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Abstract: This study explores inlet-related installation effects on next-generation SST
aircraft, focusing on supersonic business jets. Using a comprehensive framework with
consistent thrust/drag bookkeeping and realistic modeling of inlet losses, including oper-
ational limits for “buzz” and distortions, the inlet drag accounts for 8.8% to 14.2% of the
installed net thrust during the supersonic segment of the mission. Variable airflow control
technology is assessed, with a scheduling methodology developed to optimize the inlet
operation by minimizing the installed SFC. The results show that this technology improves
the installed SFC by 0.80% during supersonic cruise, enhancing the overall propulsion
system performance.

Keywords: supersonic inlet; installation losses; bypass airflow control system; spillage
drag; bypass drag; total pressure recovery; excess airflow management; installed SFC;
next-generation SST

1. Introduction
The forthcoming market entry of next-generation supersonic transport (SST) aircraft

has prompted the International Civil Aviation Organization (ICAO) to develop standards
ensuring their environmental compatibility, particularly in terms of sonic boom and Land-
ing and Take-Off (LTO) noise [1]. On the industrial front, companies like Boom Supersonic
have taken significant steps, with the “Overture” supersonic airliner representing one of
the most advanced efforts toward SST sustainability [2]. Simultaneously, research activities
led by organizations such as NASA, through the QueSST [3], N + 2 [4] and N + 3 [5] pro-
grams, as well as the European Union’s SENECA [6], have emerged to address challenges
associated with the development of sustainable SST aircraft.

Focusing on the SENECA project, under whose umbrella this study is conducted,
the central assumption is that the next-generation SST aircraft will not be permitted to
fly at supersonic speeds over land due to unresolved issues with the sonic boom [6].
Consequently, the project places significant emphasis on addressing LTO noise and emission
challenges. As a result, the operational profile of these aircraft is expected to include
supersonic flight over water and subsonic flight over land.

The propulsion systems of next-generation SST aircraft will feature higher-bypass-ratio
engines that produce lower specific thrust [7] than research activities on supersonic-capable
engines of the past [8], driven by the need to meet LTO noise restrictions and higher
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thrust-to-weight airframe requirements [9]. However, this necessitates larger nacelles to
accommodate the propulsion system, consequently introducing higher installation losses,
which deteriorate the overall aircraft performance. Thus, the design of next-generation
SST propulsion systems requires a compromise between the LTO exhaust velocity and
minimized installation losses at supersonic speeds.

One of the most critical components of supersonic-capable propulsion systems is the
inlet system, since their installation losses increase significantly when reaching supersonic
speeds. Supersonic inlets’ main roles are to capture the required amount of airflow and com-
press and decelerate it towards the engine face at subsonic conditions, at high total pressure
recovery and acceptable distortion levels, while generating minimum throttle-dependent
drag forces. The supersonic flow that the inlet system captures becomes subsonic via a
shock system generated by the supersonic diffuser. The flow is then further decelerated
and compressed into the internal ducting that forms the subsonic diffuser. The compression
generated from the inlet system contributes to the overall thermodynamic engine cycle.
Furthermore, boundary-layer bleed systems are usually installed on supersonic inlets to en-
sure their stable operation and optimum performance by following specific scheduling per
operating condition, introducing, however, additional airflow requirements and associated
inlet drag.

Supersonic inlets are designed to operate in their critical mode at the design point,
where a terminal normal shock is placed at the cowl lips, minimizing drag by eliminating
throttle-dependent spilled flow. However, in off-design conditions, when the engine
mass flow demand is lower than the inlet capacity, increased backpressure moves the
terminal shock upstream, spilling excess airflow and generating additional drag, which
deteriorates propulsion system performance. Consequently, significant emphasis is placed
on the inlet/engine integration and exploring enabling technologies to enhance the overall
propulsion system performance while meeting the environmental impact constraints.

This paper investigates the inlet-related installation losses of a propulsion system for
next-generation SST aircraft, using the Cranfield University (CU) E19 Aeolus supersonic
business jet as a case study [9,10]. Beyond assessing the installation losses, this study also
includes the assessment of the potential of the bypass airflow control system as a technology
for enhancing installed performance, demonstrating a method that schedules the bypass
airflow control system to minimize the installed specific fuel consumption (SFC). While the
application focuses on an M1.6 supersonic business jet, the methodological approach can
also be implemented in all propulsion systems that power supersonic-capable air vehicles.

2. Methodology
2.1. Thrust/Drag Bookkeeping

A well-defined performance integration system is applied in the current research
study, ensuring the consistency of the thrust/drag bookkeeping method (TBM) between the
airframe and the propulsion system. The installed net thrust is defined as the uninstalled
net thrust minus the sum of the inlet and afterbody installation drag forces (Equation (1)).
The uninstalled net thrust is defined as the difference between the gross thrust and the
ram drag while accounting for customer bleed airflow, aircraft power off-take, and inlet
total pressure recovery. The inlet drag term comprises the spillage, boundary-layer bleed,
and bypass drag and is defined in Equations (2) and (3). The nozzle afterbody drag term
accounts for the pressure drag, the shear forces, and the shock losses. Contrary to the
approach suggested by Ball and Hickcox [11], where the reference inlet and afterbody
installation drag forces are assigned to the airframe, with only the throttle-dependent
components of these forces considered as propulsion-system-related drag forces, this study
adopts a different approach. The integrated framework, where this study takes place,
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precludes the availability of propulsion system component sizes that are required for the
reference force evaluation, since the propulsion system size changes in the design loop. For
this reason, both the reference and the throttle-dependent drag forces are bookkept within
the propulsion system (Equation (4)). Consequently, to ensure comprehensive accounting of
all the acting forces, both airframe and nacelle drag are reflected on the aircraft drag polar.

Fninstalled = Fnuninstalled − (D inlet + Da f terbody

)
(1)

Dinlet = Dspill + Dbleed + Dbypass (2)

Dinlet =
1
2

ρ∞ V2
∞ Ac CDinlet (3)

Dspill = Dspillthottle−dependent
+ Dspillre f erence

(4)

2.2. Integrated Framework

The present work forms part of the SENECA integrated framework, as described in
more detail by Mourouzidis et al. [12], highlighting the iterative design process between
the airframe and the propulsion system. The process begins with the specification and
analysis of the aircraft platform, utilizing low- to medium-fidelity methods, as described
by Villena et al. [9]. The mission analysis is conducted using the selected aircraft platform,
generating the mission profile and thrust requirements, which are then provided to the
propulsion system designers. The installed performance, size, and weight of the propulsion
system are evaluated by incorporating methods and tools to ensure that the thrust require-
ments are met throughout the mission. The engine cycle design and uninstalled net thrust
are determined using the Numerical Propulsion System Simulation (NPSS), integrated
with the Performance of Installed Propulsion Systems Interactive (PIPSI) methodology, a
validated tool that accurately captures installation effects by incorporating physics-based
models and experimental correlations derived from inlet and exhaust system data. As
detailed in Del Gatto et al. [7], the bare engine weight and size are assessed using the Cran-
field University (CU) in-house tool, ATLAS, while the exhaust system weight is calculated
using empirical relations. The weight of the supersonic inlet system is assessed through an
updated version of the PIPSI methodology, which incorporates empirical relations tailored
for the weight assessment of several types of supersonic inlet systems [13].

2.3. Supersonic Inlet Model
2.3.1. Supersonic Inlet Performance Characterization and Inlet/Engine Flow Matching

Supersonic inlets are usually equipped with auxiliary systems to enhance their opera-
tional stability, reduce distortion levels at the engine face, and improve their performance
characteristics. These auxiliary systems include boundary-layer bleed features, often im-
plemented via porous surfaces or slots, as well as bypass airflow control systems. The
operation of the supersonic inlets and the associated scheduling of their auxiliary systems
are closely coupled with engine performance throughout the flight mission. To achieve
inlet/engine flow matching throughout the whole engine operation, this study adopts a
comprehensive approach proposed in the PIPSI methodology [11]. In this approach, the
inlet performance is characterized by the airflows passing through various segments of
the inlet system using equivalent freestream tube areas. These areas are expressed with
respect to the inlet geometric reference area, the capture area, enabling the application of
standardized inlet performance maps.

The inlet system capacity per freestream Mach number is dictated by the capture area
size. However, throughout the lower power off-design cases of the mission, the inlet system
has excess airflow capacity, as the engine demands less airflow than the inlet capacity could
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provide. The excess airflow can either be spilled around the inlet or, if a bypass airflow
control system is installed, bypassed.

As illustrated in Figure 1, the airflow entering the inlet system is characterized by
the freestream tube area A01, while the freestream tube area A0spill represents the flow
spilled around the inlet lips to match the engine mass flow requirements. This spilled flow
contributes to the inlet drag, introducing a component known as spillage drag. For inlet sys-
tems equipped with boundary-layer bleed systems, an additional flow is diverted to bleed
the developed boundary layer, keeping the inlet operation stable, decreasing boundary-
layer shock interactions, and improving the performance characteristics. However, this
bleed flow also introduces an additional inlet drag component known as boundary-layer
bleed drag. The airflow passing the inlet throat corresponds to the freestream tube area A0

and determines the inlet total pressure recovery. If an inlet system is also equipped with
a bypass airflow control system, additional airflow may be bypassed downstream of the
inlet throat when the system is activated, introducing another inlet drag element referred
to as bypass drag. As mentioned earlier, activating the bypass airflow control system is an
additional option for managing the excess airflow capacity. The activation of this system
reduces the inlet backpressure, causing the terminal normal shock to approach closer to the
inlet lips, thereby bringing the inlet operation closer to its critical mode. The remaining
airflow, corresponding to the A0eng freestream tube area, is directed to the engine face.
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Figure 1. Representation of the freestream tube areas that characterize the flows passing through
several segments of the inlet system.

2.3.2. Capture Area Sizing

The inlet capture area is defined by the forward-projected area of the inlet highlight,
determined by the leading edges of the supersonic diffuser [14]. This design parameter
is one of the most critical ones influencing the overall inlet size and performance. The
capture area is sized under the assumption that the inlet operates in its critical mode, with
zero throttle-dependent spill flow and zero bypass flow. This approach minimizes the
capture area, thereby optimizing the propulsion system’s performance by minimizing
the installation losses associated with the inlet system at the on-design condition. This
approach has been incorporated into the multi-design point methodology employed for
the engine design, as detailed by Del Gatto et al. [7], in order to effectively locate the most
demanding point for the capture area sizing in the design loop.

2.3.3. Operating Constraints

The inlet model incorporates operating constraints on the inlet system and conse-
quently on the engine operation. The inlet cannot operate at an excessively high mass
flow ratio, as this would result in unacceptably high distortion levels at the engine face,
potentially causing the engine to stall or surge. Conversely, when operating in subcritical
conditions below a certain mass flow ratio, the inlet exhibits significant flow instability,
characterized by violent oscillations of the shock system—a phenomenon commonly re-
ferred to as “buzz” [15]. The PIPSI dataset includes these operational limits, enabling rapid
numerical modeling using its high-fidelity data. This capability is particularly valuable in
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the preliminary design of the propulsion system, as accounting for such limits enhances the
reliability and accuracy of the results by incorporating realistic effects of inlet and nozzle
losses due to drag and internal performance.

3. Case Study
The methodology outlined in the previous section has been applied to the Cranfield

University (CU) Aeolus E19 low-boom low-drag supersonic business jet, equipped with
two mixed-flow turbofan engines. This work is built upon prior SENECA project studies on
the airframe [9] and engine [7] design and analysis, focusing on the inlet system installation
losses. The propulsion system features an underwing-mounted installation with two-
dimensional, variable-ramp, external compression inlet systems, incorporating a porous
bleed on ramp surfaces and a throat bleed slot (referred to as “ATS2 inlets” in Kowalski’s
report [16]). The installed propulsion system performance has been evaluated both with and
without an overboard variable bypass airflow control system, i.e., bypass doors and slotted
plates. This assessment aims to determine the effectiveness of such technology in supersonic
transport aircraft propulsion systems by quantifying the associated performance benefits.

4. Results
The design point of the inlet capture area, regardless of whether a variable bypass

airflow control system is installed, corresponds to the supersonic top of climb (STOC) that
coincides with the beginning of supersonic cruise. This is consistent with NASA’s N + 2
studies [4]. The bypass airflow control system does not affect the sizing of the capture area,
as per the guidelines outlined in Section 2.3.2, where the bypass is assumed to be closed
and the inlet operation in its critical mode.

When the inlet system is not equipped with a bypass airflow control system, it operates
subcritically under all reduced power off-design conditions, as illustrated in Figure 2a,b,
spilling the excess airflow around the inlet lips to match the engine requirements. In
contrast, a variable bypass airflow control system allows the regulation of the inlet back-
pressure by bypassing the excess airflow downstream the inlet throat, shifting the inlet
operation towards its critical mode, affecting the resulting inlet total pressure and the
boundary-layer bleed requirements. At the same time, the bypass airflow control system
also regulates the spillage and bypass drag by managing the excess airflow. Consequently,
bypassing excess airflow affects the inlet operating conditions and thereby all the inlet
performance parameters.

The scheduling of the bypass airflow control system depends on the operational
objective of the propulsion system operation. For supersonic civil transport applications,
where fuel efficiency emerges as a pivotal parameter, directly influencing the aircraft’s
market viability and operational costs, the system is scheduled to minimize the installed
SFC by trading between the overall inlet drag and total pressure recovery.

Figure 3a presents a typical off-design supersonic cruise point, breaking down the
overall inlet drag into its spillage, bleed, and bypass components. Increasing the bypass
airflow to match the engine requirements reduces the spillage drag by limiting the amount
of airflow that is spilled around the inlet while simultaneously increasing the bypass drag.
At the same time, as bypass airflow increases, the inlet approaches its critical operating
mode, reducing the boundary-layer bleed requirements and consequently the bleed drag.
For the illustrated case, the overall inlet drag demonstrates a decreasing trend as the bypass
airflow increases.
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bypass drag coefficient as a function of the bypass mass flow ratio. (b) Optimal scheduling of the
bypass airflow control system to minimize the installed SFC, demonstrating the trade-off between
inlet drag and total pressure recovery. The optimal bypass setting is highlighted with a red arrow.

Figure 3b illustrates the trade-off between the overall inlet drag (scaled by a factor of
10 for clarity) and the total pressure recovery at the previously mentioned off-design point.
The concurrent decrease in overall inlet drag and total pressure recovery has opposing
effects on the installed SFC. The installed SFC is minimized at a specific setting of the bypass
airflow control system, where the excess airflow is partially spilled, and the remainder is
bypassed overboard.

This scheduling strategy is applied throughout the entire mission profile, with the
results displayed in Figure 2. As shown, the activation of the bypass airflow control system
is efficient only during the supersonic climb and cruise phases. For the remainder of the
mission, achieving inlet/engine matching by spilling the excess airflow yields improved
performance, without reaching the buzz limit. As illustrated in Figure 2a and previously
discussed, the activation of the bypass airflow control system allows the inlet to operate
at higher mass flow ratios compared to an inlet that does not have overboard bypassing
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capabilities. The effect of increasing the operating mass flow ratio on the total pressure
recovery is depicted in Figure 2b, which also demonstrates the shift of the inlet operation
towards its critical point when the bypass airflow control system is activated.

It is noted that in Figure 2a,b, the transonic acceleration zone is characterized by its
starting and ending points to effectively capture the installation effects of the supersonic
inlet and the influence of the bypass airflow control system in this segment. Midpoints
within the transonic acceleration phase are excluded, as accurately representing transonic
aerodynamics at these points requires higher-fidelity methods.

The overall impact of the variable bypass airflow control system technology on propul-
sion system performance is illustrated in Figure 4a. For the supersonic climb segment,
setting the bypass mass flow ratio to 2.17% reduces the overall inlet drag forces by 7.82%
and total pressure recovery by 0.65% compared with an inlet system without variable
bypass airflow control technology. This results in a reduction in the uninstalled net thrust
requirements by 0.78%, improving the installed SFC by 0.47%. In the supersonic cruise
segment, a bypass mass flow ratio of 2.54% reduces the overall inlet drag forces by 11.57%,
accompanied by a reduction in total pressure recovery by 0.96%. These changes lead to a
1.27% reduction in uninstalled net thrust requirements, resulting in a 0.80% improvement
in the installed SFC. The afterbody drag percentage changes are not included in the bar
charts, as their contribution is negligible.
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Figure 4. Effect of the bypass airflow control system on propulsion performance. (a) Main perfor-
mance differences between inlet systems with and without bypass airflow control. (b) Comparison of
inlet drag-to-installed net thrust ratio between inlet systems with and without bypass airflow control,
during supersonic climb and cruise.

Figure 4b illustrates that for next-generation supersonic business jets, when a bypass
airflow control system is not installed on the inlet, the inlet drag accounts for 10.5% to
14.2% of the installed net thrust during supersonic climb and approximately 13.6% during
supersonic cruise, significantly affecting the installed propulsion system performance.
When the bypass airflow control system is installed and scheduled to minimize the installed
SFC, the inlet drag is reduced within the range of 10.5% to 12.4% of the installed net thrust
during supersonic climb and by approximately 12.1% during supersonic cruise. The kink
in the diagram in Figure 4b represents the supersonic top of climb, where the inlet capture
area is sized, and consequently the throttle-dependent spillage and bypass drag are zero,
minimizing the overall inlet drag, which accounts for 8.8% of the installed net thrust.
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5. Conclusions
This study examines and quantifies the inlet installation losses of a next-generation

SST propulsion system, case-studying the CU Aeolus E19 aircraft. By implementing the
inlet performance maps from the PIPSI dataset, the analysis captures realistic inlet effects
and associated throttle dependencies while incorporating operational constraints to avoid
the “buzz” and unacceptable distortion levels at the engine face.

The findings reveal that inlet installation drag significantly deteriorates the overall
propulsion system performance, accounting for 10.5% to 14.2% of the installed net thrust
during supersonic climb and approximately 13.6% during supersonic cruise.

Furthermore, the bypass airflow control technology has been assessed, and a schedul-
ing methodology has been developed to minimize the installed SFC by trading between
the spillage, bleed, bypass drag, and total pressure recovery. This technology has proved
to be beneficial, since it reduced the overall inlet drag by 7.82% during supersonic climb
and 11.57% during supersonic cruise, with a corresponding 0.65% and 0.96% total pressure
recovery drop, respectively. Overall, the additional degree of freedom that is introduced by
the variability of the bypass airflow control system enabled an installed SFC improvement
of 0.47% during supersonic climb and 0.80% during supersonic cruise.

This methodology and its results demonstrate that adopting integrated design
approaches—incorporating potential system variabilities, such as a bypass airflow control
system—can lead to more advanced designs with enhanced overall aircraft performance,
thereby contributing to reduced operating costs and greater market viability for next-
generation SST aircraft.
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Nomenclature

Ac Inlet capture area

A01
Equivalent freestream tube area of the inlet airflow demand including the
boundary-layer bleed requirements

A0
Equivalent freestream tube area of the inlet airflow demand passing through
the inlet throat

A0eng Equivalent freestream tube area of the engine airflow demand
A0spill Equivalent freestream tube area of the spilled airflow
A0bld Equivalent freestream tube area of the boundary-layer bleed airflow
A0byp Equivalent freestream tube area of the bypassed airflow
CDinlet Total inlet drag coefficient normalized on the capture area
CDspill Spillage drag coefficient normalized on the capture area
CDbleed Bleed drag coefficient normalized on the capture area
CDbypass Bypass drag coefficient normalized on the capture area
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Dinlet Total inlet drag force
Da f terbody Total afterbody drag force
Fnuninstalled Uninstalled net thrust force
Fninstalled Installed net thrust force
M∞ Freestream Mach number
Pt2 /Pt∞ Inlet total pressure recovery
SFCinstalled Installed specific fuel consumption
V∞ Freestream velocity
ρ∞ Freestream air density
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