of dual fuel
main burner outlets (524) may be in flow communication
with the first fuel reservoir (100) via a first flow passage
(550); and a second subset (530) of the dual fuel main
burner outlets (524) are in flow communication with the
second fuel reservoir (200) via a second flow passage
(552); the first flow passage (550) and second flow pas-
sage (552) being fluidly isolated from one another.
[0013] The control system (600) may be operable to
control the first flow control valve (512), second flow con-
trol valve (522) and third flow control valve (532) such
that:

a. in a first mode of operation, the first flow control
valve (512) is open, the second flow control valve
(522) is closed and the third flow control valve (532)
is closed such that only hydrogen is delivered to the
pilot burner (510);

b. in a second mode of operation, the first flow control
valve (512) is open, the second flow control valve
(522) is open and the third flow control valve (532)
is closed such that only hydrogen is delivered to the
pilot burner (510) and dual fuel main burner (520) ;
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c. in a third mode of operation, the first flow control
valve (512) is open to deliver hydrogen to the pilot
burner (510) and both the second flow control valve
(522) and third flow control valve (532) are open such
that hydrogen and hydrocarbon fuel (HC) are deliv-
ered to the dual fuel main burner (520); and

d. in a fourth mode of operation, the first flow control
valve (512) is open such that only hydrogen is deliv-
ered to the pilot burner (510); the second flow control
valve (522) is closed and the third flow control valve
(532) is open such that only hydrocarbon fuel (HC)
is delivered to the dual fuel main burner (520).

[0014] The control system (600) may be operable to
control the fourth flow control valve (542) to be closed in
the first, second, third, and fourth mode of operation.
[0015] The control system (600) may be operable to
control the first flow control valve (512), second flow con-
trol valve (522), third flow control valve (532) and fourth
flow control valve (542) such that:

in a fifth mode of operation, the first flow control valve
(512) is closed, the second flow control valve (522)
is closed and the third flow control valve (532) is
closed and the fourth flow control valve (542) is open
such that only hydrogen is delivered to the pilot burn-
er (510) from the third fuel reservoir (800); and

in a sixth mode of operation the first flow control valve
(512) is closed, the second flow control valve (522)
is closed; the third flow control valve (532) is open
such that only hydrocarbon fuel (HC) is delivered to
the dual fuel main burner (520); and the fourth flow
control valve (542) is open to deliver hydrogen to the
pilot burner (510) from the third fuel reservoir (800).

[0016] The control system (600) is operable to control
the firstflow control valve (512), second flow control valve
(522), third flow control valve (532) and fourth flow control
valve (542) such that: in a seventh mode of operation
the first flow control valve (512) and fourth flow control
valve (542) are closed such that no fuel is delivered to
the pilot burner (510), and the second control valve (522)
is closed and third flow control valve (532) is open such
that only hydrocarbon fuel (HC) is delivered to the dual
fuel main burner (520).

[0017] The gas turbine engine (400) may further com-
prise a combustor (700).

[0018] There may also be provided an aircraft (10)
comprising a propulsion system (300) according to the
present disclosure wherein: the control system (600) is
operable to control the rate of opening/closing of the first
flow control valve (512), second flow control valve (522)
and third flow control valve (532) relative to one another
to transition between the first mode of operation, second
mode of operation, third mode of operation and/or fourth
mode of operation.
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[0019] The control system (600) may be operable to
control the rate of opening/closing of the first flow control
valve (512), second flow control valve (522), third flow
control and fourth control valve (542) relative to one an-
other to transition between the modes of operation.
[0020] The first mode of operation may correspond to
a gas turbine engine (400) start, idle and/or low-power
condition. The other modes of operation provide a range
of power conditions.

[0021] Hence there is provided a propulsion system
for an aircraft capable of running on hydrogen, with the
ability to switch to a hydrocarbon fuel, or burn hydrogen
and a hydrocarbon at the same time when needed for a
particular engine condition (for example take off).

Brief Description of the Drawings

[0022] Examples of the present disclosure will now be
described with reference to the accompanying drawings,
in which:

Figure 1 shows a representation of a view of an air-
craft comprising a fuel and propulsion system ac-
cording to the present disclosure;

Figure 2 is a diagrammatic representation of the fuel
and propulsion system according to the present dis-
closure;

Figures 3 to 7 illustrate different possible modes of
operation of the propulsion system shown in figure 2;

Figure 8 shows a cross-sectional view of part of an
example of a fuel injector and combustor which may
be used in the propulsion system according to the
present disclosure; and

Figure 9 shows an end on view of the fuel injector
shown in figure 8.

Detailed Description

[0023] The present disclosure relates to a propulsion
system for an aircraft, an aircraft comprising a propulsion
system according to the present disclosure, and a meth-
od of operation of the propulsion system and a method
of operation of the aircraft.

[0024] A diagrammatic representation of an aircraft 10
comprising a propulsion system 300 according to the
presentdisclosure is shown in figure 1. Hence the aircraft
10 may comprise a fuselage 12 and wings 14. The pro-
pulsion system 300 may comprise a first fuel reservoir
100 configured for storing hydrogen (H2-1) and a second
fuel reservoir 200 configured for storing a hydrocarbon
fuel (HC). The first fuel reservoir (which may also be
termed a "first hydrogen fuel reservoir") 100 may be a
low temperature and low-pressure reservoir for storing
liquid hydrogen. The first fuel reservoir 100 may be in
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fluid communication with the hydrogen pilot burner 510
via a heat exchanger 110 configured to deliver heat to
the liquid hydrogen delivered from the first fuel reservoir
100 to convert it into gaseous form.

[0025] The propulsion system may further comprise a
third fuel reservoir 800 configured for storing pressurised
hydrogen gas H2-2. The third fuel reservoir 800 (which
may also be termed a "second hydrogen fuel reservoir")
may be in fluid communication with the hydrogen pilot
burner 510 via a fourth flow control valve 542.

[0026] The location of the reservoirs 100, 200, 800
shown in figure 1 is by way of example only. The location
of engines and fuel tanks shown in figure 1 are typical,
but may be provided in different locations and configu-
rations to that shown.

[0027] The propulsion system may further comprise a
gas turbine engine 400 comprising a fuel injection unit
500, for example as shown in figures 2 to 7 and figures
8,9. The gas turbine engine 400 further comprises a com-
bustor 700 into which the fuel injection unit 500 delivers
fuel. In figures 2 to 7 the combustor is not shown. An
example of a combustor 700 is shown in figure 8. The
combustor 700 may be annular, as shown in figure 8.
Other examples the combustor may have different con-
figurations. The design of the combustor 700 may be of
any suitable design, and its detail need not be discussed
here. Likewise there may be provided more than one fuel
injection unit 500, for example in an annular combustor
700, there may be provided a plurality of fuel injection
units 500 spaced around an inlet to the combustor 700.
Alternatively, if the engine 400 comprises a plurality of
combustors, then each combustor may be provided with
one or more fuel injection units 500.

[0028] The heat exchanger 110 may be in thermal
communication with a heat source. In some examples
the heat source may be the engine 400. Hence some of
the heat generated by the engine 400 may be transferred
to the liquid hydrogen as it travels between the first res-
ervoir 102 the fuel injection unit 500.

[0029] The fuel injection unit 500 may comprise a hy-
drogen pilot burner 510 in fluid communication with the
first hydrogen fuel reservoir 100 via a first flow control
valve 512. In examples in which the second hydrogen
fuel reservoir 800 is provided, the hydrogen pilot burner
510 may be in fluid communication with the second hy-
drogen fuel reservoir 800 via a second flow control valve
542. For example the hydrogen pilot burner 510 may be
in fluid communication with only a source of hydrogen
fuel, and is fully isolated from a source of any other fuel.
[0030] The fuelinjection unit 500 may further comprise
a dual fuel main burner 520 in fluid communication with
the first fuel reservoir 100 via a second flow control valve
522 and in fluid communication with the second fuel res-
ervoir 200 via a third flow control valve 532.

[0031] The propulsion system 300 may further com-
prise a control system 600 operable to control the first
flow control valve 512 to control the flow of hydrogen
H2-1 from the first fuel reservoir 100 to the hydrogen pilot
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burner 510, the second flow control valve 522 to control
the flow of hydrogen from the first fuel reservoir 100 to
the dual fuel main burner 520 and the third flow control
valve 532 to control the flow of the hydrocarbon fuel HC
from the second fuel reservoir 200 to the dual fuel main
burner 520.

[0032] The control system 600 may be operable to con-
trol the fourth flow control valve 542 to control the flow
of hydrogen H2-2 from the third fuel reservoir 800 to the
hydrogen pilot burner 510.

[0033] As shown in figures 2 to 7, 9 the hydrogen pilot
burner 510 comprises a plurality of flow outlets 514 in
flow communication with the first fuel reservoir 100 via a
flow passage 562a. Thatis to say the hydrogen pilot burn-
er 510 comprises a first inlet 560 to a third manifold which
is in fluid communication with plurality of flow outlets 514
via a flow passage 562a. The plurality of flow outlets 514
may additionally be in flow communication with the third
fuel reservoir 800 via a flow passage 562b.

[0034] The flow passage 562a and flow passage 562b
may be in flow communication with the first inlet 560 via
avalve 544. A further flow passage 564 may provide fluid
communication between the valve 544 and the inlet 560.
[0035] As shown in figure 8, the plurality of flow outlets
514 may be provided on a downstream end face of the
hydrogen pilot burner 510.

[0036] An inner swirler 540 may extend radially out-
wards from the hydrogen pilot burner 510 to the dual fuel
burner 520 to thereby physically link the hydrogen pilot
burner 510 and the dual fuel burner 520, for example so
that one may be carried on the other.

[0037] An outer swirler 546 may extend radially out-
wards from the dual fuel burner 520 to a shroud 548 to
thereby physically link the dual fuel burner 520 and the
shroud 546, for example so that one may be carried on
the other.

[0038] The inner swirler 540 and the outer swirler 546
may comprise a plurality of spaced apart vanes to allow
the passage of air therebetween. The vanes may be an-
gled to the direction of flow to thereby impart swirl to the
airflow to therefore aid with the mixing of the fuel and air
delivered to the combustor 700. The vanes may also be
angled in such a way to impart swirl to the airflow to at-
omise the liquid hydrocarbon fuel to aid with its combus-
tion and mixing with hydrogen.

[0039] The dual fuel main burner 520 may be provided
as a ring 526 around the hydrogen pilot burner 510. A
plurality of outlets 524 may be provided on the down-
stream end of the ring 526, such that the outlets 524
surround the hydrogen pilot burner 510.

[0040] A first subset 528 of dual fuel main burner out-
lets 524 are in flow communication with the first fuel res-
ervoir 100 via a first flow passage 550. That is to say the
ring 526 comprises a second inlet 556 to a second man-
ifold which is in fluid communication with the first subset
528 of the dual main burner outlets 524. A second subset
530 of the dual fuel main burner outlets 524 are in flow
communication with the second fuel reservoir 200 via a
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second flow passage 552. That is to say the ring 526
comprises a third inlet 559 to a second manifold which
is in fluid communication with the second subset 530 of
the dual main burner outlets 524. The first flow passage
550 and second flow passage 552 are fluidly isolated
from one another. The first manifold and second manifold
are fluidly isolated from one another.

[0041] In one example (as shown in figure 2), the first
subset 528 and second subset 530 of the dual fuel main
burner outlets 524 may be provided on the downstream
end/face of the ring 526.

[0042] In asecond example (as shown in figure 8) the
first subset 528 and second subset 530 of the dual fuel
main burner outlets 524 may be provided on the down-
stream end/face of the ring 526 and the second subset
530 of the dual main burner outlets 524 may extend ra-
dially for example as shown in figure 8, exiting the body
ofthe dual fuel main burner upstream of the face on which
the first subset 528 of dual fuel main burner outlets 524
are located.

[0043] The control system 600 may be operable to con-
trol the first flow control valve 512, second flow control
valve 522 and third flow control valve 532 in different
modes of operation, as shown in Figures 3to 7. In figures
3 to 7 arrows overlaid on flow passages indicate flow
along the flow passage. Where there is no arrow indicat-
ing flow, there is no flow.

[0044] Inafirstmode of operation, as showninfigure
3, the first flow control valve 512 is open, the second flow
control valve 522 is closed and the third flow control valve
532 is closed such that only hydrogen is delivered to the
pilot burner 510. The first mode of operation may cor-
respond to a gas turbine engine 400 start, idle and/or
low-power condition.

[0045] The other modes of operation, set out below,
provide a range of power conditions to best match the
requirements of the propulsion system 300 and aircraft
10 mission.

[0046] In a second mode of operation, as shown in
figure 4, the first flow control valve 512 is open, the sec-
ond flow control valve 522 is open and the third flow con-
trol valve 532 is closed such that only hydrogen is deliv-
ered to the pilot burner 510 and dual fuel main burner
520. This may provide a high power cruise condition.
[0047] In a third mode of operation, as shown in fig-
ure 5, the first flow control valve 512 is open to deliver
hydrogen to the pilot burner 510 and both the second
flow control valve 522 and third flow control valve 532
are open such that hydrogen and hydrocarbon fuel HC
are delivered to the dual fuel main burner 520. This may
correspond to a high power condition to maximise CO2
reduction subject to satisfactory NOx emissions.

[0048] In a fourth mode of operation, as shown in
figure 6, the first flow control valve 512 is open such that
only hydrogen is delivered to the pilot burner 510, and
the second flow control valve 522 is closed and the third
flow control valve 532 is open such that only hydrocarbon
fuel HC is delivered to the dual fuel main burner 520. This
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mode may correspond to an aircraft/engine take-off con-
dition..

[0049] Inexamples where the fourth flow control valve
542 is present, the control system 600 is operable to con-
trol the fourth flow control valve 542 to be closed in the
first, second, third and fourth mode of operation.
[0050] Hence in the first, second, third and fourth
mode of operation a constant pilot burner flame is pro-
vided. In examples where hydrocarbon fuel is provided,
this enables leaner burning of the hydrocarbon fuel in the
main burner 520, resulting in a cleaner burn and avoids
arich burning primary zone required by conventional twin
annular staged burners which limits NOx reduction ca-
pability.

[0051] The control system 600 is operable to control
the first flow control valve 512, second flow control valve
522, third flow control valve 532 and fourth flow control
valve 542 such that in a fifth mode of operation, as
shown infigure 7, the first flow control valve 512 is closed,
the second flow control valve 522 is closed and the third
flow control valve 532 is closed and the fourth flow control
valve 542 is open such that only hydrogen is delivered
to the pilot burner 510 from the third fuel reservoir 800.
The fifth mode of operation may correspond to a normal
engine start mode and can be used to provide hydrogen
to the pilot burner when supplies of liquid hydrogen from
the first hydrogen fuel reservoir 100 are not available.
[0052] The control system 600 is operable to control
the first flow control valve 512, second flow control valve
522, third flow control valve 532 and fourth flow control
valve 542 such that in a sixth mode of operation, as
shown in figure 7, the first flow control valve 512 is closed,
the second flow control valve 522 is closed and the third
flow control valve 532 is open such that only hydrocarbon
fuel HC is delivered to the dual fuel main burner 520 (as
indicated by a bold dashed line overlaying flow passage
552) and the fourth flow control valve 542 is open to de-
liver hydrogen to the pilot burner 510 from the third fuel
reservoir 800.

[0053] The control system 600 is operable to control
the first flow control valve 512, second flow control valve
522, third flow control valve 532 and fourth flow control
valve 542 such that in a seventh mode of operation the
first flow control valve 512, and fourth flow control valve
542 are closed such that no fuel is delivered to the pilot
burner 510, and the second control valve (522) is closed
and third flow control valve 532 is open such that only
hydrocarbon fuel HC is delivered to the dual fuel main
burner 520. Such an example may be at higher power
output conditions of the gas turbine engine when a main
flame is stable and the pilot burner is not required. This
mode may also mitigate the risk of thermal distress of
the pilot burner caused by hydrogen combustion at the
very severe Take-Off operating conditions. This mode
may also permit aircraft operation when a source of liquid
hydrogen fuel is not available. For example, this mode
of operation may permit operation/recovery from airports
without hydrogen refuelling stations to airports with such
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a capability. This mode may also correspond to an engine
cruise state, with the pilot burner switched off, as the pilot
burner may only be required for low power operation.
[0054] The control system 600 is operable to control
the rate of opening/closing of the first flow control valve
512, second flow control valve 522 and third flow control
valve 532 relative to one another to transition between
the first mode of operation, second mode of opera-
tion, third mode of operation and/or fourth mode of
operation.

[0055] The control system 600 is operable to control
the rate of opening/closing of the first flow control valve
512, second flow control valve 522, third flow control and
fourth control valve 542 relative to one another to transi-
tion between the modes of operation.

[0056] The fuel injection unit 500 comprising a hydro-
gen pilot injector 510 has been developed to address the
problems created for aircraft 10 and gas turbine engine
400 by the significantly different physical properties of
hydrogen compared to conventional hydrocarbon fuels
HC.

[0057] For the aircraft 10 the major issue of using hy-
drogen as a fuel is the low volumetric density of hydrogen
whichresults in the need forlarge tanks with the attendant
weight and aerodynamic drag penalties. Passenger car-
rying capacity can also be reduced.

[0058] By using liquid hydrogen stored at cryogenic
temperatures (-253K), the volume required to store the
hydrogen fuel in an aircraft is reduced, thus resulting in
less impact on aircraft range.

[0059] The hydrogen tank size required for supplying
the pilot jet will be significantly smaller than an 100%
hydrogen fuelled aircraft 10 and there are more options
where it can be located on the aircraft 10. In addition to
this baseline piloted burner which permits full aircraft 10
range capability, provision of an additional hydrogen feed
to the main burner would permit an increase in CO2
saved without increasing tank size. This flow would be
modulated according to the length of flight.

[0060] Additionally, carrying a supply of hydrocarbon
fuel such as kerosene or sustainable aviation fuel allows
the aircraft 10 to operate over longer flights on both fuels
over the full thrust range.

[0061] Liquid hydrocarbon can be used for the reserve
fuel that has to be carried in case of diversion. This re-
duces the size of the hydrogen tanks and associated
weight and drag penalties.

[0062] The ability to vary the ratio of liquid hydrocarbon
and hydrogen consumed during cruise is another poten-
tial mitigation to manage the increased contrail risk
caused by hydrogen combustion.

[0063] The extreme reactivity of hydrogen and high ex-
tinction strain rate results in excellent flame stability and
permits use of lower equivalence ratios to reduce flame
temperature without flame weak extinction problems
when operating at low power or under-fuelling conditions
when decelerating the gas turbine engine 400.

[0064] The use of a hydrogen fuelled pilot zone that
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can be operated at very low equivalence ratios has the
potential to remove the constraint limiting the NOx reduc-
tion that can be achieved by current burner concepts.
[0065] This arrangement of the present disclosure
would also permit the supply of additional hydrogen to
the main burner to be restricted to flight conditions such
as cruise where the compressor delivery pressures and
temperatures are significantly lower and the risk of dam-
aging the fuel injector is reduced. Injecting the hydrogen
to the main burner airflow ensures combustion at a low
equivalence ratio and low emissions. The lower hydrogen
flow also reduces the size of the fuel delivery and heat
management system.

[0066] Low power operation around the airport can be
hydrogen fuelled which will reduce unburnt hydrocarbon
and particulate emissions.

[0067] Hydrogen is predicted to be lower cost than
green synthetic fuels which require hydrogen and cap-
tured CO2 to be processed. The hydrogen pilot also re-
duces NOx emissions from aircraft 10 using either sus-
tainable or conventional hydrocarbon fuel HCs.

[0068] Providing a source pressurised hydrogen gas
as well as liquid hydrogen gas is advantageous as pres-
surised hydrogen can be stored for long periods without
the boil off issues of liquid hydrogen. This combination
of fuel sources would permit operation/recovery from air-
ports without hydrogen refuelling stations to airports with
that capability. The aircraft range capability would de-
pend on the pressurised tank size and pilot burner flow
rate.

[0069] Additionally, a combustor configured for liquid
hydrocarbon fuel (e.g. kerosene) use may be employed
with the fuel injection unit 500, rather than a specially
configured combustor for dual fuel use. That is to say,
starting with a combustor design optimised for take-off
operation, with ports and cooling configured for a Take-
Off (normally Hot Day) operating point with the control
system delivering kerosene to the main burner has been
determined to be a suitable configuration to achieve the
lowest practical primary zone temperature for the turbine
entry temperature required at that flight condition. This
sets the quantity of air available for liner cooling and di-
lution.

[0070] The inventors have determined that at the take-
off condition the higher flame temperature of hydrogen
dictated a leaner combustor primary zone is required to
avoid excessive NOx leaving less air for cooling and di-
lution. A propulsion system according to the present dis-
closure is provided with a combustor configured to use
kerosene at a take-off condition, and to exploit the excel-
lent flame stability burning characteristics of hydrogen in
the pilot zone.

[0071] In the propulsion system of the present disclo-
sure, in order to increase the quantity of hydrogen that
is consumed in a flight, additional hydrogen is delivered
to the main burner during cruise.

[0072] The control system arrangement of the present
disclosure permits the ratio of hydrogen to hydrocarbon
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to be varied to therefore enable the performance of the
propulsion system to be "tuned" as required.

[0073] Attention is directed to all papers and docu-
ments which are filed concurrently with or previous to this
specification in connection with this application and which
are open to public inspection with this specification, and
the contents of all such papers and documents are in-
corporated herein by reference.

[0074] All of the features disclosed in this specification
(including any accompanying claims, abstract and draw-
ings), and/or all of the steps of any method or process
so disclosed, may be combined in any combination, ex-
cept combinations where at least some of such features
and/or steps are mutually exclusive.

[0075] Each feature disclosed in this specification (in-
cluding any accompanying claims, abstract and draw-
ings) may be replaced by alternative features serving the
same, equivalent or similar purpose, unless expressly
stated otherwise. Thus, unless expressly stated other-
wise, each feature disclosed is one example only of a
generic series of equivalent or similar features.

[0076] The invention is not restricted to the details of
the foregoing embodiment(s). The invention extends to
any novel one, or any novel combination, of the features
disclosed in this specification (including any accompa-
nying claims, abstractand drawings), or to any novel one,
or any novel combination, of the steps of any method or
process so disclosed.

Claims

1. A propulsion system (300) for an aircraft (10) com-
prising:

a first fuel reservoir (100) configured for storing
hydrogen (H2-1);

a second fuel reservoir (200) configured for stor-
ing a hydrocarbon fuel (HC);

a gas turbine engine (400) comprising a fuel in-
jection unit (500) comprising :

a hydrogen pilot burner (510) in fluid com-
munication with the first fuel reservoir (100)
via a first flow control valve (512);

a dual fuel main burner (520) in fluid com-
munication with the first fuel reservoir (100)
via a second flow control valve (522) and in
fluid communication with the second fuel
reservoir (200) via a third flow control valve
(532);

a control system (600) operable to control:

the first flow control valve (512) to con-
trol the flow of hydrogen (H2-1) from
the first fuel reservoir (100) to the hy-
drogen pilot burner (510);

the second flow control valve (522) to
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control the flow of hydrogen from the
first fuel reservoir (100) to the dual fuel
main burner (520);

the third flow control valve (532) to con-
trol the flow of the hydrocarbon fuel
(HC) from the second fuel reservoir
(200) to the dual fuel main burner (520).

2. A propulsion system (300) as claimed in claim 1
wherein the first fuel reservoir (100) is a low temper-
ature and low-pressure reservoir for storing liquid
hydrogen; and

the propulsion system further comprises a third
fuel reservoir (800) configured for storing pres-
surised hydrogen gas (H2-2);

the third fuel reservoir (800) being in fluid com-
munication with the hydrogen pilot burner (510)
via a fourth flow control valve (542);

the control system (600) operable to control:

the fourth flow control valve (542) to control
the flow of hydrogen (H2-2) from the third
fuel reservoir (800) to the hydrogen pilot
burner (510);

the third fuel reservoir (800) being in fluid
communication with the hydrogen pilot
burner (510) via a fourth flow control valve
(542).

3. A propulsion system (300) as claimed in claim 2
wherein
the first fuel reservoir (100) is in fluid communication
with the hydrogen pilot burner (510) via a heat ex-
changer (110) configured to deliver heat to the liquid
hydrogen delivered from the first fuel reservoir (100)
to convert it into gaseous form.

4. A propulsion system (300) as claimed in any one of
claims 1 to 3 wherein: the hydrogen pilot burner (510)
comprises aplurality of flow outlets (514) in flow com-
munication with the first fuel reservoir (100).

5. A propulsion system (300) as claimed in claims 1 to
3 wherein:
the hydrogen pilot burner (510) comprises a plurality
of flow outlets (514) in flow communication with the
first fuel reservoir (100) and the third fuel reservoir
(800).

6. A propulsion system (300) as claimed in any one of
the preceding claims wherein:

the dual fuel main burner (520) comprises a plu-
rality of outlets (524, 528) which surround the
hydrogen pilot burner (510);

wherein a first subset (528) of dual fuel main
burner outlets (524) are in flow communication
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with the first fuel reservoir (100) via a first flow
passage (550); and a second subset (530) of
the dual fuel main burner outlets (524) are in
flow communication with the second fuel reser-
voir (200) via a second flow passage (552); the
first flow passage (550) and second flow pas-
sage (552) being fluidly isolated from one an-
other.

7. A propulsion system (300) as claimed in any one of

the preceding claims wherein the control system
(600) is operable to control the first flow control valve
(512), second flow control valve (522) and third flow
control valve (532) such that:

a. in a first mode of operation, the first flow
control valve (512) is open, the second flow con-
trol valve (522) is closed and the third flow con-
trol valve (532) is closed such that only hydrogen
is delivered to the pilot burner (510);

b.in a second mode of operation, the first flow
control valve (512) is open, the second flow con-
trol valve (522) is open and the third flow control
valve (532) is closed such that only hydrogen is
delivered to the pilot burner (510) and dual fuel
main burner (520) ;

c. in a third mode of operation, the first flow
control valve (512) is open to deliver hydrogen
to the pilot burner (510) and both the second
flow control valve (522) and third flow control
valve (532) are open such that hydrogen and
hydrocarbon fuel (HC) are delivered to the dual
fuel main burner (520); and

d. in a fourth mode of operation, the first flow
control valve (512) is open such that only hydro-
gen is delivered to the pilot burner (510); the
second flow control valve (522) is closed and
the third flow control valve (532) is open such
that only hydrocarbon fuel (HC) is delivered to
the dual fuel main burner (520).

8. A propulsion system (300) as claimed in claim 7

when dependent on claim 2 wherein the control sys-
tem (600) is operable to control the fourth flow control
valve (542) to be closed in the first, second, third,
and fourth mode of operation.

A propulsion system (300) as claimed in claim 8
wherein the control system (600) is operable to con-
trol the first flow control valve (512), second flow con-
trol valve (522), third flow control valve (532) and
fourth flow control valve (542) such that:

in a fifth mode of operation, the first flow con-
trol valve (512) is closed, the second flow control
valve (522) is closed and the third flow control
valve (532) is closed and the fourth flow control
valve (542) is open such that only hydrogen is
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10.

1.

12.

13.

14.

15.

delivered to the pilot burner (510) from the third
fuel reservoir (800); and

in a sixth mode of operation the first flow con-
trol valve (512) is closed, the second flow control
valve (522) is closed; the third flow control valve
(532) is open such that only hydrocarbon fuel
(HC) is delivered to the dual fuel main burner
(520); and the fourth flow control valve (542) is
opentodeliver hydrogen to the pilot burner (510)
from the third fuel reservoir (800).

A propulsion system (300) as claimed in any one of
claims 2 to 9 wherein the control system (600) is
operable to control the first flow control valve (512),
second flow control valve (522), third flow control
valve (532) and fourth flow control valve (542) such
that:

in a seventh mode of operation the first flow control
valve (512), and fourth flow control valve (542) are
closed suchthat nofuelis delivered to the pilot burner
(510), and the second control valve (522) is closed
and third flow control valve (532) is open such that
only hydrocarbon fuel (HC) is delivered to the dual
fuel main burner (520).

A propulsion system (300) as claimed in any one of
the preceding claims wherein the gas turbine engine
(400) further comprises a combustor (700).

An aircraft(10) comprising a propulsion system (300)
as claimed in any one of claims 7 to 11 wherein: the
control system (600) is operable to control the rate
of opening/closing of the first flow control valve (512),
second flow control valve (522) and third flow control
valve (532) relative to one another to transition be-
tween the first mode of operation, second mode
of operation, third mode of operation and/or
fourth mode of operation.

An aircraft(10) comprising a propulsion system (300)
as claimed in claim 9 wherein: the control system
(600) is operable to control the rate of opening/clos-
ing of the first flow control valve (512), second flow
control valve (522), third flow control and fourth con-
trol valve (542) relative to one another to transition
between the modes of operation.

An aircraft(10) comprising a propulsion system (300)
as claimed in claims 7 to 11 wherein the first mode
of operation corresponds to a gas turbine engine
(400) start, idle and/or low-power condition.

An aircraft(10) comprising a propulsion system (300)
as claimed in claim 14 wherein: the other modes of
operation provide a range of power conditions.
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