
COMPARATIVE ASSESSMENT OF PROPULSION SYSTEM
ARCHITECTURES TAILORED FOR SUPERSONIC APPLICATIONS

Lorenzo Carrea1 & Konstantinos Kyprianidis1

1Mälardalen University, Västerås, Sweden

Abstract

The return of economically and technologically sustainable civil supersonic transportation remains one of the
most persistent challenges in modern aviation disciplines. Recent enhancements in materials, manufacturing
processes, and engine technologies have renewed interest in the high-speed propulsion sector, with the aim
of addressing both well-known longstanding and emerging limitations associated with the next-generation of
supersonic travel.
Propulsion systems designed for sustained supersonic flight regimes must meet conflicting requirements, such
as providing adequate enough thrust levels during specific portions of the mission, as well as maintaining effi-
cient operation and performances comparable to the subsonic counterpart over the entire flight route.
In this context, Mixed Flow Turbofans targeting low-to-moderate bypass ratios and Variable Cycle Engines have
emerged as suitable candidates due to their capabilities in delivering higher specific thrust than conventional
unmixed turbofans.
In this study, the selected architectures are modelled and comparatively assessed using a Multi-Objective
Optimization routine coupled with a Multi-Point Synthesis matching scheme engine design methodology. The
design framework proposed enables the optimization of the main engine cycle design parameters, while enforc-
ing propulsion system requirements and practical operational constraints across various critical key operating
conditions. For each engine concept considered, a set of optimal candidate configurations is identified based
on key performance indicators, fuel efficiency metrics, and preliminary weight estimates, and then compared
with a previously benchmarked engine design.
The results show that the conventional configuration provides the most favourable mission installed SFC lev-
els in the common objective space, while the variable cycle concept extends feasible design envelope toward
substantially higher thrust dense regions and concurrently offering additional integration potential, at the cost
of increased complexity, weight, and uncertainty.
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Abbreviations
AIP Aerodynamic Interface Plane
BTR Begin of Transonic Acceleration
CDF Core Driven Fan
EI Emission Index
ETR End of Transonic Acceleration
FF Front Fan
FMI Functional Mock-Up Interface
FMU Functional Mock-Up Unit
HPC High-Pressure Compressor
HPT High-Pressure Turbine
ICAO International Civil Aviation Organization
JPL Jet Propulsion Library

LPT Low-Pressure Turbine
LTO Landing and Take-Off
MFTF Mixed Flow Turbofan
MOO Multi-Objective Optimization
MPS Multi-Point Synthesis
MTO Maximum Take Off
NSGA-II Non-dominated Sorting Genetic Algorithm II
OCT Optimica Compiler Toolkit
RF Rear Fan
SMCR Supersonic Mid Cruise
SSBJ Supersonic Business Jet
SST Supersonic Transport
STOC Supersonic Top of Climb
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VABI Variable Area Bypass Injector
VCE Variable Cycle Engine
VGN Variable Geometry Nozzle

Performance Metrics/Parameters
η Efficiency [%]
BPR Bypass Ratio [-]
FN Net Thrust [kN]
MPR Mixer Pressure Ratio [-]
OPR Overall Pressure Ratio [-]
PR Pressure Ratio [-]
SFC Specific Fuel Consumption [kg/N·s]
SFN Specific Thrust [m/s]

Superscripts and subscripts
bp Bypass
c Corrected
cr Core
in Inner
inst Installed
out Outer
ov Overall
pol Polytropic
prop Propulsive
th Thermal

1. Introduction
Although Concorde was retired from commercial service in 2003, the interest in civil supersonic avi-
ation has not disappeared. On the contrary, the possibility of reducing long distance travel times
continues to motivate research activities across academia, industry, and public institutions. Recent
efforts aim to reassess the feasibility of Supersonic Transport (SST) in light of modern technologies,
improved design approaches, stricter environmental expectations, and evolving certification and reg-
ulation standards [1].
The development of future SST aircraft is strongly connected to their environmental impact and soci-
etal acceptability. Compared with subsonic aviation, SST introduces additional challenges related to
airport noise, pollutant emissions, climate impact, sonic boom, fuel consumption, and public accep-
tance [2, 3, 4]. These aspects are now central to the definition of future regulations and to the
evaluation of whether civil supersonic operations can become commercially and environmentally
sustainable. Within this context, several national and international initiatives have been launched
to improve the understanding of the potential impact of future SST fleets, supporting the definition
of suitable assessment methodologies. Among these initiatives, the European project SENECA [5]
aimed on improving the understanding and modelling of SST related emissions, Landing and Take-
Off (LTO) noise, and aircraft level global environmental impact, while providing more detailed assess-
ment capabilities for the evaluation of future high-speed applications. Similarly, the MORE&LESS [6]
project addressed the environmental sustainability of supersonic aviation through a multidisciplinary
framework, considering different aircraft configurations, propulsion technologies, trajectories, and op-
erations, while being compliant with environmental requirements.
Within this broader framework, the propulsion system design discipline remains one of the key en-
abler for future high-speed concepts. An engine capable of flying in supersonic regimes must satisfy
requirements far more diverse and demanding than those encountered in conventional subsonic ap-
plications [7]. It has to provide sufficient thrust for high-speed cruise segments, operate reliably under
more severe flight conditions, and maintain acceptable efficiencies across the entire mission. At the
same time, the propulsion system should contribute to limit noise and emissions during LTO cycles
and low altitude operations, while maintaining subsonic comparable fuel consumptions levels [8].
Within this context, Mixed Flow Turbofan (MFTF) architectures targeting low-to-moderate bypass ra-
tios, together with Variable Cycle Engine (VCE) concepts, have been identified as promising solutions
fro supersonic propulsion. These configurations can provide higher specific thrust than conventional
unmixed turbofans, while avoiding severe fuel consumption penalties typically associated with tradi-
tional turbojet engines.
Among them, MFTF configurations represent a suitable reference architecture, given their favourable
performance, reduced weight, and low risk and complexity, both for what concerns design and opera-
tion [9]. On the other hand, VCE architectures, represent an attractive candidate, given the increased
and higher operational flexibility. By adapting the thermodynamic cycle through variable geome-
try components such as adjustable vanes, nozzles, and mixing systems, these propulsion system
configurations can be tailored to different and conflicting performance requirements throughout the
mission profile considered. This enables efficient subsonic operation while preserving the specific
thrust required to maintain supersonic flight regimes during cruise [10]. The adoption of VCE con-
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figurations leads therefore to a an engine design with fewer performance compromises compared to
conventional "fixed-cycle" designs. These potential benefits are obtained at the expense of increased
system level complexity. The additional degrees of freedom introduced by variable geometry compo-
nents make the design, integration, and operation of the propulsion system more challenging.
Design choices at propulsion system level are strongly interconnected, and certain assumptions may
improve performance metrics at a specific condition, while introducing penalties elsewhere in the mis-
sion. Therefore the assessment of a propulsion system designed to reach supersonic flight regimes
should not be limited to isolated operating conditions, but it should instead account for the interactions
among multiple mission segments and competing performance indicators.
A significant part of the available literature on civil supersonic propulsion focuses on specific aircraft
classes and individual operating phases. Recent studies investigate Supersonic Business Jet (SSBJ)
scale configurations, typically operating in the Supersonic Cruise Mach number range between 1.6
- 2.0 [11, 12, 13, 14], as well as larger airliner concepts with greater payload capacities, up to 300
passengers, and increased cruise Mach numbers [15, 16]. The focus is usually directed toward
the identification of preliminary design trade-offs, LTO noise evaluation and mitigation procedures,
emission estimations, and the effects of selected design variables on specific portions of the mission
investigated [17, 18, 19, 20].
Although these studies provide valuable insights, a more comprehensive mission-level evaluation of
the engine behaviour is still needed, to correctly assess supersonic cruise capability, off-design op-
eration, fuel efficiency, LTO related constraints and engine practical operating limits, within the same
framework.
The present work addresses this need by applying a Multi-Objective Optimization (MOO) procedure
[21] to a Multi-Point Synthesis (MPS) matching scheme engine design methodology [22, 23]. The
MPS approach enables simultaneous evaluation of on-design and multiple off-design operating con-
ditions, while enforcing prescribed performance targets and engine limiters. The MOO routine is
employed to explore the available design space and to identify possible main cycle design parame-
ter combinations that provide suitable compromises between conflicting requirements [24]. The two
engine architectures considered in this study (MFTF and VCE) are evaluated and assessed, and
compared with a reference design.
Trade-off analyses are performed and a set of optimal configurations is selected for each engine ar-
chitecture considering key performance indicators, cycle efficiency metrics and mass estimates. Aim
of the study is to derive design guidelines and recommendations from the comparative assessment,
relevant to the preliminary engine design process and specific for high-speed propulsion applica-
tions.

2. Methodology
The gas turbine engine models are developed using Modelon Impact, a Modelica-based simulation
platform. Owing to the a-causal and object-oriented nature of the Modelica programming language,
the resulting system of equations can be symbolically simplified, and the model construction can be
carried out through reusable and hierarchical structures, while supporting system level modelling,
simulation, and optimisation of complex energy systems [25]. Model development has been con-
ducted using the Jet Propulsion Library (JPL) available in Modelon Impact, which offers pre-compiled
and customizable components tailored to aero engine design disciplines, as well as built-in capabil-
ities for on- and off- design simulations and for generating MPS matching schemes [26]. The final
MPS models are compiled and exported as a Functional Mock-Up Unit (FMU) and executed within a
Python environment via the Optimica Compiler Toolkit (OCT), respecting compliance with the require-
ments set by the Functional Mock-Up Interface (FMI) standard. This simulation setup and workflow
enables interactions with external and third-party libraries, as well as established optimization pack-
ages.

2.1 Propulsion System Architectures
The engine architectures considered in this work are presented in Figure 1.
Both engine models include a supersonic intake component, to enable more accurate predictions
of the propulsion systems’ installed performance, critical in supersonic flight regimes. The intake
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Figure 1 – Engine architectures considered: a) Mixed Flow Turbofan, b) Variable Cycle Engine

performance and component characteristics are based on the approach proposed in [27]. Pres-
sure recovery factor, spillage drag coefficient, and other relevant intake parameters are provided as
pre-tabulated datasets [28], as functions of the capture-to-freestream area ratio and flight Mach num-
ber, incorporating assumptions and operational constraints of the chosen intake component [29]. A
bleed-less and bypass-less Normal Shock (NS) pitot inlet is selected given the design Mach number
(M = 1.5), close to the speed regime considered in this study. Additional details regarding perfor-
mance maps of the selected intake design are included in Figure 2. Thrust bookkeeping is performed
accordingly, accounting for the additional drag components, while the effects of the intake shock
system are captured by the pressure recovery factor at the engine inlet.

Figure 2 – Performance characteristics for the chosen intake design (NS)

Compressors located upstream of splitter components are modelled as radially split turbomachines,
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following the methodology proposed in [30]. This approach accounts for the different core- and
bypass-side characteristics along the blade span, while also capturing the mass flow distribution
imposed by the position of the flow dividing streamline. Depending on splitter location with respect to
the compressor outlet and off design variation of the BPR, different fractions of the inlet mass flow are
partially compressed according to distinct characteristics before being mixed back into the respective
ducts. In practice, the core- and bypass-side compressor characteristics are defined by assigning
different PRs and polytropic efficiencies along the radial direction [31].
High-Pressure Turbine (HPT) and Low-Pressure Turbine (LPT) components have dedicated row-by-
row secondary air system for nozzle guide vanes and rotor cooling. The cooling fractions required,
defined as ratio of cooling mass flow to High-Pressure Compressor (HPC) inlet mass flow, are ob-
tained by targeting either a maximum allowed uniform blade metal temperature or minimum cooling
effectiveness, following the approach proposed in [32, 33]. The cooling fractions are defined in su-
personic cruise operations, given the effect of ram compression, and differently from the subsonic
counterparts which experiences the highest temperature levels during Take-Off phases.
Compressors and turbines performance modelling is conducted with in-house characteristic maps,
which are scaled at the reference/design condition in the MPS matching scheme. Off-design be-
haviour is then modelled as outlined in [34].
The proposed engine architectures include Variable Geometry Nozzle (VGN). The variability of the
nozzle throat area is introduced to provide additional noise reduction capabilities during low altitude
operations and enhanced control features. The nozzle exit area is defined accounting for hardware
limitations, in terms of maximum achievable area ratio. Therefore, at the nozzle outlet the expansion is
not isentropic down to ambient pressure, but follows the empirical correlation based on measurement
campaign proposed in [34]. Similarly as per the intake component, the same approach is used for
the bookkeeping of nozzle-related installation effects [27]. Once again, for the chosen nozzle design,
the underlying assumptions and performance characteristics are encapsulated into pre-tabulated
datasets, enabling preliminary estimates of engine installed performance. The reference area used
to calculate the aft-body drag coefficient is assumed to be 10 % larger than the nozzle exit area,
obtained at the sizing reference condition.
No reheat system is considered, due to the environmental and noise related concerns extensively
discussed by the authors in [24], and therefore not repeated here.

2.1.1 Mixed Flow Turbofan
As depicted in Figure 1 (a), the Fan component is driven by the LPT, the HPC is powered by the HPT,
and they are respectively connected through low and high pressure shafts. The inlet flow is split at
the Fan outlet and then mixed back at the LPT exit, before passing through the VGN.
The proposed layout represents a conventional architecture for supersonic propulsion and has been
investigated in previous studies [24, 35].

2.1.2 Variable Cycle Engine
The proposed VCE configuration, shown in Figure 1 (b), consists of a LPT driven Fan component di-
vided into Front Fan (FF) and Rear Fan (RF) blocks, a Core Driven Fan (CDF) connected to the high
pressure shaft, and a conventional core (HPC and HPT). An outer splitter, located at the FF block
exit, diverts part of the inlet mass flow to a co-annular third stream, which exits the engine through
the bypass VGN. An inner splitter, located downstream the CDF block, bypasses a portion of the core
mass flow, which is then reintroduced back in the core stream through a rear Variable Area Bypass
Injector (VABI).
The decision to split the low pressure spool driven Fan is motivated by the additional capabilities
offered by VCE architectures. The primary role of the third stream surrounding the engine core is
to regulate and adjust the mass flow through the engine by means of the variable throat area of the
bypass VGN. In addition to this, the third stream may provide heat-sink capabilities, offering further
benefits from a system and sub-system integration perspective.
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In view of possible future integration with electrical systems and more hybridized engine configura-
tions, the availability of a dedicated flow path within the propulsion system may be advantageous.
Electrical machines operating as motors, generators, or as intra-shaft power transfer enablers could
introduce an additional degree of freedom in terms of flexibility, potentially reducing the need for vari-
able geometries in the hot section of the engine. However, their integration would also introduce
additional heat loads that would likely need to be dissipated within the propulsion system.
For the reasons above, the FF is assumed to adopt a single stage design, thereby limiting the max-
imum pressure ratio achievable, and therefore outlet temperature, enabling larger temperature gra-
dients for potential heat rejection. Although the integration of a thermal management system or a
more hybridized configuration falls outside the scope of the current study, these considerations were
accounted for during the definition of the engine layout.
The rear VABI is modelled by enforcing conservation of the physical cross-sectional area and as-
suming static pressure balance between the two streams at the mixing plane. At the reference
condition, the core and bypass inlet areas are sized by prescribing the core inlet Mach number (set
to Machcr, in = 0.5). Based on these assumptions, the corresponding bypass stream Mach number is
obtained. The resulting areas are then computed from the local flow conditions and define the cross
section of the mixing area. A schematic of the component employed is depicted in Figure 3.
Under off-design conditions, the VABI mechanism modifies the ratio between the actual core area
and the corresponding design value, defined as:

α rearVABI =
Acr,actual

Acr,design
, with (αrearVABI)design = 1 (1)

Since the total mixer area remains constant, an increase in this ratio produces a reduction in the
bypass flow area, while a decrease results in the opposite. The resulting variation in the core-to-
bypass area ratio modifies the static pressure balance, affecting therefore the BPR in off-design
operation.

Figure 3 – Rear Variable Area Bypass Injector (VABI)

2.2 Emission Estimation
A preliminary estimation for pollutant emissions (CO2, H2O and NOx) is performed for the operat-
ing conditions considered along the mission profile. The Emission Index (EI) for the NOx species
is obtained considering the semi-empirical correlation proposed in [36]. The correlation has been
derived for modern RQL combustors using an extensive dataset of engine performance parame-
ters and respective NOx emissions measurement from the International Civil Aviation Organization
(ICAO) databank. Given the good level of accuracy, it is considered suitable for application in the
current study.
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2.3 Preliminary Weight Estimation
A preliminary estimate of the propulsion system weight is performed using correlations available in
public literature, which relate engine dry weight to one or more engine design parameters. Since the
engine layouts considered fall within the class of low BPR MFTF and VCE configurations, a database
of military engines was selected to compare the available weight estimation methods and to identify
the most suitable.
Existing "whole engine based" preliminary weight estimates are summarised in [37, 38]. The corre-
lations selected, and included in Figure 4, provide an increased level of detail by accounting for the
interconnections between engine cycle design parameters and engine dry weight.

Figure 4 – Comparison between different preliminary weight estimation correlations against actual
dry engine weight

Accounting for the expected dry weight range (between 1000 and 3000 kg), together with the avail-
ability of the required cycle design parameters, the correlation proposed by Torenbeek has been
identified as the most appropriate for the analysis.

2.4 Propulsion System Design Strategy
The propulsion system design approach adopts the MPS matching scheme methodology, particularly
suitable when conflicting requirements at different operating conditions must be taken into account.
The method considered enables the simultaneous assessment of performance requirements, mis-
sion targets, and engine technological constraints, at selected operating points, assumed as critical
corner conditions for propulsion system sizing and performance characterization [39, 40, 41].
Unlike the conventional iterative engine design process, the MPS approach allows multiple perfor-
mance requirements to be evaluated concurrently, avoiding the need to sequentially adjust the design
condition in order to satisfy off-design targets [42].
The left dashed box presented in Figure 5 summarizes the steps of the engine design strategy
adopted.
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2.5 Optimization Routine
The optimization framework is wrapped around the MPS matching scheme procedure, as shown in
Figure 5, and it is designed to minimize or maximize competing performance metrics while assessing
performance requirements and engine technical constraints at different operating conditions. The
optimization strategy is based on Non-dominated Sorting Genetic Algorithm II (NSGA-II) [21].

Figure 5 – Propulsion system design approach employed

NSGA-II is an elitist evolutionary algorithm that ranks candidate solutions into successive Pareto
fronts according to dominance criteria. Within each front, the crowding distance is used to preserve
diversity and prevent clustering in limited regions of the objective space, promoting in this way both
convergence toward the optimal set of solutions while ensuring adequate distribution of suitable can-
didates along the optimal trade-off curve.
Starting from the initial population, in which each individual is generated by uniform sampling of the
bounded decision variables, new generations are produced through elitist selection, simulated binary
crossover and Gaussian mutation. The operators ensure recombination of suitable candidates while
preserving diversity across the design space explored, ultimately yielding a Pareto-ranked popula-
tion.
Each decision variable combination is supplied as input to the MPS model, and the objective vari-
ables are extracted and evaluated upon successful solver convergence. A warm-start strategy is
used to initialize the iteration variables for each candidate evaluation: previously converged decision
variable combinations are stored and compared in a normalized design space, and the closest avail-
able solution is selected for the initialization of iteration variables. The approach described provides
the numerical solver a more informed and educated guess, improving robustness and reducing com-
putational cost, without affecting the evolutionary mechanisms of the optimization algorithm.
The routine terminates when the Pareto front reaches a stagnation condition, while the maximum
number of generations is retained as a safety cap. After a prescribed minimum number of genera-
tions, the current non-dominated front is compared with the historical Pareto archive. If no new or
improved Pareto-optimal solution is identified for a prescribed number of consecutive generations,
within the selected objective-space tolerance, the optimization is considered converged and termi-
nated. Otherwise, the algorithm continues until the maximum number of generations is reached.
Some useful information related to NSGA-II are provided in Table 1.

2.5.1 Problem Formulation
The optimization is formulated as a multi-objective minimization problem. Each combination of the
bounded decision variables reported in Table 2 (as main cycle design and off-design control param-
eters), is evaluated through the MPS matching scheme model across multiple mission point metrics.
The independent objectives variables selected as optimization targets are represented by the SFN inst
at the sizing condition and by a normalized weighted average of SFC inst across the multiple condi-
tions considered. The optimization routine therefore searches for the Pareto set of non-dominated
solutions in the multi-dimensional objective space.
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Table 1 – Assumptions on main NSGA-II algorithm parameters

Parameter Value

Population size 1000
Max generations 500
Termination Criteria Pareto front stagnation
Stagnant generations before termination 5
Crossover factor 0.9
Crossover operator Simulated binary crossover
Mutation factor 0.1
Mutation operator Gaussian mutation
Random seed 40

Let x ∈ Rn denote the vector of decision variables, and let F(x) ∈ Rm denote the vector of objective
functions evaluated at the selected mission points in the MPS matching scheme. The optimization
problem is stated as:

min
x∈Ω

F(x), (2)

where Ω represents the bounded design space, and the vectors of decision variables (DV) and ob-
jective functions are defined as:

x = [DV1, DV2, ..., DVn], (3)

F(x) =
[
−SFN inst,STOC(x)
SFC inst,mission(x)

]
(4)

The negative sign here is introduced for objectives that are maximized, since as mentioned above,
the optimization routine is handled as minimization problem.
The normalized weighted installed specific fuel consumption is formulated as:

SFC inst,mission(x) =
NMP

∑
k=1

wk · SFC inst,k (x) (5)

Here NMP is the number of mission points included in the weighted metric, wk is the weight associ-
ated with the k− th operating condition, and SFC inst,k is the corresponding SFC inst evaluated at that
condition.

Table 2 – Summary of the design/control parameters bounds adopted in the optimization setup

Design Parameter @ STOC Unit MFTF VCE
min max min max

ṁ inlet kg/s 50 90 50 90
T04 K 1600 1950 1600 1950

BPRout - - - 0.05 0.15
BPR in - 0.3 1 0.15 1

Fanbp,PR - 3 5 - -
FFbp,PR - - - 1.35 1.8
RFPR - - - 1.35 2.1

CDFbp,PR - - - 1.35 1.8
HPCPR - 5 11 5 11

Control Parameter @ Off-Design

Nozzle A th,cr Scaling Factor - 0.95 1.25 0.95 1.25
Nozzle A th,bp Scaling Factor - - - 1 1.4

α rearVABI - - - 0.5 1.5
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2.5.2 Constraints and Penalty Handling
The constraints included in the optimization are representative of engine aero thermodynamic practi-
cal limitations and performance requirements imposed in the MPS model, and they are summarized
in Table 3. For each constraint, a normalized non-negative violation is computed as:

vi(x) =



max
(

0,
ci,min − ci(x)

ci,min

)
, for ci(x)≤ ci,min,

max
(

0,
ci(x)− ci,max

ci,max

)
, for ci(x)≥ ci,max,∣∣ci(x)− ci,target

∣∣
ci,target

, for ci(x) = ci,target.

(6)

where gi(x) is the value of the i-th constrained quantity, and gi,min, gi,max, and gi,target are the corre-
sponding minimum, maximum, and target thresholds.
The total constraint violation of a candidate is then computed as follows:

V (x) =
Nc

∑
i=1

vi(x), (7)

where Nc is the total number of active constraints. A candidate is considered feasible for the opti-
mization if:

V (x)≤ εopt, (8)

where εopt is the prescribed optimization feasibility tolerance. If a converged candidate violates the
constraints beyond this tolerance, a penalty is applied to all transformed objective values supplied to
the optimizer. The penalized objective vector is computed as:

F̃pen(x) = F̃(x)+λ
[
max

(
0,V (x)− εopt

)]
, V (x)> εopt. (9)

Here, F̃(x) is the objective vector after the sign transformation applied to maximization objectives,
F̃pen(x) is the penalized objective vector, and λ is the penalty coefficient.

Table 3 – Summary of active constraints considered in the optimization routine

Parameter Value Unit

FN inst,STOC ≥ Req. from Table 4 kN
FN inst,off−design = Req. from Table 4 kN
Fan DiameterAIP ≤ 1.2 m
Mixer inlet Machbp,cr 0.1 ≤ x ≤ 0.8 -
Compressors Surge and Choke Margin 10 ≤ x ≤ 45 %

2.6 Case Study Description
In this work, a 10 passengers SSBJ for a typical transatlantic mission (roughly 4000 nm) [43] is
chosen as case study. The mission key corner points considered in the MPS matching scheme are
namely Supersonic Top of Climb (STOC) (considered a reference operating condition), Supersonic
Mid Cruise (SMCR), Maximum Take Off (MTO), Begin of Transonic Acceleration (BTR), and End of
Transonic Acceleration (ETR). More details related to the operating conditions and the thrust require-
ments are included in Table 4.
The engine technology levels, assumed for a current entry into service year (2020), are based on su-
personic engine design public domain [15, 44, 45], and have been corrected accordingly considering
the potential improvements achievable in a future entry into service year (2040). Increases of 5K/year
and 3K/year have been considered in maximum allowed gas and material temperature, following the
trends proposed in [46].
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Table 4 – Engine Performance Requirements from [44]

Operating Point Altitude [m] Flight Mach [-] FNinst Requirement [kN]

STOC (Ref.) 14800 1.6 25.8
SMCR 16300 1.6 18.2
MTO 0 0.3 67.9
BTR 10000 0.95 27.6
ETR 10000 1.3 38.3

The radially split compressors are modelled considering a fixed ratio between core and bypass sec-
tion, aiming to fan blade design with constant span-wise work distribution [20], as formulated below:

PRcr = PRbp ∗0.8875 (10)

In Table 5 are summarized the main assumption and corrections on the engine technology levels, in
the form of turbomachineries polytropic efficiencies and engine limiters. It should be noted that for low
altitude operating conditions, (i.e. MTO) a higher temperature threshold is permitted (∆T =+100K).

Table 5 – Main assumptions on engine technology levels considered

Parameter Configuration EIS2020 EIS2040 Unit

Fanbp, Fancr ηpoly MFTF Datum +1 %
FFbp, FFcr ηpoly VCE Datum +1 %
RF ηpoly VCE Datum +1 %
CDFbp, CDFcr ηpoly VCE Datum +1 %
HPC, HPT, LPT ηpoly Both Datum +0.5 %
HPT, LPT TBUmax Both Datum +60 K
T03max, T04max Both Datum +100 K
LP & HP Shafts N/Nref Both 1.03 1.03 -
LP & HP Shafts Nc/Ncref Both 1.0 1.0 -

The engine is sized at the reference condition adopted in the MPS matching scheme (STOC). The
inlet mass flow is allowed to vary within the prescribed range, as reported in Table . The thrust
requirement at STOC is imposed only as a lower bound, and therefore higher installed thrust levels
are permitted at the reference condition, as long as the other performance requirement in off-design
operations are satisfied. As a consequence, the adopted approach allows engine over-sizing at the
design condition.

3. Results and Discussions
The results obtained from the MOO routine are presented in the following sections. Each engine
architecture is compared against its corresponding reference design (sections 3.1 and 3.2), and can-
didate designs belonging to the best set of non-dominated solutions are selected. Then, in Section
3.3 a cross-comparison is performed to highlight the potential benefit and limitations of each engine
architecture.
For both configurations, several assumptions were introduced in the definition of the reference design.
Each baseline was defined by matching the installed thrust requirements reported in Table 4 and by
targeting the same installed specific thrust level at design condition (STOC). This was achieved by
varying the bypass Fan PR for the MFTF configuration and the RF PR for the VCE architecture. This
choice allowed the two propulsion system layouts to retain the same engine size in terms of inlet
mass flow, and therefore, given the same operating condition, fan diameter. The same HPC outlet
temperature was imposed by adjusting the corresponding PR, while same combustor outlet temper-
ature levels have been maintained at STOC. The SMCR mixer PR has been set to unity by adjusting
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the bypass ratio of the corresponding bypass system. These assumptions were introduced at the
preliminary stage to establish a consistent basis for comparison between the selected architectures.

3.1 Mixed Flow Turbofan
The MFTF configuration is first assessed in the objective space defined by the variation of the in-
stalled specific thrust at the MPS scheme sizing condition and the mission weighted installed specific
fuel consumption, both evaluated with respect to the baseline configuration. The optimization out-
comes, reported in Figure 6, indicate that performance improvements are available in both objective
directions.

Figure 6 – Objective space trade-off for MFTF architecture, expressed as percentage variation
relative to the reference design. Feasible and non feasible solutions are shown, with the set of non

dominated solutions and selected suitable candidates

By appropriately tuning the design and control variables, while maintaining mission fuel consumption
close to the baseline level, the installed specific thrust can be increased by almost 5.1%. This may
be interpreted either as an additional thrust margin at approximately constant engine size, poten-
tially allowing the engine to operate at lower power settings, or as an opportunity to reduce engine
size while preserving the required thrust level. These two interpretations have different implications
across the operating envelope. A larger thrust margin could also broaden the applicability of the en-
gine while retaining similar dimensions, potentially enabling its use across aircraft of different sizes
or thrust requirements. Conversely, a reduction in engine size could be beneficial when accounting
for propulsion system weight and aircraft-level integration aspects.
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At fixed engine size, and therefore at approximately constant installed specific thrust, the mission
installed specific fuel consumption can be reduced by almost 3.8% without incurring in potential
penalties associated with an increase in fan diameter. The overall minimum installed SFC is instead
obtained by accepting a reduction in installed specific thrust, implying an enlargement of the Fan
diameter. This behaviour can be associated with the improvement in propulsive efficiency, which has
a favourable effect on the overall propulsion system performance. Within the region of interest of the
objective space, a compromise solution can be selected, enabling a moderate reduction in mission
installed SFC, while providing a slight increase in installed specific thrust.
The selected MFTF candidates should therefore be interpreted as representative design intents
rather than isolated optimum points. The minimum installed SFC candidate identifies the most fuel
efficient solution within the explored trade-off, while the candidate selected at reference installed
specific thrust quantifies the SFC reduction achievable without decreasing the baseline dimensions.
Conversely, the maximum installed specific thrust candidate represents the opposite side of the trade-
off, where thrust capability is prioritized while maintaining mission SFC close to the reference value.
The compromise design lies between these extremes and provides a balanced candidate for the sub-
sequent cross-comparison with the VCE architecture.

3.2 Variable Cycle Engine
The VCE configuration is also assessed in the same objective space adopted for the MFTF. In this
case, the results are expressed as percentage referred to the VCE baseline reference condition. As
reported in Figure 7, the variable presents a wider feasible design space, with respect to the architec-
ture baseline, with the Pareto front extending toward both reduced installed specific fuel consumption
and substantially increased installed specific thrust.
At approximately constant installed specific thrust, the VCE architecture allows a reduction in mission
installed SFC of about 7% relative to its own baseline. This indicates that the architecture can provide
a relevant improvement in fuel consumption without necessarily reducing the reference size. On the
other hand, when the optimization prioritizes installed specific thrust, improvements above 15% can
be achieved while maintaining mission installed SFC close to the VCE reference value. This high-
lights one of the expected advantages of the variable cycle concept, namely its ability to adapt the
cycle in order to support higher specific thrust requirements when needed.
The minimum SFC candidate is located on the low side of the Pareto front and is associated with a
substantial reduction in mission installed SFC, but also with an increase in fan diameter. Therefore,
as for the MFTF case, part of the fuel consumption benefit is obtained by moving toward a larger
propulsion system. Within the selected region of interest, the local trade-off shows that an increase
of 2.5% in installed specific thrust requires an increase of approximately 1.3% in mission weighted
installed SFC. Compared with the corresponding MFTF exchange rate, where the same installed spe-
cific thrust increase is associated with a SFC penalty of about 1.6%, the VCE configuration exhibits
a more favourable local objective space trade-off when each architecture is evaluated relatively to its
own baseline.
This result is consistent with the expected behaviour of a variable cycle engine, which is designed
to increase operating flexibility by enabling both high specific thrust operation and improved fuel
consumption at lower power settings. However, the operating conditions considered in the present
analysis do not fully exploit the low power setting capability of the architecture. More specifically,
STOC, SMCR, and ETR points require operation in supersonic regime and are therefore representa-
tive of high thrust settings and at almost full throttle conditions, while the remaining operating points
are not representative of low power operation. Consequently, the benefits observed here should be
interpreted primarily as high power cycle matching and thrust flexibility effects, rather than as a com-
plete assessment of the low power fuel saving potential of the VCE architecture.
The selected VCE candidates therefore represent the same design intents adopted for the MFTF
analysis, but evaluated with respect to the VCE reference configuration.
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Figure 7 – Objective space trade-off for VCE architecture, expressed as percentage variation
relative to the reference design. Feasible and non feasible solutions are shown, with the set of non

dominated solutions and selected suitable candidates

3.3 Comparative Assessment
The two architectures are compared in a common objective space, as presented in Figure 8, where
all variations are expressed with respect to the VCE baseline configuration. This choice enables the
evaluation of configuration specific Pareto fronts, reference designs, and landmark candidates on a
consistent basis. The comparison shows that the two architectures offer different design opportu-
nities. The MFTF configuration is generally more favourable in the low-to-moderate specific thrust
region, where it provides lower mission level installed SFC values than the VCE baseline. As notable
from the figure below, the reference MFTF design lies already in a more appealing condition when
looking at the installed SFC before even considering optimized solutions. This can be attributed to
the conventional architecture itself, under the assumptions adopted for the baseline definition: fewer
components contribute to the overall propulsion system losses, and the absence of an additional
bypass nozzle avoids part of the thrust bookkeeping penalties associated with the installation effects
within the VCE layout.
The VCE architecture, on the other hand, extends both the feasible region and the Pareto front to-
ward significantly higher installed specific thrust regions. This highlights one of the main advantages
of the advanced architecture: the capability to provide larger thrust density levels, while maintaining
mission installed SFC within a comparable range.Therefore, the VCE does not necessarily appears
as the most fuel efficient solution across the whole objective space, but it offers a wider operating
flexibility in high specific thrust requirements.
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This distinction is fundamental for the interpretation of the selected candidates. The conventional
configuration primarily provides fuel consumption oriented improvements, while the adaptive config-
uration captures also the capability of delivering increased thrust levels without incurring in unaccept-
able SFC penalties. When considering the local trade-off in the region of interest, the same installed
specific thrust increase is associated with a milder SFC penalty for the VCE case. However, the
MFTF non dominated set remains shifted toward lower installed SFC levels, for most of the investi-
gated region. The main benefit obtained from the variable cycle concept, is therefore not necessarily
to an absolute mission installed SFC potential reduction, but rather the possibility of increasing the
specific thrust levels, while limiting the associated performance deterioration due to fuel consumption
penalties.

Figure 8 – Comparison of the MFTF and VCE trade-offs, expressed with respect to VCE reference
design

Further insights on the potential improvements of thrust density levels enabled by the advanced
architecture are provided in Figure 9. The figure reports the same shared objective space, again
expressed relative to the VCE baseline configuration, but focus the attention on each architecture
separately. In the upper row, the feasible point collection is coloured according to the variation in Fan
diameter, while the lower row reports the corresponding variation in installed thrust. This representa-
tion helps to distinguish whether changes in installed specific thrust are mainly driven by variations in
engine size or by changes in delivered installed thrust. For the MFTF configuration, the feasible re-
gion is associated with relatively moderate variations in both Fan diameter and installed thrust. On the
other hand, the VCE architecture allows substantially larger increases in installed thrust, leading to
higher installed specific thrust levels, with variations approximately in the range of 10 to almost 20%
in the explored region. These improvements are achieved without prohibitive penalties in mission
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installed SFC, highlighting once again the potential of the VCE architecture to extend the installed
specific thrust envelope beyond the one of conventional configurations.
The potential benefits of VCE architectures should also be interpreted in light of its intended opera-
tional flexibility. Advanced cycle configurations are expected to provide benefits both in high specific
thrust operation, as well as in lower power settings condition, where a more fuel efficiency behaviour
is required. The full assessment of the potential benefits and drawbacks for these kind of configura-
tions may be biased by the assumptions taken in the current study, and a more dedicated analysis
on scheduling of variable geometries would close the assessment from a propulsion system level.

Figure 9 – Architectures’ specific feasible design clouds in the objective space evaluated, reported
with respect to VCE reference design. Columns are configuration related, while rows present

installed specific thrust decomposition

Preliminary weight estimates provide an additional system-level perspective for the comparison be-
tween the two configurations. Figure 10 reports the propulsion system weight estimation relative to
the VCE baseline configuration, while also indicating the absolute weight of both reference designs.
According to the formulation proposed by Torenbeek adopted for the preliminary weight assessment,
the reference MFTF results slightly lighter than the VCE. For both architectures, fuel efficient can-
didates tend to exhibit higher estimated weight, mainly as a consequence of larger engine size and
higher OPR levels. For the VCE candidates, uncertainty scenarios of +10%, +20%, and +30 % are
included to account for potential weight penalty associated with the increased architectural complex-
ity, variable geometry systems, and third stream implementations.
Nevertheless, VCE architectures may provide potential benefits that are not fully captured either
by the optimization objectives or by the preliminary weight estimation. These are mainly related to
the installation aspects and aircraft-level integration capabilities. The availability of a third stream
surrounding the engine core can introduce an additional degree of freedom related to propulsion-
aircraft-thermal management system integration. Acting as a dedicated relatively cold flow path, the
third stream can be used for heat rejection purposes, for example in the eventuality of more electri-
fied or hybridized layouts. In such configurations, electrical machine may be integrated in the form
of motors, generators, or power transfer enablers (acting as alternative variable geometry features),
and additional thermal loads may be introduced in the system.
A further limitation concerns low altitude operation and LTO cycle noise. Since the selected configu-
rations have high specific thrust, low BPR, and high Fan PRs, and despite the introduction of variable
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Figure 10 – Preliminary weight estimation using Torenbeek correlation for the reference and selected
optimized candidates. For the VCE architecture 3 different uncertainty scenario are included

geometries, achieving subsonic flow conditions at the nozzle results challenging. Previous studies fo-
cused on engine architectures shifted towards moderate to high BPRs and low Fan PRs, with variable
geometry nozzle, in order to achieve the noise requirement in LTO segments. However this design
shift would also lead to a substantial increase in fan diameter and nacelle size, influencing therefore
the engine performance during supersonic flight regimes due to installation drag and related effects.
Related to this context, the third stream may offer a potential mitigation opportunity. The separate
bypass stream could provide acoustic shielding effect, conceptually similar to the bypass stream for
high BPR turbofans. However, since the evolving mass flow is expected to be significantly lower, the
effectiveness of this mitigation strategy might be limited.
Overall, the comparison indicates that the MFTF architecture provides a robust fuel consumption ad-
vantage in the common objective space, with relatively limited architectural complexity and mass un-
certainty. The VCE architecture instead offers a broader high specific thrust capability and additional
integration potential, especially through the third stream, but these advantages are accompanied by
possible penalties in propulsion system mass, mechanical complexity, and LTO noise management.
Therefore, the final architecture selection cannot be based only on the two objective Pareto posi-
tion, but must also account for weight, installation effects, thermal-management requirements, and
low-altitude acoustic constraints.

4. Conclusions
This work compared two propulsion system architectures tailored for civil supersonic applications: a
Mixed Flow Turbofan and a Variable Cycle Engine. Both configurations were designed using a Multi
Point Synthesis approach and assessed through a Multi-Objective Optimization routine, allowing the
identification of suitable non-dominated candidates under multiple operating requirements and prac-
tical engine constraints.
The results show that the Mixed Flow Turbofan architecture provides a more favourable mission in-
stalled specific fuel consumption in the common objective space, while retaining lower architectural
complexity and reduced mass uncertainty. For the Mixed Flow Turbofan, reductions in mission in-
stalled specific fuel consumption of almost 4% can be achieved at approximately constant installed
specific thrust, while the maximum thrust candidate provides an installed specific thrust increase of
about 5% at nearly unchanged mission specific fuel consumption. The preliminary mass estimate
also indicates a slightly lower reference propulsion system mass for the Mixed Flow Turbofan, com-
pared with the Variable Cycle Engine reference configuration.
The Variable Cycle Engine architecture, instead, extends the feasible design space toward signifi-
cantly higher installed specific thrust levels, with increments reaching approximately 20% in the se-
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lected region of interest. Its main advantage is therefore not necessarily associated with an absolute
reduction in mission specific fuel consumption, but rather with the capability to increase thrust den-
sity while limiting the corresponding fuel consumption penalty. In addition, the third stream introduces
potential integration benefits, especially for future propulsion aircraft thermal-management systems
and more electrified engine concepts.
However, these advantages are accompanied by increased mechanical complexity, larger uncertainty
in propulsion-system mass, and additional challenges related to low altitude noise management. In
the preliminary weight assessment, Variable Cycle Engine uncertainty scenarios of +10%, +20%, and
+30% were considered to account for the additional complexity associated with variable geometries
and third stream implementation. The selected high specific thrust configurations remain difficult to
reconcile with subsonic nozzle flow requirements during Landing and Take-Off operation, even when
variable geometry nozzles are considered.
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