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Abstract: Emissions are important drivers in the design and use of aero-engines. This paper
presents a part of the work carried out in the VITAL (EnVIronmenTALly aero-engine) project; it
consists of a parameter study on the application of three innovative thermodynamic cycles to
aircraft propulsion, looking for benefits on fuel consumption, carbon dioxide, nitrogen oxides,
and noise. These cycles are intercooler-regenerative, the wave rotor topping, and the constant
volume combustor cycles. The work, starting from a next-generation ultra-high bypass ratio
turbofan, the baseline, and considering two possible design conditions, presents the influence
of the application of these new cycles or design changes to the baseline on emissions and on
the required technological level, represented by the turbine entry temperature (TET). VITAL
is a project supported by the Sixth Framework Programme of the European Communities. The
results show that some significant benefits on emissions can be achieved although they are linked
to significant technology improvements and in-depth studies of the new components involved
in cycle implementation.

Keywords: aero-engine, emissions, turbofan, innovative cycles, regenerative, intercooler, wave
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1 INTRODUCTION

Modern air transport has developed into a common
means of travel. Apart from short-term fluctuations,
the average worldwide growth in air travel is expected
to continue at a rate of about 5 per cent per annum
[1–3].To some extent, the previous growth was enabled
by the long-term development and application of
advanced aero-engine technologies that focussed pri-
marily on minimum fuel consumption as well as on
manufacturing and maintenance economics.

Today, besides fuel consumption and manufac-
turing and maintenance economics some additional
drivers have drastically increased the importance of
improved aero engine technologies. They are the pol-
lutants: the emissions, NOx , gases leading to green
house effects, basically the CO2 measured by the
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specific thrust fuel consumption (SFC) or the fuel con-
sumed per unit of the thrust, and the noise generated
by the engine components [1–7]; more efficient, eco-
nomic, and environmental-friendly aero-engines are
required worldwide. More efficient engines require
the design of an aero-engine with higher thermal and
propulsive efficiencies; any increase in the thermal
efficiency or in the propulsive efficiency will bring
down the SFC for a given flight velocity, which will
also decrease the burnt fuel and CO2 production.
The specific thrust (ST), which represents the amount
of thrust per unit of airflow mass coming into the
engine, is another important engine variable to be
considered; it is a measure of the engine size, weight,
and drag for conventional or near-conventional aero-
engines, and it also influences the burnt fuel [8] and
the noise emission. A higher ST lowers engine size.
The development of more efficient and less pollut-
ing or environment-friendly aero-engines requires the
maximum temperature and the overall pressure ratio
of the cycle to be pushed up to improve their lim-
its [4, 9, 10] while curbing down the SFC and the
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nitrogen oxides, but also keeping in mind the current
technology levels. Many studies have been carried out
focusing on these general objectives, evolving from
the standard Brayton cycle [2, 4, 11–16]. Reference
[6] presents interesting ideas on future revolutionary
propulsion systems as micro propulsion systems inte-
grated into the aircraft structure and aerodynamics,
and also aircraft distributed fans driven by a central
engine system. Reference [2] also presents additional
ideas, including possible applications of non-aero-
engine standard cycles as well as engine components
improvement to increase engine efficiencies. Refer-
ence [11] also presents a nice comparison between
interesting future candidate cycles.

Many European programmes, supported by the
European Commission through their different frame-
work programmes, are driven by these objectives; two
of them are the CRYOPLANE, devoted to alternative
fuels, hydrogen [17, 18], and the VITAL (environmen-
tal friendly aero-engine), under which programme
the present work has been carried out [19]. The pri-
mary objective of the VITAL programme consists in
developing the technology that permits the short-
term application of an optimized low-pressure turbine
(LPT) spool, which drives a fan with an ultra-high-
bypass ratio (UHBR) and a booster in the engine
core, and evolves from a previous fixed modern gas
generator. Direct and gear drives as well as counter-
rotating fans are included. This translates into an
improvement of the propulsive efficiency and also the
possibility that the whole LPT spool weight would
reduce. Looking to a long-term evolution, the VITAL
project includes a task devoted to innovative cycles,
which could improve engine efficiencies and emis-
sions, although such cycles could come under non-
conventional engine configurations; a part of the work
carried out in this task is presented here.

This paper presents a work carried out, in the VITAL
project, on the application of some innovative cycles to
turbofan aero-engines with UHBRs (UHBRTF), bypass
ratios above 12. Starting from the assumption that
the LPT spool and the bypass stream have been opti-
mized to get a maximum feasible propulsive efficiency
and considering the expected technology improve-
ment in the VITAL project, different innovative cycles
have been applied to the engine core to improve per-
formances. Performances are focused on SFC, and ST
improvement, as well as on emissions and noise lev-
els. In this study, the expected VITAL technology level
is also considered as the baseline technology level.

2 CANDIDATE CYCLES DESCRIPTION

Recently, much work has been devoted to the ana-
lysis of innovative cycles and innovative components
for aircraft propulsion systems. Reference [6] suggests

some interesting ideas on future revolutionary propul-
sion systems as micro propulsion systems and air-
craft distributed fans. Reference [2] also points out
additional ideas, including possible applications of
non-aero-engine standard cycles, whereas reference
[11] presents a nice comparison between Brayton,
PDE, and constant volume (CV) cycles. References [5]
and [20] present the application of inter-stage tur-
bine combustion and continuous turbine combustion
cycles; the results show an important benefit of ST, but
with an increase of SFC due to a lower propulsive effi-
ciency, requiring therefore a new combustor–turbine
technology. NASA has also devoted much work to the
wave rotor simulation and development [14, 21–26].
Three cycles have received a special attention for their
application to turbojets during in recent years. All are
based on the application of some modifications to the
standard Brayton cycle to obtain a higher efficiency
by introducing new components. These cycles are:
(a) intercooler-regenerative cycle (IRC), (b) the wave
rotor topping cycle (WRTC), (c) the pulse detonation
engine (PDE) cycle and the CV cycle or the Humphrey
cycle, which really represents a first approximation
to PDE cycle [11]. This paper will be devoted to the
study of these three cycles, searching for a perfor-
mance improvement when they are applied to a next
generation of turbofan engines as the VITAL engines
are expected to be. The work will be based on their
possible benefits to SFC, ST, emissions, and noise
levels as well as to the improvements in technology.
The following paragraphs present a brief description
of each.

1. The IRC. In this cycle, the intercooler (IC), a
heat exchanger, cools the mass flow coming into
the high-pressure compressor (HPC), transferring
energy from the engine core stream to the bypass
stream at the exit of the outer fan (Fig. 1). This
saves energy in the compression process, thereby
improving the bypass contribution to the engine’s
ST, but additional fuel is required to obtain a
given temperature at the exit of the combustor.
This increase of fuel flow is compensated by an
energy transfer from the exit of the LPT to the
entrance of the combustor, the regenerative heat
exchanger (RHE); the mechanical energy available
at the exit of the LPT decreases smoothly produc-
ing an increase of thermal efficiency. It is a typical
application in sea and terrestrial power generation
[27–31], and in other special applications [32, 33].
Some works can be found on the IRC application
to aero-engines, especially in international sym-
posia, including the development of heat exchang-
ers for aero-engine applications [34, 35]. Finally,
NEWAC (new aero-engine core concept) is also a
European project devoted to the development of
these technologies [36].
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Fig. 1 IRC block and h and s diagrams

2. The WRTC. Wave rotors are devices that use
unsteady waves to compress and expand air in a
single device. The wave rotor consists of a duct
or multiple ducts, near-parallel to the rotating axe,
surrounded by a stationary casing; the casing end
walls are penetrated by inlet and outlet ports that
carry gas to and from the rotor passages or ducts.
At any time, sectors of the rotor flow annuli are
exposed to the ported flow while the remaining
sectors face the casing end walls [37, 38]. At the
inlet port, low-pressure gas in the rotor passage
is exposed to the high-pressure port flow; a com-
pression wave compresses the passage gas and,
thus, allows the incoming gas to enter the rotor. At
the exhaust port, high-pressure passage gas is sud-
denly exposed to low-pressure exhaust port flow;
an expansion wave propagates into the rotor pas-
sage, reduces the passage pressure, and discharges
the passage gas into the exhaust port. The air,
coming from the compressor, flows into the pas-
sage on the wave rotor, where it is compressed
by compression waves and shock waves, it then
leaves the wave rotor passing through the combus-
tor (CC). From the combustor, the hot gas returns
to the wave rotor and expands out to a lower pres-
sure; passing through the wave rotor, the gases
are first compressed and then expanded. Thus, a
wave rotor combines in a single device the func-
tions performed by a compressor and a turbine in
a high spool (Fig. 2). Also, since the wave rotor is
washed alternatively by cool air from the compres-
sor and hot combustion gases, it is self-cooled, and
permits the increase of the upper cycle pressure

and temperature improving the thermal efficiency.
NASA paid much attention to the wave rotor for
aero-engine applications in the 1990s, including the
design of demonstrators [23]. Also, during the last
years, much work has been devoted to wave rotor
studies [37–41].

3. The CV cycle. The constant volume combustor
(CVC) cycle has also been studied due to its sim-
plicity and as an estimate of the PDE cycle. The CV
cycle replaces the standard combustor by a CVC;
a small vessel or duct is fed with air coming from
the compressor (Fig. 3). Once it is closed, the fuel
is injected into the vessel and burnt; it is then
opened and gases are discharged to the turbine
entry. This combustor increases the cycle pressure,
saving energy in the compression process, and sav-
ing also some HPC stages for the overall engine
pressure ratio. References [11], [42], and [43] are
devoted to interesting, related topics.

3 PERFORMANCE MODEL

The study has been applied to the short range gear tur-
bofan (GTF) engine at sea level static (SLS) and Inter-
national Standard Atmosphere plus 15 ◦C (ISA+15),
and at cruise conditions (10 668 m and M0 = 0.8); here-
after, this engine will be referred as the baseline engine,
and its values at the respective flight conditions will
represent the reference values in this work. Similar
qualitative and quantitative results are obtained when
the study is applied to other VITAL engines as long-
range engines, for example, to the long-range GTF
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Fig. 2 WRTC block and h and s diagrams

Fig. 3 CVC cycle block and h and s diagrams

engine. In the parameter study, it is assumed that
bypass data (bypass ratio, outer fan pressure ratio,
outer fan efficiency, and mass flow), booster data
(pressure ratio and efficiency), and inner fan data
(inner fan pressure ratio and inner fan efficiency) are
constant and equal to the engine baseline values; they
will represent the VITAL optimized LPT spool. Addi-
tionally, the bled air for turbine cooling is also assumed

constant, justified by the constraint that the expected
VITAL technology limit is assumed; this limit is repre-
sented by the TET value (the TET to the high-pressure
turbine). All changes to the baseline engine, search-
ing for an engine efficiency improvement, are applied
to the core stream between the exit of the booster
or intermediate pressure compressor (IPT) and the
entrance of the core exit nozzle, with some interactions
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with the bypass stream at the exit of the outer fan.
These cases are: (a) the IRC where the IC intercepts the
core and bypass streams; (b) the CV where the bypass
stream is used to cool the CVC (Figs 1 to 3).

The thermodynamic model for standard turbofans
is well known and its description can be found in
any text book or conceptual papers [44–46]. As this
work deals with real engines, it will also deal with
enthalpy and entropy, considering that the transport
coefficients change with the temperature, and that the
composition and the air mass flow are changing along
the engine. The influence of the fuel air ratio, far, the
constant pressure specific heat, Cp, and the specific
heat ratio, γ , and variations with temperature are con-
sidered. Figures 1 to 3 show the block and the h–s
diagrams of each cycle, where significant differences
with respect to the standard Brayton cycle are present.
The methodology applied to manage and study these
differences are presented in next paragraphs.

1. The IRC. There are two important differences: (a)
the IC heat exchanger; (b) the RHE (Fig. 1).
(a) The IC cools the whole core mass flow but only

heat up a part of the bypass mass flow, wcool,
where wcool represents the ratio between the
bypass-heated mass and the total bypass mass
flow. A simple model has been applied to study
the heat transfer process. The model assumes
that both streams run in parallel until they
reach the same temperature; this is equivalent
to a mixing of two streams, with no heat addi-
tion and with the same composition; equiv-
alent heat transfer could be obtained with a
reasonable heat exchanger size by using a cross-
or a counter-flow heat exchanger. This condi-
tion along with the stagnation pressure losses
at both heat exchanger sides, defines the exit
conditions of both streams. Then, the bypass-
heated stream and the main bypass stream
expand out to ambient conditions in two sep-
arate convergent nozzles, assuming the same
stagnation pressure losses in both nozzles.

(b) The RHE is responsible for the energy trans-
fer from the LPT exit to the combustor entry.
It is defined by the stagnation pressure losses
on both streams, cool and hot, and the regen-
erative thermal ratio or regenerative efficiency,
ηR, given by the expression (1)

ηR = T35 − T3

T5 − T3
(1)

2. The WRTC. The WRTC represents the easiest case
from a simulation point of view (Fig. 2). The wave
rotor accomplishes the functions of a standard
high spool, as such a high spool is usually sim-
ulated. Then, it will be considered as a standard

high-pressure spool integrated by the compressor,
standard combustor, and turbine [14].

3. The CV. In this case, the standard combustor and
the HPC or some stages of the HPC are replaced
by a CVC. The CVC is modelled as a vessel, that is
filled with air, and once it is closed, some amount of
fuel is added and burnt. The condition of constant
volume leads to the expression

P4

R4T4
= P3k3k4

R3T3

(
1 + farc

)
(2)

This expression links the farc in the combustor
and the combustor entry and exit conditions, given
by the pressure at the exit of the HPC, P3, the pres-
sure at the exit of the combustor, P4, before bleed
mixing, and the gas constants at the respective sec-
tions. The constants k3 and k4 represent a measure
of the pressure losses originated by the closing and
opening combustor system, respectively. Therefore,
the energy equation applied to the combustor leads
to expression (3), which also links the entry and exit
combustor conditions, and where kcool represents
the ratio between the energy transferred to bypass
by the CVC cooling process and the energy that can
be obtained from the burnt fuel, c · FHV, where c is
the rate of the burnt fuel mass and FHV is its lower
fuel heating value. kcool = 0.10 represents that 10 per
cent of the energy coming from the burned fuel is
transferred to the bypass in the cooling process

h4 =
{h3 + farc · [FHV · (1 − kcool)

+Cpf · (Tf − 298.3)]}
1 + farc

(3)

In expression (3), h4 and h3 represent the stagna-
tion enthalpies per unit of mass flowrate at the exit
of the combustor and compressor, respectively, and
Cpf is the constant pressure specific heat of the fuel,
Tf is its temperature at injection conditions, and
298.3 K is the standard temperature at which FHV
is measured. Once the entry conditions, the pres-
sure losses, farc, the lower fuel heating value, and
the transferred energy to the bypass are given, kcool,
the expressions (3) and (4) provide the combustor
exit conditions.

The bypass stream coming from the exit of the
outer fan is used to cool the CVC (CS in Fig. 3). Once
it has cooled the combustor is expanded out to
ambient conditions in a separate convergent noz-
zle as in the IC model. The enthalpy at the exit of
the cooling process in accordance with the consid-
eration made in the last paragraph, is given by

h14 = h13 + kcool · farc · FHV
w3

w14
(4)

where w3 is the mass, which goes through the CVC
and w14 is the mass flow of the bypass stream,
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w14 = wcool · w12, which is used to cool the com-
bustor. The influence of the mass flow w14 on the
engine performances is considered; h14 and h13 rep-
resent the stagnation enthalpies per unit of mass
flow at the respective engine sections.

Additional considerations must be taken into
account on cooling bleeds; it must be kept in mind that
only the nozzle guide vanes (NGV) and the rotor of the
HPT turbine require cooling air. These cooling airs are
assumed constant, as in the baseline and was stated
before, but they need some additional comments.

1. The IRC. There are three possibilities: (a) both
bleeds are taken from the exit of the HPC or the
entry of the RHE, (b) both bleeds are taken from the
exit of the RHE, before the combustor entry, (c) one
bleed is taken from the entry of the heat exchanger,
the cooling air for the NGV of the HPT, and the other
one from the exit of the heat exchanger. For the third
case alone, some comments will be presented.

2. The CV and the WRTC. In both cases, the pressure
at the exit of the HPC is usually lower than the pres-
sure at the entry of the HPT turbine. An accessory
pressure compressor (APC) will be used to increase
the cooling air pressure, from the pressure at the
bleed section to the value at the entry of the HPT.

3. Mixing process. The NGV cooling air is mixed with
the main stream at the exit of the NGV, while the
HPT rotor cooling air is mixed at the exit of the
rotor. In both cases, the mixing is made at con-
stant pressure, the stagnation pressure of the main
stream, and assuming that the stagnation enthalpy
is constant in the mixing process.

Some considerations must also be taken into account
on emissions. First of all, the SFC is a measure of the
CO2 production and a study of the SFC can be trans-
lated to CO2 emissions. Estimations of NOx , and noise
level are complex tasks, requiring the knowledge of the
components geometry, which is not known, especially
in the case of a non-standard combustor; reference [9]
presents a good summary on emissions. For NOx emis-
sions, the correlation from reference [47], which uses
the pressure P3 in the combustor and the combustion
temperature T4, is used (expression (5)); it also offers
qualitatively the same results as reference [48]. The
author’s data offer a good agreement with experimen-
tal data and conceptually they could be applied to any
combustor; it must be kept in mind that the pressure
and temperature, given a farc value, represent a mea-
sure of the equilibrium composition. P3 is expressed
in MPa and T4 in kelvin for NOx calculation in expres-
sion (5). For the CV cycle, the pressure at the end of
combustion process is considered.

Finally, in this study, only the noise due to the jets
has been considered. The jet noise is a consequence
of the fluid velocity at the nozzle exit; consequently,

the ST is a measure of the noise. Then, the increase
or decrease of the ST, in a first estimate, translates,
respectively, into an increase or decrease of the noise
level. The other components will be assumed as in the
baseline or with minor changes depending on the case
under study

NOx = 1.05 · 10−6P0.5
3 e0.008T4 (ppmv) (5)

4 RESULTS

Different designs are possible starting from the short-
range GTF engine, the baseline engine, and once the
new components are defined. These new compo-
nents are defined by their characteristic parameters;
an example could be the heat exchangers in the IRC.
The RHE is defined by its regenerative efficiency and
the stagnation pressure losses in both streams, while
the IC is defined only by the stagnation pressure
losses in both streams, core, and bypass; this can be
inferred from the performance model. Two represen-
tative designs are considered: (a) design for constant
TET, the same as in the baseline engine, and (b) design
for constant ST, the same as in the baseline engine;
in the first one, the VITAL technology limit for the gas
generator is fixed, while in the second one the benefits
of using lower TETs are also considered. These designs
were done at two flight conditions: SLS and cruise,
but no attempts have been made to match part loads,
except for the IRC configuration. For both design con-
ditions, the overall pressure ratio is the free parameter
to fix the thermodynamic cycle, once the characteris-
tic parameters that define that the new components
are fixed; the influence of these characteristic param-
eters are presented in the next paragraphs. Section
4.1 presents the results for both design conditions at
SLS (SLS ISA + 15) and section 4.2 shows the results
for both design conditions at cruise (10 668 m and
M0 = 0.8). All the results presented in this paper are
scaled by the reference values and any delta represents
the difference between the variable under study and its
respective reference value; these reference values cor-
respond to the baseline engine values at the respective
flight conditions, SLS ISA + 15 or cruise, depending
on the flight conditions at which the parameter study
is done.

4.1 Results for designs at SLS

4.1.1 The intercooler-regenerative cycle

Figures 4 to 9 present the results for constant ST
designs and wcool = 0.1; this means that 10 per cent
of the total bypass stream goes through the IC. This
value increases the cycle possibilities of using an RHE
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Fig. 4 Influence of the overall pressure ratio and the
regenerative efficiency (0.9, . . . , 0.6) on SFC at SLS
ISA+15 for constant ST design and cooling air
bled before the RHE

Fig. 5 Influence of the overall pressure ratio and the
regenerative efficiency (0.9, . . . , 0.6) on SFC at SLS
ISA+15 for constant ST design and cooling air
bled at the exit of the RHE

Fig. 6 Influence of the overall pressure ratio and the
regenerative efficiency (0.9, . . . , 0.6) on cooling
availability at SLS ISA+15 for constant ST design
and cooling air bled before the RHE

Fig. 7 Influence of the overall pressure ratio and the
regenerative efficiency (0.9, . . . , 0.6) on cooling
availability at SLS ISA+15 for constant ST design
and cooling air bled at the exit of the RHE

Fig. 8 Influence of the overall pressure ratio and the
regenerative efficiency (0.9, . . . , 0.6) on TET at SLS
ISA+15 for constant ST design and cooling air
bled before of the RHE

Fig. 9 Relative variation of NOx emissions with the over-
all pressure ratio and the regenerative efficiency
(0.9, . . . , 0.6) at SLS ISA+15 for constant ST design
and cooling air bled before the RHE
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installed in the bypass; it also improves the ST capabil-
ities of the engine; this possibility of using a RHE is also
due to a lower HPC exit temperature as a consequence
of a lower HPC entry temperature. Similar qualitative
results will be obtained if this value is increased or
decreased.The stagnation pressure losses are assumed
to be the same for all the heat exchangers and equal
to 3 per cent, which can be reasonable for SLS condi-
tions [49]. These losses will increase if highly compact
heat exchangers are used; in this way, a 1 per cent pres-
sure loss increase in any heat exchanger will translate
into an approximate increase of 0.1–0.2 per cent in the
SFC. Finally, the influence of the regenerative thermal
ratio or regenerative efficiency is also included in the
parameter study, with values ranging from 0.6 to 0.9;
RG0.6, RG0.7, RG0.8, and RG0.9 in the different figures.
Practically no benefits on SFC are obtained for ηR = 0.6
(Figs 4 and 5), while for ηR = 0.9 the maximum benefits
on SFC are obtained. ηR = 0.9 represents a charac-
teristic value in terrestrial applications, which will be
difficult to achieve in aero-engines, and consequently,
it would represent a target for aero-engine applica-
tions. The case of ηR = 0.9 and no stagnation pressure
losses in the heat exchangers is also included as a
reference and a measure of the maximum achievable
benefits on SFC; it is called HEideal in the different plots.

Figures 4 and 5 show the benefits of SFC of both
cooling bleed configurations and constant ST designs.
These benefits vary from practically nil for ηR = 0.6
to above 15 per cent for ηR = 0.9, and low overall
pressure ratios when the cooling air is bled at the
exit of the RHE. The higher benefits of this config-
uration come from the fact that the cooling air is
bled at a higher temperature than when the cooling
air is bled at the RHE entry, although this configura-
tion could have dangerous effects on turbine cooling.
Figures 6 and 7 show a measure of the ability of the
cooling air to accomplish its function for both cool-
ing configurations, respectively; they present the ratio
of the temperature difference, �Tcooling, between the
temperature at the entry of the HPT NGVs and the
temperature at the bleed section, and the same value
for the baseline engine. Figure 6 shows a much higher
�Tcooling than the baseline for the case of cooling air
bled at the RHE entry, which would permit a decrease
of cooling air mass flow and consequently obtain
higher benefits for the SFC than the ones presented
in Fig. 4. Figure 7, where the cooling air taken from the
exit of the RHE, shows a clear loss of cooling ability for
high RHE efficiencies, and low overall pressure ratios
when the higher benefits for the SFC can be reached, so
their benefits seem to be overestimated. These figures
also show an important overall pressure ratio reduc-
tion, and the consequent decrease of the HPC size and
weight for low SFC designs, overall pressure ratios of
about 12, and when it is compared with the baseline
engine. Figures 8 and 9 also present additional benefits

for TET and NOx emissions for the case of cooling air
bled at the RHE entry; practically, the same results
are obtained in the case of cooling air bled at the exit
of the RHE. For the case of maximum benefits for SFC,
the engine TETs and NOx emissions practically take
the baseline engine values. For higher overall pressure
ratios, however, when there are clear benefits for SFC
and NOx emissions, also there are clear benefits for
TET, and consequently, on engine life (Figs 4, 5, and 8).
A decrease of about 20◦ on TET will double the turbine
life. The same study has been carried out for the third
cooling configuration and the results lead to the same
conclusions; these results have not been included here
to avoid an excessive data presentation.

Figures 10 and 11 present some results for constant
TET designs. These results lead to the same conclu-
sions as given previously with the difference that here
there is a SFC benefit for ST, but also an increase

Fig. 10 Influence of the overall pressure ratio and the
regenerative efficiency (0.9, . . . , 0.6) on SFC at
SLS ISA+15 for constant TET design and cooling
air bled at the exit of the RHE

Fig. 11 Gain of ST with the overall pressure ratio and
the regenerative efficiency (0.9, . . . , 0.6) at SLS
ISA+15 for constant TET design and cooling air
bled at the exit of the RHE
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of TET when compared with the results obtained for
constant ST designs (Figs 8, 10, and 11). All cooling
bleed configurations have been studied, as in the case
of constant ST design, but not all results are presented
to avoid excessive data and they would lead to the
same conclusions.

4.1.2 The WRTC cycle

The WRTC is simulated as a standard turbofan cycle to
which an extra standard high spool has been added,
the wave rotor. An efficiency of 0.83 has been assumed
for the compression and expansion processes [14],
whereas the wave rotor pressure ratio has been varied
from 1 to 3.6, a wave rotor pressure ratio that seems
to be achievable [14, 15, 22]; the same efficiency has
been assigned to the APC, used to compress the cool-
ing air. Here also two design conditions, constant TET,
and constant ST, have been considered.

Figures 12 to 16 show the results for both design
conditions. This cycle significantly increases the

Fig. 12 Variation of overall pressure ratio with wave
rotor pressure ratio for constant TET design
(TET), and constant ST design (ST) at
SLS ISA+15

Fig. 13 Increase of maximum cycle temperature with
the wave rotor pressure ratio for constant TET
design (TET), and constant ST design (ST) at
SLS ISA+15

Fig. 14 Influence of the wave rotor pressure ratio on SFC
at SLS ISA+15 for constant ST design (ST), and
constant TET design (TET)

Fig. 15 Gain of TET with the wave rotor pressure ratio
for constant TET design (TET), and constant ST
design (ST) at SLS ISA+15

Fig. 16 Influence of the wave rotor pressure ratio on
NOx emissions, for constant TET design (TET)
and constant ST design (ST) at SLS ISA+15

maximum cycle pressure and temperature (Figs 12
and 13), then, a thermal efficiency and SFC improve-
ment is expected. Figure 14 presents the SFC improve-
ment for both designs; for an achievable wave rotor
pressure ratio of 2.5 [14, 15, 22], an improvement
between 3 and 6 per cent is possible, depending on the
design conditions. Additionally, while Fig. 14 presents
a benefit of 3 and 6 per cent on SFC for constant TET
and constant ST designs, respectively, Fig. 15 presents
an important decrease of the TET for constant ST
designs, which will translate into a clear increase of
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the engine life with no excessive increase of NOx emis-
sions (Fig. 16). The constant ST design shows a clear
advantage over the constantTET design, getting higher
benefits on SFC and also an important decrease of
the TET. The increase of the maximum cycle pres-
sure and temperature originates a clear increase of the
NOx emissions independently of the correlation used
for its calculation (Fig. 16). Finally, assuming that the
WRTC is self-cooled and consequently, the maximum
cycle temperature is not a dramatic problem, it clearly
increases the NOx emissions, when compared with the
baseline engine, and also provides lower benefits on
SFC than the IRC.

4.1.3 The CV cycle

A steady process has been considered in the CV cycle
simulation, although it is well known that the combus-
tor discharge is an unsteady process; later we will come
back to this process. Here only the design condition of
a constant ST has been considered. The constant ST
design gives a significant TET reduction, which means
that a constant TET design does not make sense, and
it will also lead to limited physical solutions.

In the CV simulation, it is assumed that 10 per cent
of the total bypass mass flow is used in the CVC cool-
ing process. This ensures the combustor cooling with
a low temperature increase in the bypass stream, and
IC installation in the bypass also seems to be feasible.
It must be considered that this work deals with UHBRs
and that the heat addition to a stream at low pressure
is less efficient for mechanical energy production than
heat addition to the core stream at a much higher pres-
sure. Besides the HPC pressure ratio, the influence of
the pressure losses at the combustor, k3 and k4, and the
heat transfer to the bypass in the combustor cooling
process have also been studied. Once the HPC pres-
sure ratio is fixed, the design conditions will provide
the overall pressure ratio. In the figures to be presented
later, the symbol ST 0.08 0.9 means that it corresponds
to constant ST design and that 8 per cent of c · FHV
is transferred to the bypass in the CVC cooling pro-
cess and that 10 per cent of the stagnation pressure
is lost in the opening and closing system, respectively,
k3 = k4 = 0.9. In fact, the product k3k4 is a parameter
that represents the total stagnation pressure losses in
the combustor, and it does not matter if these pressure
losses are a consequence of the open (k3) or closing
(k4) system (expression (2)); this is why for the simu-
lation it is assumed that both k3 and k4 take the same
value in an intent-of-plots reduction. Finally, to calcu-
late the NOx emissions (expression (5)), the pressure
and the temperature at the exit of the combustor were
used and the overall pressure ratio is defined as the
ratio between the stagnation pressure at the exit of
the combustor, once the pressure losses have been

discounted, and the stagnation pressure at the entry
of the engine, P4/P2.

Figures 17 to 21 present the results for the CV
cycle. Figures 17 and 18 show significant benefits of
SFC; these benefits are clearly lower than those of
the IRC and practically equal to the benefits pro-
vided by the WRTC. These benefits go down when
the HPC pressure ratio decreases, and consequently,
the overall pressure ratio also decreases (Fig. 19), and
also when the heat transfer to the bypass, due to the
combustor cooling process or the pressure losses in
the combustor, 1/k3k4, increases. The heat transfer
to the bypass stream and the pressure losses could
completely negate the benefits of SFC, or of CO2 pro-
duction (Figs 17 and 18). In the case when combustor
pressure losses increase, additional fuel is needed to
compensate these pressure losses. In the case of an

Fig. 17 Influence of the overall pressure ratio, and the
combustor pressure losses on SFC for the CV
cycle and constant ST design at SLS ISA+15

Fig. 18 Influence of the overall pressure ratio, and the
heat transferred to the bypass in the combus-
tor cooling process on SFC for the CV cycle and
constant ST design at SLS ISA+15
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Fig. 19 Variation of the overall pressure ratio with the
HPC pressure ratio for the CV cycle and constant
ST design at S ISA+15

Fig. 20 Influence of the overall pressure ratio, and the
heat transferred to bypass in the combustor
cooling process on NOx emissions for the CV
cycle and constant ST design at SLS ISA+15

Fig. 21 Gain of TET with the overall pressure ratio and
the heat transferred to bypass in the combustor
cooling process for the CV cycle and constant ST
design at SLS ISA+15

increase in the heat transferred to the bypass stream
in the CVC cooling, the energy is transferred from the
core stream at high pressure to a stream, the bypass
stream, at a lower pressure, which is less efficient
for mechanical energy production; the mechanical
energy production will increase with the nozzle pres-
sure ratio available in the different nozzles, core, and
bypass streams.

Figures 20 and 21 show also some additional bene-
fits of the CV cycle. These figures present the influence
of the overall pressure ratio, indirectly the influence of
the HPC pressure ratio, and the amount of heat trans-
ferred to the bypass in the combustor cooling process
on the NOx emissions and the TET. The CV cycle clearly
reduces the working TET and consequently, also the
cycle maximum temperature, with not much increase
of the overall pressure ratio (Figs 19 and 21); the TET
reduction will be of about 100 K to obtain the maxi-
mum benefits for SFC. This translates into a reduction
of NOx emissions (Fig. 20 and expression (5)), and also
in a clear increase of the engine life. The influence
of the amount of heat transferred to the bypass on
TET is practically nil. Similar results are obtained if the
influence of pressure losses in the combustor are con-
sidered, but it will be more sensitive to the pressure
losses. This higher sensibility comes from the fact that
the pressure losses affect the whole expansion pro-
cess in the core stream and, as a consequence, a lower
power is available to be given to the bypass stream
through the fan compressor.

Globally, the CV cycle gives similar results on NOx

emissions when it is compared with the IRC, but
benefits the SFC less. TET benefits are clearly higher
than the ones obtained from the other cycles; any
losses arising from the unsteady process have not been
considered.

4.2 Results for designs at cruise conditions

The same parameter study carried out at SLS has been
also done at cruise conditions to know if the same ben-
efits, coming from the use of the three different cycles,
can be obtained at these flight conditions. Starting
from the baseline engine working point at cruise con-
ditions (10 668 m and M0 = 0.8), as in the study at SLS,
two possible design conditions have been applied to
the three different cycles under consideration. These
conditions are the design for constant TET, the same as
in the baseline engine at cruise and the design for con-
stant ST, the same as in the baseline engine at cruise.
In both cases, there must be benefits on SFC, emis-
sions, and noise, and also if possible, on TET in the
case of a design for constant ST. The variations of the
different parameters, which define the new compo-
nents in the three cycles and have been used in the
study, coincide exactly with the variations used in the
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study at SLS with the exception of the pressure losses in
the different heat exchangers. At cruise condition, the
flow capacity of the heat exchangers will be lower than
at SLS and consequently, because the pressure losses
in a duct will be proportional to the square of the flow
capacity [50], lower pressure losses are expected in the
heat exchangers; these pressure losses are assumed to
be constant and equal to 1 per cent instead of the 3
per cent assumed at SLS [49]. Therefore, taking into
account that the results lead to the same considera-
tions as in the study at SLS and to avoid an excessive
presentation of data, only some relevant results are
presented here.

Figures 22 to 24 present the SFC benefits obtained
from the use of the three different cycles when they
are compared with the baseline engine. Keeping in
mind that the reference values are constant and corre-
spond to the baseline engine at cruise working point;
this could lead to the conclusion that at the maxi-
mum design overall pressure ratio, the SFC benefits for
the IRC cycle are zero if the RHE cannot be installed
because the temperature at the exit of the LPT is lower

Fig. 22 Influence of the overall pressure ratio, and the
regenerative efficiency (0.9, . . . , 0.6) on SFC at
cruise, for constant ST design and cooling air
bled at the entry of the RHE

Fig. 23 Influence of the wave rotor pressure ratio on
SFC at cruise, for constant ST and constant TET
designs

Fig. 24 Influence of overall pressure ratio and the com-
bustor pressure losses on SFC for the CV cycle
and for constant ST design at cruise

than the temperature at the exit of the HPC for that
overall pressure ratio; this does not happen in the sit-
uation given in Fig. 22. This difference comes from the
fact that there is also an IC heat exchanger, although
there is no RHE.

These figures show similar benefits to the ones
obtained in the study at SLS. These results were
expected because, besides the parameters that define
the new components and whose influence have been
studied, the TET and the overall pressure ratio of the
baseline engine really provide the possibilities of using
some new components in the case of the IRC. There
could also be power saving in the compression phase
in the case of the CV cycle or the pressure ratio needed
in the wave rotor to obtain the maximum benefits on
thermal efficiency in the case of theWRTC. As an exam-
ple, in the IRC, the overall pressure ratio of the baseline
is lower at SLS than at cruise, while with the TET the
opposite happens; this will not permit the use of a RHE
at high design overall pressure at cruise, as can be seen
in Fig. 22. In the IRC, the SFC first decreases and later
increases with the design overall pressure ratio until
it reaches a maximum, which represents the limit at
which the RHE can be installed, and then starts to
decrease again (Fig. 22). This last decrease of the SFC is
a consequence of the increase in the overall pressure
ratio and its influence on the thermal efficiency in a
standard Brayton cycle. Finally, the same comments
are pertinent to the rest of results that have not been
presented to avoid an excessive data presentation.

5 DISCUSSION

The parameter study that has been presented offers
relevant results from the point of view of fuel saving,
CO2 production, as well as of NOx emissions. An excep-
tion to NOx emissions is the WRTC, which shows a
clear increase in NOx emissions due to a significant
increase of the maximum pressure and temperature
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(Fig. 16). Other significant results correspond to possi-
ble designs with lower TETs for the case of a constant
ST, which translates in an increase of the engine life
and consequently, in manufacturing and maintenance
economics, and also in emissions spinoff during the
manufacturing and maintenance processes. The noise
level due to jets will remain practically unchanged for
a constant ST design, which also offers higher TET
and SFC benefits. The turbomachineries remain the
same or decrease their size, and consequently, no
increase of noise is expected. For a constant TET, a
low noise increase is expected as a consequence of the
low increase of the ST, a measure of the jet velocities
(Fig. 11).

Focusing on SFC, the range of benefits goes from
about 3 to 6 per cent to above 15 per cent, depend-
ing on the design cycle and on the overall pressure
ratio used in the design. The best benefits correspond
to the IRC and the worse benefits correspond to the
WRTC, while the CV is in between but closer to the IRC.
A handicap in the CV cycle comes from the fact that
a high-pressure loss is expected due to the closing–
opening combustor system; a possible configuration
to compensate these pressure losses could consist in
using a wave rotor with combustion inside the rotor.
Additionally, the use of multiple ducts could also mit-
igate the problems due to the unsteady CV process. If
the wave rotor would exactly compensate the assumed
losses due to the combustor closing–opening system,
the CV cycle would be transformed into an ideal CV
cycle; this configuration will improve the SFC benefits
and transform Fig. 17 into Fig. 25. Figure 25 shows the
additional SFC benefits, which approach the benefits
provided by the IRC. Considering the possible bene-
fits on SFC alone, the IRC and the CV cycles promise
similar values, while for a UHBRTF, the WRTC has
clearly lower benefits; the IRC benefits go down when
the design pressure ratio increases. From the point of
view of NOx emissions, the IRC and the CV provide
clear benefits, decreasing these emissions, while the

Fig. 25 Influence of the overall pressure ratio and the
combustor pressure losses on SFC for the CV
cycle, and constant ST design at SLS+15 and
including also the ideal case (ST 0.08 1.0)

WRTC drastically increases the NOx emissions; this is
an important handicap of the WRTC.

An additional important benefit, presented in the
previous section, consists in the possibility of using
lower design TETs. These benefits are nil for the IRC
and the designs for a minimum SFC, while they are
high in the cases of WRTC and CV cycles, especially in
the case of the CV cycle (Figs 8, 15, and 21). This TET
benefit can also be relevant for the IRC, and for designs
for higher overall pressure ratios and constant ST, but
it will be offset by lower SFC benefits.

Finally, it is important to keep in mind that these
benefits for the IRC come from the assumption of
high regenerative efficiencies.The best situation corre-
sponds to ηR = 0.9, a value difficult to achieve because
of the size of the RHE required. The heat exchanger size
can be an important drawback for its use in an aero-
engine at the current technology level. Size means an
increase of weight and volume, and the volume will
translate in drag, and the increase of weight and drag
will translate into an increase of the installed SFC,
the fuel consumed per unit of the installed thrust,
or the fuel consumed during a specified aircraft mis-
sion. The influence of the increase of weight and
volume on the aircraft mission is an interesting work
for the future; it will require the real design of the heat
exchangers and linking of the engine and aircraft per-
formances. Only the influence of assumed deltas of
weight and drag will be considered here.

At this stage, the purpose of the work consists in
estimating the possible benefits of the different inno-
vative cycles that have been studied and ranking them
for future development depending on their benefits.
Focusing on these objectives, the sensitivity of the
IRC to the increase of weight and drag has also been
studied; this is the configuration when an increase of
weight and drag is expected. The IRC configuration,
assuming current technology for heat exchangers
maps, allows computation of the off-design engine
performances and to link them with the aircraft mis-
sion performances. Figures 26 and 27 present the
influence of the assumed deltas of weight and drag on
the total fuel burnt during the whole aircraft mission,
and for three regenerative efficiency values; ηR = 0.7
and ηR = 0.9 can represent the current and the tar-
get values, respectively. To estimate the weight and
drag influence, the IRC design point is fixed at SLS
ISA+15 for an overall pressure ratio of 14, OPR = 14,
three ηR values and the design condition, constant ST,
along with a reasonable value for the SFC (Fig. 4). The
off-design performances are computed at any flight
condition needed to be linked with aircraft perfor-
mances. The TURBOMACH and HERMES codes have
been used for off-design engine and aircraft perfor-
mance calculations respectively, during the mission,
and are applied to the baseline engine and the three
IRC designs for the standardVITAL short-range aircraft
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Fig. 26 Influence of the increase of weight on the total
burned fuel during the whole aircraft mission,
for three regenerative efficiencies (ηR = 0.7, 0.8,
and 0.9); RG in the figure

Fig. 27 Influence of the increase of drag on the total
burned fuel during the whole aircraft mission,
for three regenerative efficiencies (ηR = 0.7, 0.8,
and 0.9); RG in the figure

mission. TURBOMACH and HERMES are codes devel-
oped and widely used at Cranfield University. These
figures show that the final benefits, when using the IRC
engines, will be highly dependent on the level of the
heat exchanger technology, its regenerative efficiency,
and its size; a low regenerative efficiency and a high
heat exchanger size, volume and weight, can mitigate
their benefits.

Figures 26 and 27 show that the increase in weight
and drag can nullify all SFC benefits for ηR = 0.7.
For ηR = 0.8, which could represent an achievable
value with the appropriate technological develop-
ment, major benefits can be obtained even for impor-
tant increases in weight and size; a 100 per cent
increase in drag translates into an increase of 41
per cent in the engine diameter, assuming that the
drag varies linearly with the square of the engine
diameter. The maximum benefits for total fuel con-
sumption correspond to ηR = 0.9, but it represents
a difficult value to be achieved even in terres-
trial applications where the weight and size of the

heat exchangers do not represent a critical con-
straint.

These results are really promising, but they need
some additional considerations as given below.

1. The IRC. This cycle seems to be the most promising
at the current technology level. In any case, there
are three points that need to be considered.
(a) Small heat exchangers and high regenerative

efficiencies are essential to obtain all shown
benefits, but they really represent a difficult
task and will require important further devel-
opments. The heat exchanger size and weight
can clearly mitigate the benefits.

(b) Heat exchanger reliability and life are also an
important concern in the IRC for aero-engine
applications. Any heat exchanger failure could
be critical in aircraft propulsion.

2. The WRTC. The WRTC is also unsteady as it hap-
pens with the CV cycle; this unsteadiness was
solved using multiple ducts in the NASA studies.
In any case, in-depth aerodynamic developments
are needed to improve its efficiency and the achiev-
able pressure ratio. Most of the recent publications
on the wave rotor are devoted to the wave rotor
aerodynamic studies [37–41].

3. The CV. This promises high benefits, but there
are also matters of great concern. Some of these
concerns are.
(a) The unsteadiness, which translates into a per-

formance loss as well as into unsteady working
conditions for the turbine, could also be an
important drawback. Perhaps one way to avoid
it could be the use of multiple chambers with
some time delay between each; a solution simi-
lar to one used in the case of the wave rotor with
multiple ducts.

(b) The cooling process. How can the cooling pro-
cess be implemented? Fins immersed in the
bypass stream as in air cooling reciprocating
engines is one possibility. The value kcool = 0.08
was taken as a characteristic value from these
kinds of engines [51].

(c) The combustion system. The combustion sys-
tem is also a complex system to be studied.
It will require further in-depth studies. Refer-
ences [25] and [26] are devoted to this cru-
cial topic.

Summarizing, looking at future developments, and
attending to the benefits for SFC and NOx emissions,
the IRC and the CV are located at a rather similar level,
while the WRTC is clearly at a lower place, especially
with regard to NOx emissions. If the benefits for TET
and the increase of weight and volume are considered,
the CV seems to be above the IRC, although it is com-
plicated to imagine the weight and volume of the CV at
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this stage. If the current technological level, it is pos-
sible to think that the IRC is located above the CV;
the heat exchanger technology for terrestrial applica-
tions is well known. Finally, the WRTC seems to be a
good option for small engines, with low overall pres-
sure ratios, reaching high efficiency without high NOx

emissions.

6 CONCLUSIONS

This paper presents a parameter study on three differ-
ent innovative cycles that could be applied to aircraft
propulsion. These three cycles have been applied to
a characteristic next-generation UHBR short-range
aero-engine looking for a possible future evolution
and searching for benefits on SFC emissions, and eco-
nomics. The parametric study has been applied to
SLS and cruise conditions, and considers two possible
designs: (a) design for a constant ST; (b) a design for
constant TET, considering the current technology level
limit; both values correspond to the baseline engine at
the respective flight conditions. The study leads to the
following conclusions.

1. A significant decrease of SFC can be obtained for
the three cycles. These benefits can reach values
close to 15 per cent, depending on the cycle.

2. The benefits for SFC can also be translated into
benefits for NOx emissions. An exception is the
WRTC, which increases NOx emissions due to a
high increase in the maximum cycle pressure and
temperature.

3. The case of a design condition with a constant
ST also leads to significant lower engine TETs,
which would increase engine life. These benefits are
extremely high in the case of the CV cycle.

4. The three cycles will need important technologi-
cal developments, especially the WRTC and the CV
cycle. The IRC seems to be the most achievable at
the current technological level, as it comes from
typical applications in sea and terrestrial power
generation.
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APPENDIX

Notation

B booster (IPT)
BN1 main bypass nozzle
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BN2 heated stream bypass nozzle
c fuel flow
Cpf fuel constant pressure specific heat
D engine drag
farc combustion chamber fuel air ratio
FHV lower fuel heating value
h enthalpy per unit of mass
HE heat exchanger
kcool coefficient of heat transferred to

bypass
k3 pressure loss at the CVC entry
k4 pressure loss at the CVC exit
M0 flight Mach number
P stagnation pressure
R gas constant

RG0.8 ηR representation on the figures,
including its value (0.8)

T temperature
Tf total fuel consumed during the mission
w mass flow
wcool coefficient of bypass heated mass
We engine weight

Subscripts

c combustion chamber
f fuel
ref reference values, provided by the short

range GTF
R regenerative heat exchanger
0, 2, 151 engine sections
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