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ARTICLE INFO ABSTRACT

Communicated by Kontis Konstantinos An aerothermodynamic performance analysis is conducted for a supersonic transport propulsion system, evalu-

ating the feasibility of a single-stage and a two-stage fan configuration. The propulsion system is modeled using

Keyw ords.: . a parametric approach, incorporating variations in fan pressure ratio, bypass ratio, and high-pressure turbine
Supersonic transport aircraft . . . . .

. inlet temperature to assess their impact on cruise and off-design performance. A two-shock external compression
Aerothermodynamics

intake is assumed. The analysis is performed for a cruise speed of Mach 1.7 at an altitude of 60,000 feet, similar
to the cruise conditions proposed for the Boom aircraft. The results demonstrate that the two-stage fan config-
uration offers superior performance, achieving an 8.5% increase in specific range compared to the single-stage
fan while maintaining a reduced fan diameter and lower overall engine mass. The off-design analysis reveals a
significant performance penalty associated with the long-proposed idea of boom-less, overland supersonic cruise.
A 22% reduction in specific range is predicted when shifting from a Mach 0.95 to Mach 1.2 over land cruise.
The off-design analysis further highlights the efficiency advantages of the two-stage fan, with a 3.5% reduction

Propulsion efficiency
Optimization analysis
Design and off-design performance

in specific fuel consumption at lower Mach numbers and a broader operational envelope.

1. Introduction

Civil supersonic transport (SST) has been pursued at least since
the mid 1950s [1,2]. Development focusing on the high-speed avi-
ation transport, especially for the intercontinental flights has been
launched by the National Aeronautics and Space Administration
(NASA), aerospace industries, and universities over 60 years ago [3,4].
Early US development focused on a swing-wing concept, the Boeing
2707, targeting very high cruise speeds of around 2.7 Mach [5]. So-
viet and European efforts have followed similar routes culminating with
the British/French Mach 2+ design, the Concorde, becoming an iconic
product claiming the early SST achievements [6]. It stayed in service for
over 25 years until the International Civil Aviation Organization (ICAO)
announced the termination of the SST fleet in 2003, primarily based
on environmental concerns but also due to the difficulties maintaining
commercial profitability [7,8]. Compared to the subsonic flights, its fuel
consumption per passenger per distance traveled, its atmospheric pollu-
tion, and the sonic boom gradually rendered it infeasible [9].

After more than two decades without SST flights, there has been a
renewed interest in reviving the concept to a potentially operational
status. According to the reports [10-12] on SST market analysis, it was

* Corresponding author.

anticipated that we should already have had some hundred units of su-
personic jets available by now. Roy Harris [6], a chief director of aero-
nautics and high-speed flights at NASA, indicated that by early 2000
we will be on the threshold of having a viable supersonic commercial
fleet for long-range destinations. Based on the advancements in tech-
nology, Sun and Smith [13] heightened the expectations of low-boom
low-drag designs capable of meeting stringent regulatory requirements.
The supersonic airliner Boom Overture [14] is targeting a 65-80 pas-
senger Mach 1.7 aircraft to be fully ready for flight by 2025. They have
reported successful flight tests with their 1/3 scale test aircraft, the
XB-1 [15].

Through NASAs efforts new SST concepts have gradually evolved
within the Supersonic Technology Concept Aeroplanes (STCAs) studies
and more recently by intensifying research in low-boom designs which
led to the launch of the CST program on commercial supersonic tech-
nology, aiming to find low noise supersonic overland capability [16].
For the 2025-2035 time frame (N + 3), the development of a 100+ pas-
senger aircraft with acceptable acoustic performance and fuel efficiency
goals is deemed feasible [17].

Since there has not been a regulated standard for the environmental
aspects of SSTs, ICAO launched a program with NASA to establish clear
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Nomenclature

Roman Symbols

b Wingspan (m)

Cp Drag coefficient

Chpo Zero-lift drag coefficient

C, Wing chord length at kink (m)
Cy Lift coefficient

C, Wing chord length at root (m)
C, Wing chord length at tip (m)

D Drag (N)

F Thrust (N)

FPR, r;,, Fan pressure ratio

L Lift force (N)

L/D Lift-to-drag ratio

L, Aircraft length (m)

M Mach number

M, Mid-cruise aircraft mass

m Intake mass flow rate (kg/s)

m, Core air mass flow rate (kg/s)
m, Cooling-air mass flow rate (kg/s)
OPR Overall pressure ratio

P Pressure (Pa)

Re Reynolds number

SFC Specific fuel consumption (mg/N-s)
SR Specific range (m/kg)

Sef Reference Area (m?)

Sy, Wetted Area (m?)

T Static temperature (K)

T, Compressor exit temperature (K)
T, Turbine inlet temperature (K)

|4 True airspeed (m/s)

w Aircraft weight (N)

Y, kink span (m)

Y, Tip span (m)

Subscripts and Superscripts

0 Freestream (ambient)

1 Intake entry

Ist single-stage fan

2st two-stage fan

3 High-pressure compressor output

4 High-pressure turbine inlet

5 Low-pressure turbine exit

5/ Bypass duct exit

des design

HPC High-pressure compressor

HPT High-pressure turbine

ISA International Standard Atmosphere
LPT Low-pressure turbine

LE Leading edge

nac Nacelle

Abbreviations

BPR Bypass ratio

CFD Computational Fluid Dynamics
CST Commercial Supersonic Technology
FLADE Fan on Blade

FPR Fan pressure ratio

GESTPAN General Stationary and Transient Propulsion Analysis
ICAO International Civil Aviation Organization
LPT Low-pressure turbine

MIL-E Military supersonic inlet standard
MTOM Maximum take-off mass

OPR Overall pressure ratio

SFC Specific fuel consumption

SST Supersonic transport

STCA Supersonic Technology Concept Aeroplanes
TIT Turbine inlet temperature (same as Tj)
UEETP Ultra-Efficient Engine Technology Program
WEICO Weight and Cost Estimation tool

S-H Sears-Haack

Greek Symbols

a, B,y Empirical constant (weight model)
Hengine Overall engine efficiency

Hfan Fan adiabatic efficiency

fiHpC High-pressure compressor efficiency
NHPT High-pressure turbine efficiency

NLpT Low-pressure turbine efficiency

A Sweep angle

A; Inboard taper ratio

Ay Outboard taper ratio

W Cooling flow ratio

goals for supersonic flight emissions margins [16]. To support goal set-
tings they designed a conceptual eight-passenger 55-tonne trijet busi-
ness jet for cruising at M 1.4. Their assessments of exhaust and noise
emissions were performed alongside the evaluation of advanced take-
off techniques to manage close to airport noise emissions. These take-
off procedures involve optimizing engine rating at take-off and fly-over
certification points [18]. In parallel, there have been multiple efforts
to shape the airframe to minimize over-land noise pollution, prefer-
ably with ground noise below 70dB for cruise speeds of M=1.6 and
above [19,20]. To this end, the NASA X-59 aircraft was developed [21]
and key demonstrator efforts have been performed [22].

Jim et al. [20] conducted a multi-objective optimization study on
low-boom supersonic transport planforms. The authors used a surrogate-
assisted Bayesian optimization framework to minimize sonic boom loud-
ness, drag, and root bending moment (RBM). Their results highlighted
the inherent trade-offs in optimizing low-boom configurations, demon-
strating that while a 24% reduction in boom loudness and a 25% de-
crease in RBM were achievable, these came at the expense of a 5%
increase in drag. The study did not consider the impact of the engine
and its installation on the optimization result. Rodriguez [23] con-

ducted an integrated optimization of the propulsion and airframe of
the Aerion supersonic business jet. The study coupled a nonlinear opti-
mizer with Euler CFD simulations to obtain optimal geometries for en-
gine inlet and nozzle while simultaneously considering the flow over the
aircraft.

Rallabhandi and Mavris [24] performed SST design analysis with
multi-optimization procedures by keeping the aircraft design and the
propulsive engine together in their design space. Using an advanced
genetic algorithm combined with their optimization analysis, they de-
veloped a robust procedure to provide an appropriate design based on
aerodynamics and propulsion requirements. From a number of aircraft
planforms and propulsion concepts, their paper suggests that a double-
delta wing with a Fan on Blade (FLADE) variable-cycle engine and a
canard or T-tail configuration is best suited for the mission studied.

Bruckner [25] reported on the conceptual design of a propulsion sys-
tem for a six-seat SST jet aiming for a range of 4000 nm and a cruise
Mach number of 2.0. The final design achieved an 81 percent reduc-
tion in landing and take-off NO, emissions and a 23 percent decrease in
fuel burn compared to the baseline technology. The advancements were
achieved by inserting technologies developed under the Ultra-Efficient
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Fig. 1. The SST aircraft concept studied herein.

Engine Technology (UEETP) program and by optimizing the propulsion
system for the new component performance.

Brear et al. [26] studied propulsion systems for supersonic aircraft
that support the trans-Pacific distance of approximately 6,000 nm aim-
ing for a cruise condition of Mach 2.0 and 60 kft altitude. Their "best
case" design achieved a cruise SFC of 26.3 g/kN-s for a turbine inlet tem-
perature of 1940 K. The study did not include installation effects such
as the prediction of nacelle drag and engine weight.

Schlette and Staudacher [27] conducted a preliminary engine design
study for supersonic business jets, targeting optimal performance for a
cruise Mach number of 1.4. This Mach number is lower than the cruise
speeds targeted for larger supersonic aircraft such as the one studied in
this work. Their research identifies an ideal fan hub-to-tip ratio similar
to military fans and discusses compromises between turbine mass and
size, highlighting the need for further development in supersonic engine
design. The authors claim that a two-stage fan configuration with a spe-
cific thrust of approximately 300 m/s enhances the aircraft’s range by
11 percent over a single-stage fan. The paper limited the single stage fan
pressure ratio (FPR) to a range of 1.6-1.8, which is estimated to give a
suboptimal fan design, in particular for the higher Mach number stud-
ied in this work. The limit in FPR will increase the diameter of the fan,
thereby increasing nacelle drag.

Prashanth et al. [28] conducted a fundamental comparison of the
performance, noise, and NO, emissions constraints of a clean-sheet fully
purpose-built turbofan and a derivative supersonic engine (donor core).
Their research indicates that while derivative engines meet subsonic
NO, standards with a 6-18 percent margin, clean-sheet engines require
adjustments for compliance. For instance, their designed clean-sheet en-
gine showed a 4.5 percent improvement in SFC, but a 2.5 times higher
NO, and 1.2dB higher noise emissions were encountered. They then
discussed trade-offs in engine design, with derivative engines achiev-
ing noise levels within 3 EPNdB of clean-sheet engines. By imposing
NO,-level constraints on the clean-sheet engine to be less than for the
derivative engine, a 0.5 percent improvement in SFC and 0.8 dB lower
noise is achieved. The authors did not consider using a two-stage fan
architecture in their study.

The paper first describes the aircraft concept studied, as illustrated in
Figs. 1 and 2, which is representative of a medium-size supersonic trans-
port configuration similar to the Boom Overture aircraft. The paper then
goes on to detail the engine design requirements and the submodels for

engine weight modelling, the nacelle drag estimation and the cooling re-
quirement calculations. Subsequently, new results are presented on the
aero-thermodynamic performance of the propulsion system, with a com-
parison between single-stage and two-stage fan architecture. In contrast
to earlier studies focused on lower cruise Mach numbers and supersonic
business jets, this work targets a cruise Mach number of 1.7 more rele-
vant to larger supersonic aircraft. A parametric study is then presented
identifying the optimal operating conditions by varying key propulsion
parameters, including FPR, bypass ratio (BPR), and high-pressure tur-
bine inlet temperature. The analysis accounts for the trade-off between
engine performance, engine weight, and nacelle drag by coupling sepa-
rate sub-models and evaluating the specific range of the aircraft. Finally,
we evaluate the option of supersonic over-land operation by quantify-
ing the penalty in specific range associated with increasing the Mach
number from 0.95 to 1.2.

2. SST aircraft concept

As depicted in Fig. 2, the aircraft planform used in this study features
a multi-section wing design inspired by NASA’s conceptual studies [29].
According to their findings, the double-delta trapezoidal wing configu-
ration offers significantly improved aerodynamic performance for high-
altitude supersonic cruise. The cranked wing structure incorporates in-
board and outboard leading-edge angles of 73.3° and 52°, respectively.
Notably, the updated wing design of the Concorde’s ATSF version [30]
was based on a similar structural layout as the aircraft planform used in
this study.

The aircraft length and span in the present study are 65 and 32m
respectively, set to agree with data proposed by the Boom Supersonic
Inc. [14]. Their design, the Overture aircraft, is stated to fit approxi-
mately 85 passengers and crew members on board. The maximum take-
off weight was estimated based on historical data for the Concorde air-
craft and its proposed successor the ATSF version [30], resulting in an
estimated total mass at take-off (MTOM) of approximately 175,000 kg,
and a mid cruise mass of 131,000 kg. The reference area S, was esti-
mated to provide a sufficient lift based on the cruise speed and the mid
cruise mass. The wetted area was estimated from the ATSF wetted to
reference area ratio. Sweep angles were estimated based on first princi-
ples and the cruise speed proposed [31]. The key airframe parameters
are presented in Table 1.
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(a) Planform view
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Fig. 2. Three-view of SST aircraft concept.

Table 1

Aircraft design specifications as defined in

Fig. 2.
Parameter Value Unit
L, 65 m
b 32 m
C, 32 m
C, 3.2 m
C, 10.66 m
A 0.33 -
A 0.3 -
AR 3.09 -
Y, 6 m
Y, 15 m
St 440 m?
S, 1365 m?
M 131,000 kg

3. Propulsion system

The engine performance analysis is performed using the GEneral
Stationary and Transient Propulsion ANalysis (GESTPAN) framework,
a multidisciplinary tool for gas turbine engine analysis developed at
Chalmers University [32]. The conceptual aircraft design tool is cou-
pled with the core engine code enabling the system analysis.

One of the key parameters for evaluating the engine performance is
the overall pressure ratio (OPR). For a high speed application like the
current SST, the choice of material for the last stages of the compressor
sets its temperature capability. This temperature, the maximum allow-
able compressor exit temperature (T3), in turn determines the possible
OPR based on the compressor efficiency. In this work we use a T3 of
970 K, which is very close to the assumption made for the SST appli-

Table 2
Specific range (SR) as a function of BPR and
F PR for two T, values.

(@ T, =1750 K.

BPR FPR SR
2.0 112
2.5 2.5 104
3.0 73
2.0 110
3.0 2.5 88
3.0 42
2.0 102
3.5 2.5 67
3.0 -

() T, = 1850 K.

BPR FPR SR
2.0 115
2.5 2.5 113
3.0 98
2.0 117
3.0 2.5 111
3.0 89
2.0 117
3.5 2.5 102
3.0 69

cation presented in [34]. This then translates to an OPR of 33. At take-
off the temperature is substantially lower, estimated at around 660 K
at hot-day, meaning that it is the cruise condition that limits the OPR.
On longer term it is anticipated that the allowable T3 temperatures may
continue to rise, ultimately as high as 1070 K [35], but such a high value
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Fig. 3. Supersonic intake pressure recovery diagram (a) [33], and a schematic of an axisymmetric spike inlet (b).

was not viewed feasible for extended periods of running as planned for
the SST cruise phase. For T4 we again line-up our assumption with Kha-
rina et al. assuming a maximum of 1850 K [34]. On longer term it may be
possible to use higher turbine inlet temperatures, as high as 1950 [35],
but again such a high temperature is currently not deemed feasible for
longer duration cruise phase operation.

Four 160kN underwing-mounted turbofan engines power the SST
aircraft concept. A two-spool mixed-flow non-afterburning turbofan en-
gine is considered in line with the Symphony engine architecture, as
proposed by Boom Supersonic Inc. [14]. An external compression Os-
watitsch intake is assumed, also consistent with the Boom aircraft com-
pany suggestions, see Figs. 2 and 3. Based on the pressure recovery dia-
gram shown in Fig. 3 and more recent calculations on this type of inlet
for a cruise Mach of 1.7 [36], a total pressure loss of 97.8 % was as-
sumed. For fan architecture, two designs are considered for the turbo-
fan in this study; single-stage and two-stage. The stage efficiencies are
calculated from:

Nytage = 0.965 — 0.08 (740, — 1) (€))

stage

using the stage pressure ratio z,,,, where the original expression re-
ported in [37] has been updated for a year 2040 entry into service pre-
diction [38].

3.1. Turbine cooling model

For subsonic aircraft, the design of the cooling system is set by the
take-off conditions. This is because the highest temperature levels occur
in this condition for that type of aircraft. However, supersonic transports
designed for a Mach number of 1.7, generate higher working tempera-
tures in cruise than in take-off. For ISA conditions, the increase due to
stagnation give an intake stagnation temperature of above 340 K.

Having the OPR fixed at 33, as explained in the previous section, a
correlation for estimating the cooling air could then be derived solely
dependent on the turbine inlet temperature 7,. The model underlying
the correlation is based on the work by Wilcock et al [39,40]. The cool-
ing flow fraction could be reduced to vary according to:

= Me 03140 L2 ’ 0.1897( 2 0.0440
Y, T 1500) 1500 )

(2)
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where r, is the mass flow of gas and r, is the mass flow of cooling air.
The correlation above agrees closely with the Wilcock’s model for a T
range between 1750 and 1950 K.

3.2. Propulsion system weight modeling

The propulsion system weight modeling was conducted using WEICO
(WEIght and COst estimation), an in-house module integrated within the
GESTPAN engine performance code. WEICO is based on methods similar
to those found in [41] and has been validated and refined through its ap-
plication in multiple EU projects [42—-44]. WEICO provides the propul-
sion system weight based on correlations that allow the individual en-
gine components to be sized. Then, these sizes are used to estimate com-
ponent weights that sum up to whole propulsion system weight. Rather
than to couple the WEICO tool directly to GESTPAN we have chosen to
use WEICO to generate coefficients for a propulsion system weight corre-
lation. This allows us to present the used method explicitly as part of this
work. The correlation accounts for the key design parameters being the
engine mass flow r1,, FPR, BPR, and the high-pressure compressor tem-
perature rise (ATypc). The high-pressure compressor temperature rise is
used as a correlation parameter rather than OPR, since the temperature
rise relates more directly to work and stage loading than pressure rise.
The correlation used for the propulsion system weight is:

MaSSLP-sys =C;-m,-(1+a-FPR-1)) 3)
MaSSNozzle =, - (CZ +f - (FPR — 1)) (@)
C3+Cy - ATypc
(1+ BPR) - FPR”

where the constants «, g, v, C;, C,, C3, and C, are optimized to align
the predicted weights with WEICO outputs. The resulting optimal values
are:

)

MassHP—sys = 1,

a=0339,
C, =248,

f=0319,
C, =051,

y =0.259

Cy =5.142, C,=0.01706

Comparison between propulsion system weight estimates obtained from
WEICO and those computed using the optimized correlation indicate
that the maximum deviation between the two methods remains below
9%, demonstrating that the constants yield sufficiently accurate esti-
mates for preliminary design studies.

3.3. Nacelle drag prediction

The nacelle drag calculation in this study follows the supersonic par-
asite drag method for a revolutionary body in Raymer [33]. The friction
and wave drag are the dominant components of drag for nacelle drag
prediction. The friction drag coefficient equation is as follows:

= 0.455 ®)

(logyo Re) ™™ (1 +0.144 M2)"®

where the Re is calculated based on the nacelle dimensions. The na-
celle diameter (d,,.)is calculated with a factor of 1.1 of the fan diame-
ter (d,,), and the nacelle aspect ratio (AR,,.) is set to 4.0, hence, the
nacelle length (/,,.) is then calculated. It is worth noting that Eq. (6) ex-
presses the turbulent form of the nacelle skin friction drag. On the other
hand, the wave drag coefficient for the volume of an axisymmetric body

is followed by [45]:
d

2
nac ) X <Anac > @
1nac Sref

3.4. Numerical modelling

Cp,.. =11725- <

A general model for a coupled engine and aircraft system results in
a semi-explicit ordinary differential algebraic system, i.e.:

X = f(x,2)
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0=g(x,2,0) 8)

where x constitutes the differential variables and z represent the alge-
braic variables. The 0-vector represent aero-thermodynamic design pa-
rameters such as component pressure ratios and flows allowing for para-
metric studies and multidisciplinary optimization [46-48]. Unless par-
ticular transient behavior needs to be resolved such as re-acceleration of
the engine in conjunction with a baulked landing or analysis performed
for control purposes of the engine, the engine dynamics may be treated
as quasi-steady for aircraft mission analysis. If so, only the aircraft per-
formance is treated as transient and the engine is represented by a sys-
tem of non-linear equations [49]. By being able to model the coupled
aircraft engine system as represented by Eq. (8) many of the fundamen-
tal non-linearities of the flow and structural couplings [50,51] are not
fully resolved but are embedded in the parametric modeling approach.

Convergence is always challenging for a non-linear system of equa-
tions and cannot be guaranteed unless good starting estimates are pro-
vided. Dynamic modeling is computed using a kth order Backward Dif-
ferentiation Formula solving for the differential and algebraic variables
simultaneously. The algebraic systems are solved using a quasi-Newton
method implementing a Broydn update [52] for the Jabobian. Starting
estimates are obtained by successively building a full design iteration
scheme from subsystems [32] and convergence is set a few order of
magnitude larger than the machine precision, that is a normalized sum
of squares smaller than 10714,

4. Results and discussions

The engine performance analysis and design is carried out in accor-
dance with the prescribed airframe specifications and cruise conditions
at Mach 1.7. The study provides both single-stage and two-stage intake
fan configurations to assess their relative merits. A parametric sweep
is conducted over key design parameters, including the FPR, BPR, and
high-pressure turbine inlet temperature. The impact of these variations
on thrust, specific fuel consumption (SFC), specific range, and overall ef-
ficiency is examined to provide insights into optimal design trade-offs.

Following the validation of the computational model, a detailed
design-space exploration is performed to compare the aerodynamic and
thermodynamic performance during cruise. The subsequent sections
will present a quantitative assessment of single-stage and two-stage fan
configurations, highlighting their advantages and limitations in the con-
text of supersonic transport propulsion.

4.1. Validation

An option for validation of the aircraft model would be to compare
its output with other tools [53] or higher fidelity CFD studies [54].
Here, we validate our aircraft modeling by direct comparison against
Concorde data, as reported in [45,55]. The Concorde remains the most
well-documented supersonic transport aircraft [56], with datasets for
benchmarking engine and aerodynamic performance [57]. The super-
sonic parasitic drag coefficient (Cp,), a critical parameter influencing
overall aerodynamic efficiency is depicted in Fig. 4. The comparison
with empirical data demonstrates an excellent agreement over a large
Mach number range.

Given that the fuselage aerodynamics of a well-designed supersonic
transport aircraft approximately follows the Sears-Haack body distribu-
tion, an empirical efficiency factor, E, 4, may be introduced to account
for deviations from the Sears-Haack limit [33]. Typically, for supersonic
configurations, E,4 ranges between 1.8 and 2.2. The analysis indicates
that setting E, 4 = 2.0 yields the best agreement between the computed
data and the validation data. This alignment suggests that the adopted
aerodynamic modeling captures the essential drag characteristics with
reasonable accuracy. The expression for the wave drag [33] is given by
Eq. (9). The skin friction coefficient for the fuselage, wings and tail com-
ponents use Eq. (6) with individual form factors as listed in [33] for the
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Fig. 4. Comparison of computed zero-lift drag coefficient (Cp,,) with Concorde reference data [45,55] for validation of the aero-thermodynamic model.
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Fig. 5. Cruise specific range at different flight speeds and altitudes.
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Fig. 6. Feasible design space for the single-stage fan engine configuration for achieving efficient cruise performance at Mach 1.7.

respective components.
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The propulsion system validation is split in three parts; engine perfor-
mance modeling, engine weight modeling and nacelle drag analysis. The
methods used for performance modeling have been presented in a pre-
vious publication [32], which details the analytic models forming the
basis of the propulsion system component calculations. The engine is
built up by interconnected components having minimal interfaces, typi-
cally sharing a number of single value fluid properties such as pressures,
temperatures and mass flows with downstream components [32]. If suf-
ficiently many fluid data are listed in a particular performance point,
the engine condition becomes well-defined allowing other researchers
to repeat the study. It has been our ambition to list sufficiently many
performance parameters in Table 3 to allow repeating our simulation in
a commercial [58] or in-house performance tool. Engine weight mod-
elling is derived from an in-house tool validated through a number of
EU-projects projects [42—44]. Using the output from the weight mod-
eling tool, we established a reduced order model completely contained
with in this paper. This model was then used to compute the weights
as part of the multidisciplinary optimization. The nacelle drag model-
ing was based on previously published material provided by Yoshida et
al [45].

4.2. Design analysis

The specific range (SR) is employed as the principal metric for eval-
uating mission performance, as it directly correlates fuel efficiency with
aerodynamic and propulsion characteristics. By analyzing the SR distri-
bution, optimal engine operating conditions can be determined within
the defined design space.

To assess the cruise efficiency, a parametric study is performed, ex-
amining the interplay between aerodynamic and propulsion character-
istics. Fig. 5 illustrates the effect of cruise altitude on mission efficiency,

Table 3

Comparison of key engine performance parameters for opti-
mal single-stage and two-stage fan configurations at design
cruise conditions.

Parameter Unit Single-stage Two-stage
Mach - 1.7 1.7
Altitude kft 60 60
ATiga K 0 0
AType K 418.42 389.6
T; K 971.40 965.17
T, K 1850 1850
BPR - 3.10 2.85
OPR - 33 33

¥ - 0.203 0.203
Core mass flow kg/s 49.41 45.93
Fuel flow kg/s 1.129 1.091
SFC mg/N-s 25.12 24.64
Fan diameter m 2.016 1.880
Ttan - 1.88 2.20
Nean % 89.46 92.63
Mihermal % 57.9 60.8
Nengine % 46.14 47.12
Cy - 0.200 0.198
Cp - 0.027 0.026
L/D - 7.41 7.45
Engine mass kg 3851 3548

considering both aerodynamic performance and engine operating char-
acteristics. The figure indicates that for a cruise at Mach 1.7, an altitude
in the range of 56,000 to 62,000 feet is feasible. 60,000 and 62,000 offer
nearly identical performance and here we choose the 60,000 feet cruise
altitude to remain consistent with Concorde and the Overture concept
aircraft.

Additionally, key engine parameters, including total engine mass and
fan diameter, are depicted in each figure. These parameters are cru-
cial in assessing the trade-offs between aerodynamic efficiency, weight
constraints, and propulsion system integration. A well-balanced design
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ensures that both thrust and fuel consumption are optimized while main-
taining practical weight and dimensional constraints for the supersonic
transport aircraft.

The SR is defined as:

L

D
SFC-w
where V is the true airspeed, L/D is the lift-to-drag ratio, SFC rep-
resents the specific fuel consumption, and W denotes the aircraft
weight. This formulation quantifies the propulsion system efficiency
in sustaining flight range per unit of fuel consumed. Maximizing SR
is a fundamental objective in supersonic transport optimization, as it
dictates the achievable range for a given fuel load. The subsequent
analysis delves into the influence of fan stage configuration on SR

SR = (10)

and evaluates the optimal design parameters for enhancing mission
efficiency.

Having defined a maximum T3 and T4, as discussed in Section 3,
FPR and BPR are now swept within the ranges of 1.6-4.0 and 2.0-
4.0, respectively. To achieve high-resolution performance mapping, a
step interval of 0.01 is adopted for both FPR and BPR, leading to ap-
proximately 10,000 distinct operating conditions being simulated in
GESTPAN for each design case (single and two-stage fan configura-
tions). To support the claim that the best specific range is obtained
at 1850 K, that is at the maximum allowed turbine inlet tempera-
ture, a parametric study was performed for the two-stage architecture
also at 1750 K. The key results are collected in Table 2, illustrating
that the peak specific range occurs at 1850 K close to the BPR 3.0
triplet.
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Comparison of performance parameters for single-stage and two-stage fan configurations at design and

off-design operating points.

Single-stage Two-stage

M =095 M=12 M =17 M =095 M=12 M=17
Operating point h=215 h =400 h =60.0 h=2175 h =40.0 h = 60.0 [kft]
Thrust (kN) 113.5 180.23 179.902 112.57 179.08 177.250
SFC (mg/N-s) 21.27 20.78 24.64 20.62 20.24 25.12
OPR 17.39 28.79 33.0 16.35 26.21 33.0
Fuel Flow (kg/s) 0.6037 0.9365 1.09 0.5808 0.915 1.0129
Ch e 20.14e-4 20e-4 0.0019 20.27e-4 20.13e-4 0.0019
Cy wavemac 13.15e-7 26.32e-5 76.03e-5 7.82e-7 16.29e-5 66.37e-5
C, 0.1064 0.1218 0.2 0.1081 0.1231 0.198
Cpy 0.006212 0.01352 0.0125 0.00625 0.01357 0.0123
L/D 12.05 7.26 7.43 12.08 7.38 7.64
SR (m/kg) 144.4 112.55 1149 147.42 115.9 119.2

For optimal engine performance, the total pressure ratio between the
bypass duct exit (P,5/) and the low-pressure turbine exit (P,s) is main-
tained as close to unity as possible at the mixer entry. This ensures ef-
ficient mixing of the core and bypass streams, which is a critical factor
in reducing total pressure losses and enhancing overall propulsive effi-
ciency [59]. Maintaining this balance mitigates entropy generation and
improves the thermodynamic effectiveness of the propulsion system.

The performance characteristics of the single-stage and two-stage fan
engine configurations are evaluated based on the specific range (SR),
fan diameter, and total engine mass. Figs. 6 and 7 illustrate the feasi-
ble design spaces for these two configurations, highlighting the optimal
regions for achieving efficient cruise performance at Mach 1.7.

The specific range, which serves as the primary metric for propul-
sion efficiency, exhibits a distinct dependency on the FPR and BPR. For
the single-stage fan configuration, Fig. 6, the maximum specific range
values exceed 114 m/kg and are observed within the FPR range of ap-
proximately 1.8-2.1 and a BPR of 2.7-3.2. This region represents the op-
timal balance between aerodynamic efficiency and fuel consumption.
The corresponding fan diameters in this zone range from approximately
1.95m to 2.15m, while the engine mass remains within 3650-4000 kg
range.

For the two-stage fan configuration, Fig. 7, the design space shifts
slightly, with the maximum specific range values surpassing 118 m/kg.
The optimal SR region is observed at an FPR of 2.2-2.45 and a BPR of 2.7-
3.2. The associated fan diameters range from 1.85 m to 1.95 m, while
the engine mass is falling within 3450-3700 kg range which is lower
than the single-stage design. The two-stage configuration enables a more
refined balance between aerodynamic and thermodynamic efficiencies,
allowing for reduced fan diameter while maintaining high performance.

Table 3 presents the key performance parameters for the single-stage
and two-stage fan engines at the optimal cruise condition of Mach 1.7
and an altitude of 60,000 feet. The two-stage fan configuration exhibits
clear performance benefits over the single-stage design. The SFC is re-
duced by approximately 1.9%, while the thermal efficiency increases
by about 5%. Furthermore, the engine and nacelle masses decrease by
nearly 8% and 6.5%, respectively, primarily due to the smaller fan di-
ameter (6.8% reduction), which also lowers the nacelle frontal area
and hence the associated wave drag at supersonic cruise. Although the
propulsive efficiency shows a marginal decrease of roughly 2%, the com-
bined aerodynamic and thermodynamic effects result in an overall im-
provement of about 3.5% in the specific range. This indicates that the
two-stage fan architecture offers a more balanced and efficient propul-
sion solution for supersonic transport applications.

4.3. Off-design performance analysis

To better understand over land performance of the SST aircraft con-
cept the single-stage and two-stage fan configurations are evaluated in
off-design condition, as detailed in Table 4. The analysis considers flight

10

at Mach 0.95 and Mach 1.2 at operational altitudes of 27.5 kft and 40
kft, respectively. The altitudes used for each flight speed were selected
by finding the maximum specific range in the same way as already dis-
cussed for the selection of the cruise altitude, see Fig. 5. The Mach 0.95
condition corresponds to start of transonic drag rise, see Fig. 4, whereas
the Mach 1.2 point is in the Mach 1.1-1.3 supersonic regime for which
overland boom-less flight has been discussed for the Overture aircraft.

Overland boom-less cruise has been brought forward as a means to
increase future SST airline profitability. Table 4 reveals that there is a
substantial penalty for operating in the suggested boom-less overland
Mach range, here represented by the Mach 1.2 condition. We compute
a specific range penalty of 22% going from transonic Mach 0.95 flight
to supersonic overland cruise. The penalty arises from the rapid drop in
lift-to-drag which is only partially counteracted by the increased Mach
number combined with a relatively modest decrease in SFC.

4.4. Overall loss breakdown

To understand the key drivers for inefficiency we present a loss
breakdown for the aircraft computed to the same currency, namely lost
work as illustrated in Fig. 8. From the close to 190 MW of power con-
tained in the fuel used for the two stage fan configuration, around 54%
or 102 MW of the losses are associated with the engine. Airframe drag
induced losses represent close to 39% or 73.5 MW of losses. Installation
related losses are broken down into additional drag needed to carry
the engine mass (lift induced losses) being 5.0%, nacelle drag losses of
1.45% and intake losses of 0.5%.

5. Conclusion

An aero-thermodynamic assessment has been performed to com-
pare the single-stage and two-stage fan architectures for a supersonic
transport propulsion system operating at Mach 1.7 and 60,000 ft. The
design-space exploration revealed that the two-stage fan yields superior
cruise performance, achieving a specific range of 118 m/kg compared to
114 m/kg for the single-stage configuration. At the optimal design point,
the two-stage fan attains a 1.9% reduction in specific fuel consumption
and a 5% improvement in thermal efficiency, while simultaneously low-
ering the fan diameter by 6.7% and the total engine masses by approx-
imately 7.9%. These combined effects enhance overall propulsive and
aerodynamic efficiency, providing a more optimal configuration suit-
able for sustained supersonic cruise. The best cruise performance, cal-
culated for the two-stage configuration, was obtained at a BPR of 2.85
and an FPR of 2.2. The T, 1850 K case produced a higher specific range
than the 1750 K case, despite a 23% increase in coolant flow need.

The off-design analysis reveals a significant performance penalty as-
sociated with the long-proposed idea of boom-less, overland supersonic
cruise. Our estimate calculates a 22% reduction in specific range when
shifting from transonic Mach 0.95 to supersonic overland cruise. This
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drop is driven primarily by a sharp decrease in lift-to-drag ratio, only
partly offset by the higher cruise Mach number and a modest improve-
ment in SFC.
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