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This paper presents an investigation into the potential benefits of a boundary layer ingestion
(BLI) aft fuselage propulsion system, or tail-cone thruster (TCT), when applied to two transport
category aircraft: a conventional tube-and-wing configuration based on the NASA Common
Research Model (CRM) and a transonic truss-braced wing (TTBW) configuration. Through the
ingestion of low-momentum flow developed over the airframe of an aircraft, the TCT propulsion
system technology can reduce overall power consumption and hence fuel burn and emissions.
However, an accurate assessment of this potential requires the application of high-fidelity
analysis tools that can capture the relevant propulsion-airframe integration effects, at least to
first order. Toward this end, the present study employs aeropropulsive analysis tools based on the
Reynolds-averaged Navier-Stokes equations to estimate the power savings coefficient, measured
relative to equivalent non-BLI configurations of a given airframe. Results indicate shaft power
savings of 4.1% and 5.9% can be obtained for the boundary-layer ingesting TCT configuration
of the CRM and TTBW, respectively. The present study also examines the coupling between
airframe aerodynamics and the inlet flow distortion experienced by the TCT of a given aircraft
configuration through airframe component sensitivity studies.

Nomenclature

𝛼 = Angle of attack
𝛾 = Specific heat ratio of air
𝜂a = Adiabatic efficiency
𝜂trans = Transmission efficiency
𝐶𝐿 = Lift coefficient
𝐶𝐷 = Drag coefficient
𝑐𝑝 = Specific heat capacity of air
ℎ = Specific enthalpy
𝑀 = Mach number
¤𝑚 = Mass flow rate
𝑃 = Shaft power
𝑝 = Pressure
Re = Reynolds number
𝑅 = Gas constant of air
𝑇 = Temperature
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Acronyms

BLI = Boundary Layer Ingestion
CFD = Computational Fluid Dynamics
EAP = Electrified Aircraft Propulsion
FPR = Fan Pressure Ratio
LAVA = Launch, Ascent, and Vehicle Aerodynamics
NTF = National Transonic Facility
PR = Pressure Recovery
PSC = Power Savings Coefficient
PAI = Propulsion-Airframe Integration
RANS = Reynolds-Averaged Navier Stokes
TCT = Tail-Cone Thruster

I. Introduction
Driven by the aviation industry’s increasing focus on environmental sustainability, advanced aircraft technologies are

being sought to enhance fuel efficiency, reduce emissions, and more generally, improve the overall energy efficiency of
the sector. Within this context, boundary layer ingestion (BLI) is a technology that offers improved propulsive efficiency
through the ingestion of low-momentum boundary layer flow from the airframe. This is achieved by embedding a given
propulsor into the airframe, reducing engine inlet and exit flow velocities, diminishing ram drag, and decreasing nacelle
and pylon wetted area and weight [1]. Although the concept was first introduced by Smith and Roberts [2] in 1947
for aircraft applications, the technology was not extensively pursued then. More recently, however, there has been a
renewed interest in BLI for transport category aircraft, with several new aircraft concepts leveraging the technology.
These include the D8 [3] and hybrid-/blended-wing body aircraft [4–6]. The resurgence has also been in part motivated
by advancements in electrified aircraft propulsion (EAP) technology, which has expanded the propulsion system design
space, for example in terms of the number and positioning of electric propulsors. Example turbo- and hybrid-electric
aircraft leveraging BLI technology include NASA’s STARC-ABL [7], N3X [8], and SUSAN Electrofan concepts [9, 10],
and the ONERA DRAGON [11].

However, assessing the benefits of BLI technology still remains a challenge given the coupling between aerodynamics
and propulsion, and the impact of the boundary layer flow on turbomachinery performance. Assessments of the
technology also depend on the type of BLI technology being pursued, which can involve distinct flow physics. Specifically,
Type I BLI, or 180-degree distortion, involves the ingestion over the bottom portion of the engine inlet of boundary
layer flow typically developed on the top of a wing or fuselage, for example the D8 [3]. Type II BLI, or 360-degree
distortion, involves the ingestion of a radially stratified boundary layer typically developed around a fuselage [12], e.g.
the STARC-ABL [7].

Nonetheless, high-fidelity aeropropulsive simulation tools for design and analysis have proven invaluable for
understanding the first-order effects governing the coupling of the two disciplines; see for example [13–18]. Rodriguez
[13] conducted a design of BLI inlets for a blended wing body aircraft concept utilizing a coupled design tool consisting
of a RANS flow solver, an engine analysis method, and a nonlinear optimizer. This study highlighted the strong
coupling between the airframe aerodynamics and the propulsion system, and found that the BLI configuration offered
reductions in airframe drag compared to a podded alternative. Further studies from Gray et al. [14] also utilized a
coupled propulsion-aerodynamic for the analysis of a BLI propulsion system using a 1D cycle propulsion model and a
RANS aerodynamic model. Findings from this research indicated that the BLI configuration provided benefits to both
the propulsion and aerodynamic systems relative to a conventional podded configuration. For the propulsion system, the
main benefit stemmed from a lower incoming momentum flux, whereas for the aerodynamics, the main contributor
was an increase in static pressure along the aft section of the fuselage caused by the influence of the BLI fan. Finally,
Yildirim et al. [18], using a CFD-based aeropropulsive design framework to optimize the STARC-ABL concept, found
that BLI designs with smaller fans and higher FPR presented higher shaft power savings. The analyses showed that as
the BLI fan size increases, it begins to ingest flow beyond the boundary layer, thereby diminishing the benefits of BLI.

Overall, these research efforts emphasized the importance of employing computational fluid dynamics (CFD) tools
in 3D to accurately predict the airflow over the airframe and to capture its impact on the propulsion systems, and the
impact of the thrust-producing propulsion systems on the aerodynamics of the airframe through actuator disk and zone
methods.
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Shaft power savings of up to 4.6% could be achieved, depending on the configuration and electrical transmission
efficiency assumed, with more aggressive applications of BLI having the potential to achieve savings of up to 10% [15].

Despite these potential benefits, BLI also comes with the challenge of inlet flow distortion, namely, spatial
non-uniformities in the velocity and pressure field [19], which introduce performance penalties and design complexity
on fans operating under these conditions. As emphasized by Gray et al. [17], distortion penalties have the potential to
undermine BLI benefits or, in more severe cases, lead to structural failure of turbomachinery components.

Recent investigations have examined the impact of inlet distortion, utilizing both computational methods [20, 21]
and wind-tunnel tests [22–25]. Kenway and Kiris [21] conducted studies that successfully minimized inlet distortion for
the aft-mounted BLI propulsor of the STARC-ABL through the application of aeropropulsive shape optimization. This
work identified the main contributors to distortion at the propulsor fan face as the non-axisymmetric fuselage and wing
downwash. Furthermore, work by Gray et al. [17] studied the impact of a distortion constraint on the performance of
three different BLI propulsor sizes for the STARC-ABL configuration. Results showed that satisfying the distortion
constraint negatively affects propulsion system efficiency, highlighting a tradeoff between overall propulsion system
efficiency and the adiabatic efficiency and structural loading of the fan.

In the present paper, high-fidelity aeropropulsive CFD analysis tools are used to investigate the potential benefits of a
Type II BLI propulsion system in the form of a tail-cone thruster (TCT) when applied to a wide-body conventional tube-
and-wing aircraft based on the NASA Common Research Model (CRM) [26] and a single-aisle transonic truss-braced
wing (TTBW). More specifically, the former is based on a 2.7%-scale model of the CRM retrofitted with an aft fuselage
propulsor, which is being used at NASA to study BLI and propulsion-airframe integration (PAI) via computational tools
and wind tunnel tests [27–29]. The latter is a NASA-developed geometry used to study the design and performance of
the truss-braced wing configuration at Mach 0.80, an unconventional aircraft configuration featuring a large span wing
supported by a structurally efficient strut-brace system, which has the potential to significantly reduce aviation fuel burn.

Performance is measured based on the power savings coefficient (PSC) metric [30] as done in [15–18]. Specifically,
for each aircraft configuration, comparisons of shaft power are made between a BLI configuration, which consists of two
underwing turbofans and an aft-mounted BLI electric propulsor, and a conventional or non-BLI configuration featuring
two underwing turbofans.

The present paper also aims to provide insights into the main contributions to the inlet distortion profile of each
airframe, which is particularly of interest for the TTBW given its unconventional nature. This is achieved through a
component-based sensitivity study where airframe components are systematically added to the grid system in an aircraft
system buildup followed by CFD simulations for observing the resulting flow distortion patterns.

The paper is structured as follows. Section II details the approach employed for the PSC assessment. Section III
provides information on the two aircraft models studied. In Section IV, the computational methods and tools used in
this work are introduced. The results of the PSC study are presented in Section V, while Section VI examines the inlet
flow distortion patterns of the aircraft under investigation. Lastly, Section VII provides a summary of the main findings
and discusses their implications. Future work is also addressed.

II. Approach to Estimating the Power Savings Coefficient
Previous research [30–32] highlighted the limitations of traditional thrust-drag-based accounting methods in coupled

aeropropulsive problems. As an alternative, Smith [30] introduced PSC as a power-based metric for evaluating the
performance of BLI propulsion systems. PSC measures the relative difference in the propulsive power required by a
BLI configuration, 𝑃BLI, compared to a non-BLI configuration, 𝑃non-BLI, and is given by

PSC =
𝑃non-BLI − 𝑃BLI

𝑃non-BLI
(1)

Here, 𝑃non-BLI is the power required by a conventional twin-engine aircraft configuration, which serves as a reference
point. Furthermore, the present work follows the approach of Gray et al. [15, 17], which focuses on shaft power and
assumes a turbo- or hybrid-electric propulsion system for the BLI configuration. Specifically, power requirements are
determined as follows:

𝑃non-BLI = 2𝑃pod (2)

𝑃BLI =
𝑃TCT
𝜂trans

+ 2𝑃pod (3)
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where 𝑃pod and 𝑃TCT are the shaft power of the podded propulsors and TCT, respectively, and 𝜂trans is the transmission
efficiency, assumed to be a constant value of 90% based on prior studies at NASA [7], and represents a powertrain
end-to-end transmission efficiency based on nominal EAP technology level projections.

In order to obtain estimates of the shaft power required by the conventional configuration, CFD simulations are first
performed to compute total drag for a given set of gross thrust inputs to the two underwing turbofans, assuming an
equal distribution of thrust, or thrust split, across the two propulsors. These turbofans are modeled as “free-air” podded
propulsors that consist of a hub and nacelle following Gray et al. [15, 17]. The thrust inputs are then iterated to achieve
a net streamwise force of zero. This yields the design point shaft power. For the BLI configuration, the same approach
is followed except with a thrust split of 1/3 and 2/3 between the TCT and the two podded propulsors.

Once the trim condition has been determined, the shaft power required by the fan to compress the flow can be
approximated as:

𝑃 = ¤𝑚Δℎ (4)

where ¤𝑚 is the mass flow rate of each propulsion unit and Δℎ is the specific enthalpy change across a given fan. Specific
enthalpy is calculated from

Δℎ = 𝑐𝑝 (𝑇t3 − 𝑇t0 ) =
1
𝜂a

(
𝛾𝑅

𝛾 − 1

)
𝑇t0

(
FPR

𝛾−1
𝛾 − 1

)
(5)

where 𝑐𝑝 , 𝛾, and 𝑅 are the specific heat capacity, specific heat ratio, and gas constant of air, respectively. 𝑇𝑡0 is the total
temperature at the start of the fan face, 𝑇𝑡3 is the total temperature at the fan exit, and FPR is the fan pressure ratio.
The adiabatic efficiency is calculated based on the method of Gray et al. [33], which is based on a linear regression of
data published in two studies on next-generation subsonic transport aircraft under the NASA Advanced Air Transport
Technologies Project [34, 35]:

𝜂a = 1.066 − 0.0866 FPR (6)

It should be noted that in addition to the simplifying assumptions described above, several other assumptions are
made in the current work. For example, the fan stage adiabatic efficiency does not account for inlet distortion penalties
introduced by BLI, including associated losses. Drag penalties related to the integration of the podded propulsors are
also excluded, such as drag contributions from pylons, and wing and pylon interference. Lastly, all simulations are
performed at a fixed angle of attack, corresponding to the airframe’s constant lift trim condition. This assumes that the
propulsion system’s contributions to lift are negligible. It should also be noted that although a constant thrust split is
assumed for the BLI configuration, the thrust split should be recognized as a key design parameter in future work given
its influence on the sizing of the BLI propulsor and hence the relative impact of inlet flow distortion, as highlighted by
Gray et al. [17] and Yildirim et al. [18].

III. Aircraft Configurations
The present paper considers the application of the TCT technology to two aircraft configurations: a wide-body

conventional tube-and-wing based on the NASA CRM [26], and a single-aisle TTBW. The first establishes the approach
based on a well-studied conventional aircraft configuration, while the second assesses whether benefits can also be
obtained when implemented on a high wing span aircraft with a high-wing configuration and a truss topology.

For the conventional tube-and-wing configuration, a variant of the NASA CRM is used, shown in Fig. 1a. The
NASA CRM is a transport aircraft similar to the Boeing 777, with a cruise Mach number and lift coefficient, 𝐶𝐿 , of 0.85
and 0.50, respectively, and a cruise Reynolds number of 40 million [26]. The NASA CRM is an open geometry that has
undergone comprehensive testing in various wind tunnels, making it a widely used model for CFD code validation (see
for example [36–38]). The specific variant used in this study is a CRM model retrofitted with a BLI TCT [27], as shown
in Fig. 1c. This aircraft configuration is herein referred to as the CRM-TCT. A 2.7% scale model of this configuration
was subject to wind tunnel testing at the National Transonic Facility (NTF) and is part of ongoing research efforts
supporting the validation of CFD solvers for BLI and PAI assessments [27–29]. For the CRM-TCT, the design Mach
number and lift coefficient of the CRM are used, with the remaining flow conditions adjusted to achieve a Reynolds
number of 40 million.

With regard to the TTBW configuration, a NASA-developed aircraft geometry is used, shown in Fig. 1b. This
aircraft concept, referred to in the present study as the TTBW, is a single-aisle aircraft designed for Mach 0.80 with a lift
coefficient of 0.60 and a Reynolds number of 13.02 million. This aircraft geometry was developed through the methods
presented in Chau and Zingg [39, 40] and is based on the conceptual design studies found in Bradley et al. [41]. The
TTBW has a 170 ft wing span supported by a main strut, which improves aerodynamic efficiency while reducing wing
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(a) CRM (b) TTBW

(c) CRM-TCT (d) TTBW-TCT

Fig. 1 Aircraft configurations modified to include BLI TCT propulsion systems.

weight penalties. As with the CRM-TCT, a TCT is attached to the aft fuselage of the TTBW, as shown in Fig. 1d, and
the wing system is positioned further aft to accommodate tail strike considerations to first order. This increases the
influence of the truss-braced wing system on the flow experienced by the TCT. This aircraft configuration is herein
referred to as the TTBW-TCT.

Accompanying these airframe geometries are models of the podded propulsors, simulated in “free air” as describe in
Section II. These propulsors represent the underwing turbofans of the BLI and non-BLI configurations and are simplified
to consist of only a hub and nacelle. Although this excludes the core flow and other gas turbine cycle considerations, this
simplification allows for a focus on first-order aeropropulsive interactions. These podded propulsors are based on the
TCT geometry but resized based on their thrust requirements, assuming maximum thrust correlates with nacelle capture
area. For simulating thrust, the fan of a given propulsor is modeled as an axisymmetric actuator zone. Additional details
on the actuator zone method are provided in Section IV. Figs. 2 and 3 show the computational models of the CRM and
CRM-TCT, and the TTBW and TTBW-TCT, respectively, which include the free-flying propulsors and highlight the
actuator zones of each propulsion system.

Table 1 provides the operating conditions considered for each aircraft configuration. Note that for the assessments
of BLI versus non-BLI, the configurations of a given aircraft concept are simulated at the same conditions for direct
comparisons. These operating points correspond to the nominal cruise conditions of each aircraft concept.

Table 1 Aircraft configuration characteristics and operating conditions.

Parameter CRM TTBW

Mean aerodynamic chord (ft) 22.98 9.17
Reference area (ft2) 4,130 1,467
Mach number 0.85 0.80
Altitude (ft) 38,530 41,500
Reynolds number (106) 40.00 13.02
Lift coefficient 0.50 0.60
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(a) CRM (b) CRM-TCT

Fig. 2 Computational models of the CRM and CRM-TCT, with actuator zones shown in red. Free-flying podded
propulsors are included separately to model the underwing propulsion systems.

(a) TTBW (b) TTBW-TCT

Fig. 3 Computational models of the TTBW and TTBW-TCT, with actuator zones shown in red. Free-flying
podded propulsors are included separately to model the underwing propulsion systems.

IV. Computational Methodology
For performing high-fidelity aeropropulsive analysis, the present study uses the structured curvilinear overset solver

within the Launch, Ascent, and Vehicle Aerodynamics (LAVA) framework [42]. Specifically, this work considers the
steady-state compressible Reynolds-averaged Navier-Stokes (RANS) equations in strong conservation law form, and
employs a second-order discretization. Convective fluxes are computed using a modified Roe scheme with third-order
upwind-biased flux reconstruction and the Koren flux limiter [43, 44]. Viscous fluxes are discretized using a mid-point
and node-centered difference scheme. The turbulence closure model chosen is the one-equation Spalart-Allmaras
(SA) turbulence model [45] with Rotation Curvature [46] and Quadratic Constitutive Relationship corrections [47]
(SA-RC-QCR2000).

The discretized set of non-linear equations is marched in pseudo-time to steady-state using automatic CFL ramping
to accelerate convergence. At each pseudo-time step, the linear system is solved using the preconditioned generalized
minimal residual (GMRES) algorithm [48]. The preconditioner is obtained from an incomplete lower-upper factorization
with fill level 0 of a first-order approximation of the residual Jacobian.

For modeling propulsion, an actuator zone method is used, as presented in [49]. In this method, the thrust produced
by the fans is modeled with an axisymmetric volume of fluid where source terms contribute to a constant radial thrust
distribution. Torque effects are neglected and the pressure rise is isentropic. Since low FPRs are considered in this work,
the absence of a temperature rise does not significantly affect the resulting flowfield. However, since fan efficiency plays
an important role in estimating the performance of the propulsion system, it is accounted for when calculating fan shaft
power as described in Section II.

For all computational grids, mesh resolution is based on the gridding guidelines of the 6th AIAA Drag Prediction
Workshop [50] and grid refinement studies presented in [28].

V. High-Fidelity Aeropropulsive Assessments via the Power Savings Coefficient
This section presents assessments of the TCT technology applied to the CRM and TTBW configurations through

the application of high-fidelity aeropropulsive analysis. This includes results from the thrust sweep studies used to
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(a) CRM (b) CRM-TCT

Fig. 4 Net streamwise force versus total gross thrust input for the CRM and CRM-TCT configurations.

determine the trim condition of each aircraft geometry, performance assessments at these trim conditions, and lastly
calculations of PSC for each of the aircraft configurations.

A. The NASA Common Research Model
In order to estimate PSC for the CRM-TCT configuration, the airframes of the CRM and CRM-TCT are first

trimmed with respect to angle of attack, 𝛼, to satisfy their cruise lift coefficients. For a design 𝐶𝐿 of 0.50, the CRM and
CRM-TCT are trimmed at 𝛼 = 2.12° and 𝛼 = 2.11°, respectively. These are obtained with the models of the free-air
propulsors omitted and all propulsion systems turned off, assuming their contributions to lift are negligible for the
purposes of this study.

The CRM and CRM-TCT are next trimmed with respect to gross thrust input to achieve a net zero streamwise
force. This is shown in Figure 4 where steady-state flow simulations are performed iteratively with gross thrust input
to determine the thrust-drag trim condition via linear interpolation. Recall that the thrust split determines the thrust
share of each propulsion unit and that the gross thrust input of a given propulsor corresponds to the thrust distributed
uniformly across the actuator zone volume nodes. For the CRM, a gross thrust input of 100.2 kN is required from each
wing propulsor to balance drag, while for the CRM-TCT, a gross thrust of 65.1 kN is needed from each wing propulsor
and the TCT.

Table 2 provides the drag coefficient, 𝐶𝐷 , of the wing propulsors and airframe, with the latter including the TCT for
the CRM-TCT at the trim condition. Due to the differences in thrust share between the wing propulsors of the CRM
(50:50) and those of the CRM-TCT (33:33), the drag of the former set is much higher as a result of higher thrust-induced
drag. This difference is also due to the difference in propulsor sizing. A sense for this is given by the flow-through data,
which includes the drag of the airframe, wing propulsors, and TCT at a power setting of zero. Here, the CRM’s wing
propulsors experience 12.2 counts less drag than those of the CRM-TCT. It is also worth noting that the addition of
the TCT results in a 15.6 counts increase in the airframe drag of the CRM-TCT compared to the CRM for the same
lift coefficient. The flow-through cases also provide a reference point for the magnitude of the thrust-induced drag
contributions from the power-on cases, which would normally be hidden within the net thrust calculations of a standard
thrust-drag bookkeeping scheme.

Another noteworthy observation is that the rate at which thrust-induced drag changes with a change in gross thrust
input is much lower for the TCT compared to its podded propulsors. This is likely due to the benefit of BLI. The total
mass flow rate of the BLI configuration is also 15% higher than that of the non-BLI configuration, as shown in Table 3,
due to the greater number of propulsive units. This allows the TCT to operate at a lower FPR, resulting in a higher
adiabatic efficiency.

Table 4 provides a summary of the shaft power required by the propulsive units of each of the configurations. As
expected, the podded propulsors of the CRM-TCT require less shaft power than those of the CRM. However, the
TCT requires a similar quantity of mechanical power as that of one wing propulsor when accounting for electrical
transmission losses. Nonetheless, the CRM-TCT yields a PSC of 4.1% relative to the CRM.
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Table 2 Drag coefficients in counts for the CRM and CRM-TCT at power-off and on conditions.

Configuration CRM CRM-TCT

Power setting 0 Trim Δ 0 Trim Δ

Podded propulsors 35.2 132.6 97.4 23.0 86.3 63.3
Airframe and TCT 248.1 248.1 0.0 263.7 327.6 63.9

Total 318.4 513.3 194.9 309.7 500.2 190.5

Table 3 Propulsion system characteristics for the CRM and CRM-TCT configurations.

Configuration CRM CRM-TCT

Propulsor Podded Podded TCT

FPR 1.48 1.48 1.26
𝜂a (%) 93.8 93.8 95.7
¤𝑚 (kg/s) 567.0 368.4 562.0
𝑇t0 (K) 248.1 248.1 247.6
Gross Thrust (kN) 100.2 65.1 65.1

Table 4 Shaft power in Megawatts required by the CRM and CRM-TCT configurations at their trim conditions.

Configuration CRM CRM-TCT

Podded propulsors 17.8 11.5
TCT - 11.0

Total 35.5 34.1

B. The Transonic Truss-Braced Wing
As with the CRM and the CRM-TCT, the aiframe’s of the TTBW and TTBW-TCT are first trimmed with respect

to angle of attack, 𝛼, to achieve the design cruise lift coefficient of 0.60. This results in a trimmed angle of attack of
𝛼 = 2.20° for both configurations. Again, note that this does not include contributions from the free-air propulsors and
all propulsion systems are turned off. The TTBW and TTBW-TCT are then trimmed in streamwise force by varying
gross thrust input, iterating steady-state CFD solutions, and performing a linear interpolation. This is shown in Fig. 5,
where the TTBW is trimmed with a gross thrust input of 26.0 kN for each of the wing propulsors, and the TTBW-TCT is
trimmed with gross thrust inputs of 14.4 kN per propulsion unit.

Table 5 presents a breakdown of drag contributions for each configuration with power-on and power-off settings.
As with the CRM and CRM-TCT, the differences in thrust share between the podded propulsors of the TTBW and
TTBW-TCT results in a higher thrust-induced drag for the former. Similar trends can be observed when comparing the
power-on drag values against those of the power-off cases. Table 6 lists some of the propulsion system flow quantities,
which highlight the higher adiabatic efficiency of the TTBW-TCT’s propulsion units. As with the CRM-TCT, this is
likely due to the TTBW-TCT’s higher total mass flow rate, which reduces the FPR required to satisfy the thrust-drag
trim condition. Compared to the CRM-TCT, however, the TTBW-TCT has a 17% higher mass flow rate relative to
the TTBW, leading to a greater benefit in PSC as shown in Table 7. Accounting for electrical transmission losses, the
TTBW-TCT has a PSC of 5.9% relative to the TTBW configuration.
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(a) TTBW (b) TTBW-TCT

Fig. 5 Net streamwise force versus total gross thrust input for the TTBW and TTBW-TCT configurations.

Table 5 Drag coefficients in counts for the TTBW and TTBW-TCT at power-off and on conditions.

Configuration TTBW TTBW-TCT

Power setting 0 Trim Δ 0 Trim Δ

Podded propulsors 12.1 117.1 105.0 8.1 66.8 58.7
Airframe and TCT 254.4 254.4 0.0 260.8 271.0 10.2

Total 278.6 488.6 209.9 277.0 404.6 127.6

Table 6 Propulsion system characteristics for the TTBW and TTBW-TCT configurations.

Configuration TTBW TTBW-TCT

Propulsor Podded Podded TCT

FPR 1.41 1.33 1.28
𝜂a (%) 94.4 95.1 95.5
¤𝑚 (kg/s) 160.0 101.5 171.7
𝑇t0 (K) 244.5 244.5 244.4
Gross Thrust (kN) 26.0 14.4 14.4

Table 7 Shaft power in Megawatts required by the TTBW and TTBW-TCT configurations at their trim
conditions.

Configuration TTBW TTBW-TCT

Podded propulsors 4.29 2.24
TCT - 3.60

Total 8.58 8.08
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Fig. 6 Total pressure ratio contours at the nacelle highlight for the CRM-TCT.

Fig. 7 Total pressure ratio difference with respect to Configuration A at the nacelle highlight for the CRM-TCT.

VI. Investigations of Inlet Distortion
As noted in Section I, inlet flow distortion poses significant challenges to the performance and operation of the fan.

In order to examine the behavior of the flow at the nacelle inlet and identify the main contributors to the distortion
profiles, component-by-component sensitivity studies are performed for the CRM-TCT and TTBW-TCT configurations.
This involves a systematic approach in which airframe components are progressively added to the computational domain
starting from a geometry with the fuselage, horizontal and vertical tails, and TCT only, and simulated at the trim
condition with aeropropulsive analysis.

Figures 6 and 9 show total pressure contours at the nacelle highlight for the CRM-TCT and TTBW-TCT, respectively,
which help to characterize inlet distortion [51, 52]. Specifically, total pressure ratio, or inlet total pressure recovery, is
shown, which is given by

PR =
𝑝t
𝑝t∞

(7)

where 𝑝t is the total pressure at the inlet and 𝑝t∞ is the freestream total pressure. For reference, Figs. 7 and 10 show the
total pressure ratio difference contours of each configuration with respect to the fuselage-tail-TCT case.

From the overall inlet distortion profiles of the CRM-TCT and TTBW-TCT configurations, namely, from Configu-
ration C of Fig. 6 and Configuration D of Fig. 9, it can be seen that the flow patterns are remarkably similar, despite
differences in wing configuration and aircraft class. These flow patterns consist of radially stratified low total pressure
contours, whose core is formed by boundary layer flow from the fuselage, as highlighted in Configuration A of Figs. 6
and 9. This is typical for TCT propulsion system configurations, where the asymmetry is due to the upsweep of the
fuselage tail section. The vertical region of low total pressure comes from the vertical tail.

In Configuration B of Fig. 6 and Configuration C of Fig. 9, it can be seen that the wing-fuselage fairings introduce
two lobed regions in the total pressure contours near the bottom of the nacelle highlights. This appears to be due to
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Fig. 8 Velocity streamlines highlighting the aft fuselage vortex structures for the CRM-TCT.

Fig. 9 Total pressure ratio contours at the nacelle highlight for the TTBW-TCT.

Fig. 10 Total pressure ratio difference with respect to Configuration A at the nacelle highlight for the TTBW-
TCT.

vortex structures generated mainly from the fairing, as highlighted in Fig. 8 and 11. In Configuration C of Fig. 6 and
Configuration D of Fig. 9, these lobed patterns are amplified, likely due to the downwash introduced by the wings. For
the TTBW-TCT, however, it should be noted that the strut geometry does not contribute much to the total distortion
pattern, even though it produces a small fraction of the total lift.

Another observation is that wing position significantly influences the distortion pattern. Fig. 7 shows that the
low-wing configuration of the CRM-TCT has a much larger impact on the resulting distortion profile when compared to
the high-wing configuration of the TTBW-TCT shown in Fig. 10. The low-wing configuration appears to generate stronger
vortex structures, which impact the bottom portion of the inlet distortion profile, while the high-wing configuration
results in a slightly more pronounced influence over the upper portion of the contours.
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Fig. 11 Velocity streamlines highlighting the aft fuselage vortex structures for the TTBW-TCT.

VII. Conclusions
Given concerns over the environmental sustainability of the aviation industry, advanced aircraft technologies are

sought to reduce aircraft fuel burn and emissions, and to improve their overall energy efficiency. One promising
technology is the BLI TCT propulsion system, which can be applied to transport category aircraft with conventional
fuselage configurations. Through the ingestion of low-momentum boundary layer flow developed over the airframe,
aircraft configurations utilizing this technology can benefit from reduced shaft power requirements and hence improved
aircraft efficiency.

In the present paper, the BLI TCT propulsion system technology enabled by an electrified powertrain is investigated
for two different aircraft configurations: (1) a wide-body conventional tube-and-wing aircraft configuration based on the
NASA CRM, and (2) a NASA-developed single-aisle TTBW configuration. The former is based on a model developed
for testing in the NTF wind tunnel and establishes the approach used for assessing potential benefits, while the latter
provides insight into the combination of two next-generation aircraft technologies that are of interest to the aviation
sector.

Results indicate a PSC of 4.1% and 5.9% for the CRM-TCT and TTBW-TCT, respectively, when compared to their
non-BLI counterparts. This assumes an end-to-end transmission efficiency of 90% for the BLI configurations. It is
important to note, however, that the propulsion systems of all configurations were sized based on first principles, and not
subjected to high-fidelity aeropropulsive optimization, which would improve the credibility of these estimates. For
example, Gray et al. [15–17] and Yildirim et al. [18] optimized the shape of podded propulsors for minimum shaft
power while subjecting them to constant thrust constraints. Nonetheless, these estimates are considered reasonable to
first order, capturing the primary interactions between airframe aerodynamics and propulsion system performance, and
highlighting the potential benefits of the technology.

Furthermore, as an additional next step in this study, it would be of interest to include the podded propulsors along
with the airframe simulations. This would help capture the potential benefits of reducing interference effects between
the podded propulsors and the wing, leveraging the smaller propulsor size achieved with the BLI configuration.

Component-by-component sensitivity studies were also performed for the two aircraft configurations to investigate
the impact of their airframe components on the inlet distortion profiles. Results show that despite differences between
the two aircraft configurations, most notably differences in their wing topology and wing position, the two inlet distortion
patterns are remarkably similar. More specifically, the wing fairing of the CRM-TCT and strut fairing of the TTBW-TCT
appear to play an important role in shaping the vortex structures generated toward the lower side of the up-swept fuselage
tail section. The inlet distortion profiles also showed sensitivity to wing position, with the low-wing configuration of
the CRM largely affecting the observed distortion profile relative to the high-wing configuration of the TTBW, which
resulted in a less pronounced influence.

Future work will include high-fidelity gradient-based aeropropulsive shape optimization [53] to improve the
credibility of the PSC estimates while incorporating considerations toward inlet flow distortion [17, 21]. Focus is also
set on increasing the fidelity level of the actuator zone models by including efficiency losses within the model, moving
toward a tighter coupling between the aerodynamics and propulsion models.
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