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Abstract

Distributed electric propulsion (DEP) is a novel propulsion technology that can re-
duce aviation energy usage and emissions by enabling ultra-high effective bypass
ratios. Further improvements to propulsive efficiency can also be obtained when
considering configurations that leverage boundary layer ingestion (BLI). However,
the design of DEP systems can prove to be challenging at transonic conditions, es-
pecially when considering configurations with high levels of aeropropulsive coupling,
such as those including BLI. The aeropropulsive benefits of DEP must also trade fa-
vorably against increases in drag that come from including many smaller individual
propulsive units. In this paper, a DEP configuration trade study is performed for the
hybrid-electric SUSAN Electrofan regional jet aircraft concept based on Reynolds-
averaged Navier-Stokes computational design and analysis tools in order to address
aeropropulsive design challenges while assessing the potential benefits of various
configurations. Results show that configurations with wing-mounted mail-slotted
DEP systems require much less thrust at cruise when compared to a non-DEP con-
figuration. However, the DEP configuration developed for BLI was found to require
more thrust than the non-BLI configuration due to the thin boundary layers on the
wing and the influence of the wing flow field on the inlet flow of the DEP systems.
The shaft power required at cruise across all aircraft configurations was also found
to be similar when accounting for propulsion-airframe integration effects, although
this may be due in a large part to insufficient inlet diffusion. Nonetheless, the DEP
configurations were found to experience significantly less thrust-induced drag than
the non-DEP configuration, which appears to be one of the main benefits of the
technology.



Nomenclature

n = Semispan location

Na = Adiabatic fan efficiency

Tans = Electrical transmission efficiency
0% = Specific heat ratio of air

f = Force vector

o) = Lift coefficient

Ch = Drag coefficient

Cu = Pitching moment coefficient

Cp = DPressure coefficient

Cp = Critical pressure coefficient

Cp = Specific heat capacity of air

c = Chord

h = Specific enthalpy

M = Mach number

m = Mass flow rate

Piow = Mechanical flow power

Pshatt = Mechanical shaft power

R = Gas constant of air

Re = Reynolds number

r = Radius

T = Temperature

v = Velocity vector

1% = Actuator zone volume

x,y,z = Cartesian coordinates
Acronyms

BLI = Boundary Layer Ingestion
CDISC = Constrained Direct Iterative Surface Curvature
DEP = Distributed Electric Propulsion
EAP = Electrified Aircraft Propulsion
LAVA = Launch, Ascent, and Vehicle Aerodynamics
LE = Leading Edge

NLF = Natural Laminar Flow

PAI = Propulsion-Airframe Integration
SUSAN = SUbsonic Single Aft eNgine

1 Introduction

The Subsonic Single Aft Engine (SUSAN) Electrofan is an electrified 180-passenger
transonic transport aircraft concept targeting the large regional jet market [1], which
aims to reduce aviation energy usage and emissions by integrating a number of



advanced aircraft and propulsion system technologies [2]. Some of the main tech-
nologies include electrified aircraft propulsion (EAP), distributed electric propulsion
(DEP), boundary layer ingestion (BLI), and natural laminar flow (NLF). At the core
of the aircraft concept is a hybrid-electric powertrain primarily driven by a hydro-
carbon fuel-burning aft fuselage propulsor, and megawatt-class power generators,
which support wing-mounted electric propulsors.

Under nominal operating conditions, the aft fuselage propulsor produces 35% of
the total aircraft thrust, while the wing propulsors are responsible for the remaining
65%. The aft fuselage propulsor is an advanced BLI turbofan engine [3], which
also produces additional mechanical shaft power to be converted to electric power,
via the power generators, to drive the wing-mounted propulsion systems. These
wing propulsors can assume a wide range of configurations, given the expanded
design space enabled by the SUSAN Electrofan’s hybrid-electric propulsion system
architecture.

One possible avenue is a DEP configuration, which can significantly improve
propulsive efficiency by increasing the effective bypass ratio of the complete propul-
sion system. DEP can also be combined with BLI to further enhance propulsive
efficiency through the ingestion of low-momentum flow over the surfaces of the
wings. However, such a configuration closely integrates the airframe and propul-
sion systems, invariably increasing the levels of coupling between aerodynamics and
propulsion. Although this can be used to an advantage, for example by introducing
the benefits of BLI as described or by enhancing high-lift performance, the success-
ful integration of the two systems can be difficult to achieve. This is especially true
when considering aircraft operating in the transonic flight regime where designs can
be sensitive to shock formation [4, 5, 6, 7].

Current research is focused on investigating the merits of DEP configurations
developed for the SUSAN Electrofan through the application of computational fluid
dynamics (CFD)-based aeropropulsive design and analysis tools capable of capturing
the relevant tradeoffs between aerodynamics and propulsion, and hence capable of
addressing the integration design challenges. Specifically, a DEP configuration trade
study is being performed [6, 7], with the main goal of obtaining estimates of the
relative potential benefits of DEP configurations with and without BLI at cruise.
As shown in Figure 1, three electric wing-mounted propulsion system configurations
are being considered, which include a non-DEP configuration, a DEP configuration,
and a DEP-BLI configuration.

The first configuration, shown in Figure la, serves as a non-DEP baseline con-
figuration with two underwing podded propulsors modeled based on a modern high-
bypass ratio turbofan. The second configuration, shown in Figure 1b introduces the
DEP concept with two underwing arrays of 8 propulsors distributed along the span
of each wing for a total of 16 ducted fan units. These are integrated into a mail-slot
nacelle configuration to reduce wetted area penalties, although at the cost of higher
levels of propulsor-to-propulsor coupling. The third and final configuration, shown
in Figure lc, integrates the mail-slot nacelles directly onto the lower surface of the
wings to benefit from both DEP and BLI. These trade study configurations are
herein referred to as Configurations 1, 2, and 3, respectively.

Previous work [6, 7] introduced this study and presented preliminary investi-
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(a) Configuration 1 (non-DEP) (b) Configuration 2 (DEP)
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(¢) Configuration 3 (DEP + BLI)

Figure 1: Concepts of the SUSAN Electrofan trade study configurations. [6].

gations into the design and performance of the three configurations. Conceptual
models of the propulsors were first developed based on top-level aircraft require-
ments and subsequently used to develop three-dimensional representative aircraft
configurations. For Configurations 2 and 3, this involved the development of rep-
resentative mail-slot nacelle geometries with high sweep and splitters, that could
meet the thrust requirements at the design fan pressure ratios (FPRs), while en-
compassing the aeropropulsive trades between bypass ratio, viscous drag, and inter-
ference drag from propulsor-to-propulsor coupling. These propulsion systems were
then integrated with wing-body models of the SUSAN Electrofan and configura-
tion advantages and disadvantages were assessed. Moreover, key design parame-
ters and challenges were identified, with special attention on those associated with
propulsion-airframe integration (PAI).

The impact of PAI on aerodynamic and propulsion system performance was
most significant for Configuration 3 given the much higher levels of aeropropulsive
coupling [7]. Indeed, CFD-based aeropropulsive analysis indicated a significant in-
fluence from the flow field of the wing on the inlet flow of the nacelle, resulting in
much lower levels of inlet diffusion. This led to the formation of internal shocks,
which diminished the aerodynamic and propulsive efficiency of Configuration 3. Re-
sults also suggested negligible benefits from BLI as a result of the thin boundary
layers developed over the wings, at least relative to the capture area of the wing
propulsors. However, the BLI configuration was found to have much lower wetted
area compared to the non-BLI configuration, implying a commensurate reduction
in skin-friction drag.

Building on previous work, the present paper aims to address the uncertainties
surrounding the previously obtained relative performance estimates by introducing
aerodynamic redesign efforts consistently applied to each trade study configuration.



Indeed, with Configuration 3 especially subject to high levels of aeropropulsive cou-
pling, an objective assessment of its performance relative to Configurations 1 and 2
demands a more integrated design process to achieve a similar level of qualitative
performance. This is achieved through the application of a knowledge-based aero-
dynamic design framework based on the RANS equations to wing-body models of
the three configurations, with a focus on wing redesign. For Configuration 3, this
includes the integrated wing propulsors and hence nacelle redesign as well. The
T-tail and aft fuselage propulsor are then re-integrated with the wing-body models
for evaluating full-configuration aerodynamic and propulsion system performance.

In order to account for differences in airframe and propulsor performance be-
tween each trade study configuration, the present paper uses a power balance method
to simulate steady, level flight. This involves a trimming of each aircraft configu-
ration in lift and drag with respect to angle of attack and the thrust input to each
propulsor. Estimates of relative aerodynamic and propulsion system performance
are then obtained based on cruise thrust and drag, mechanical flow power, and me-
chanical shaft power. These measures will be described in more detail in Section 5.

The paper is organized as follows. Section 2 describes the airframe and propul-
sion system design requirements, while Section 3 presents the computational tools
and capabilities used to perform aeropropulsive design and analysis. Section 4
presents the aerodynamic redesigns for the three trade study configurations, with the
full-configuration analysis results presented in Section 5. Conclusions are presented
in Section 6.

2 Airframe and Propulsion System Design Requirements

As presented in Machado et al. [6, 7], representative aircraft models are developed
from top-level aircraft requirements similar to those of a Boeing 737-8. Specifically,
the propulsion systems are sized based on top-of-climb (TOC) thrust requirements
at Mach 0.785 and 11,278 km (37,000 ft), which includes the excess thrust required
to satisfy a 300 ft/min climb rate. The thrust requirement is 11,500 1b [3], and a
35:65 thrust split is assumed for the aft fuselage propulsor and the wing-mounted
propulsion systems, respectively.

For the underwing podded propulsors of Configuration 1, a design FPR of 1.47
is considered based on the R4 fan [8]. For Configurations 2 and 3, the ducted
fan units are based on previous work on the NASA N3-X hybrid wing-body, and
include two counter-rotating fans with a net fan pressure ratio of 1.25 [9]. The
design requirements of the ducted fan units are imposed on the mail-slot nacelles of
the DEP and DEP-BLI configurations equally without any prior assumptions on the
impact of PAI of the coupled flow field. In this way, PAI effects can become more
apparent when performing the aerodynamic redesigns. A summary of the design
requirements is provided in Table 1.

For the airframes of each trade study configuration, a typical design lift coef-
ficient is assumed at 0.500, which is considered sufficient for the purposes of this
study. These design requirements are used to size the wing propulsion systems
based on CFD simulations of the wing-body models shown in Figure 2. Note that



Table 1: Wing propulsor design requirements for each SUSAN Electrofan trade
study configuration.

Parameter Configuration 1  Configuration 2 Configuration 3
Arrangement Non-DEP DEP DEP + BLI
Number of propulsors 2 16 16
Number of fans, per prop. 1 2 2

Mass flow rate, per prop. (kg/s) 163.0 33.6 33.6

Fan pressure ratio 1.47 1.25 1.25

(a) Configuration 1 (b) Configuration 2 (DEP)

(c) Configuration 3 (DEP + BLI)

Figure 2: Representative wing-body models used to size the integrated wing and
wing propulsor designs.

these aircraft geometries do not include pylons, as required by Configurations 1
and 2. Although this leads to more conservative relative performance estimates
for Configuration 3, this simplification significantly reduces the complexity of the
aeropropulsive design problems and are therefore omitted as a first step.

As presented in [6, 7], the wing propulsors are simplified and consist only of a
hub and nacelle. Furthermore, for the DEP systems, the mail-slot nacelle geometries
are characterized by fictitious square cross-sectional ducts, as opposed to ducts that
smoothly vary from square to circle and back to square from the nacelle highlight to
the nacelle exit. This is done to significantly reduce the complexity of the transonic
design problems. However, care is taken to maintain a similar thrust per unit capture
area as that of an isolated ducted fan unit in the development of the baseline designs.
This yields similar overall aeropropulsive trends and tradeoffs to first order.



3 Computational Tools and Capabilities

This section presents the computational tools and capabilities used to develop and
evaluate the aeropropulsive performance of the aircraft models representing the SU-
SAN Electrofan trade study configurations. For performing aeropropulsive analysis,
the present paper uses the Launch, Ascent, and Vehicle Aerodynamics (LAVA)
framework [10], which includes a flow solver for the RANS equations and an actu-
ator zone method for modeling propulsor thrust. Although the LAVA framework
includes recently developed gradient-based aerodynamic shape optimization capa-
bilities [11], its geometry control and mesh deformation capabilities are not yet
sufficiently mature to handle the geometric complexities of the integrated wing and
wing propulsor designs considered in this work. This is mainly due to the many
component intersections between the mail-slot nacelle and the wing, and the mail-
slot nacelle geometry itself. Instead, the present paper uses the Constrained Direct
Iterative Surface Curvature (CDISC) method [12], which is a knowledge-based aero-
dynamic design framework also based on the RANS equations that provides the
means for direct surface control around these component intersections. Details on
the LAVA and CDISC frameworks are provided in the following sections.

3.1 LAVA Framework

The LAVA framework is used to perform high-fidelity aeropropulsive analysis. Specif-
ically, the present paper uses the LAVA curvilinear flow solver with structured over-
set meshes, and considers the RANS equations with the Spalart-Allmaras (SA)
turbulence model [13], including rotation curvature [14] and quadratic constitutive
relationship corrections [15] (SA-RC-QCR2000). Second-order finite-differences are
used for spatial discretization, and convective fluxes are evaluated using a modified
Roe scheme with third-order upwind-biased flux reconstruction and the Koren flux
limiter [16, 17].

The discrete set of nonlinear 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 [18]. The preconditioner is obtained from an incomplete lower-
upper factorization of a first-order approximation of the residual Jacobian.

Propulsion is modeled through an actuator zone method [19], where thrust is
distributed over a subset of volume grid nodes representing a given fan through
source terms added to the momentum and energy equations. This method has been
previously employed in applications involving BLI and PAI [20, 21] and is considered
sufficient for resolving aeropropulsive coupling effects to first order. In this work,
constant thrust distributions are considered with no torque.

3.2 CDISC Framework

For the aerodynamic redesign of each trade study configuration, the CDISC method [12]
is used, which is a knowledge-based aerodynamic design framework coupled with a
RANS-based flow solver. In this method, airfoil designs are modified at specified



Figure 3: Planform view of the SUSAN Electrofan wing-body geometry showing the
11 design stations referenced by CDISC in blue. The numbered stations 2, 5, 8, and
11 are the locations of sample design results presented in Section 4.

design stations on a wing based on target pressure distributions. Figure 3 shows
the design stations considered for the wing redesign efforts presented in Section 4,
based on best practices. The target pressures are automatically generated from flow
constraints based on common engineering parameters, such as lift and pitching mo-
ment coefficients, and objectives like reduced shock strength. Prescribed geometry
and flow sensitivity derivatives from a knowledge base are then used to drive the
deformation of the airfoils and achieve target pressures while subject to a variety of
geometric constraints, for example, maximum thickness and minimum leading-edge
radius. The use of prescribed sensitivity derivatives eliminates the need to compute
them, yielding design times on the order of a given baseline analysis.

The CDISC framework is modular and can be easily coupled with a variety of flow
solvers. In the present paper, the USM3D-ME unstructured flow solver is used [22].
This flow solver is interfaced with the CDISC module, along with a method for
modifying the grid as shown in Figure 4. The USM3D-ME code is a second-order,
cell-centered, upwind RANS solver that runs on mixed-element grids. Analysis runs
use the SA-RC-QCR2000 turbulence model to maintain similarity with the LAVA
curvilinear flow solver.

For modeling propulsion during the aerodynamic redesign problems, a boundary
condition method is used to specify an FPR across the fan inlet and exit planes,
with the fan exit set to jet exhaust conditions. However, in order to maintain
consistency with LAVA, parameters are set to produce similar thrust levels across
the two flow solvers. Comparisons of initial solutions generated by the two flow
solvers also showed good agreement based on surface pressures, forces, and moments.
This confirmed that design changes made using USM3D-ME with CDISC would be
accurately reflected in the subsequent aeropropulsive analyses performed with the
LAVA curvilinear flow solver.
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Figure 4: Flow chart of the CDISC design method.

4 Aerodynamic Redesign

The main goal of the aerodynamic redesign using CDISC is to reduce the influence
of adverse PAI effects for each of the SUSAN Electrofan trade study configurations
in order to fairly assess their relative aerodynamic and aeropropulsive performance.
This is achieved by targeting consistent aerodynamic features across the three con-
figurations. In all three cases, aerodynamic redesign focuses on the wing as the main
design component, as described in Section 3.2. For Configuration 3, however, the
mail-slot nacelle is also redesigned using CDISC to accommodate the higher levels
of aeropropulsive coupling. This will be discussed further in Section 4.3.

4.1 Configuration 1

For Configuration 1, the underwing podded propulsor covers only a small fraction
of the total wing span and therefore has a relatively small region of impact on the
aerodynamics of the wing. As such, the wing design requires minimal changes from
the baseline geometry. In order to begin the aerodynamic redesign, target pressures
and geometric constraints are established based on CDISC best practices. The tar-
get pressures are automatically generated to hold the sectional lift coefficient at a
given design station constant while providing a smooth upper surface pressure dis-
tribution that also decreases shock strength. Specifically, CDISC aims to introduce
a mild adverse pressure gradient to move the shock further aft, while increasing aft
loading to reduce shock strength. To avoid boundary layer separation and excessive
pitching moments, however, a maximum value on aft loading is also introduced.
Geometric constraints include constant section maximum thickness for structural
considerations and curvature limits to improve off-design performance. Geometric
smoothing in the chordwise and spanwise directions are also included by default in
the CDISC design process to ensure continuity in the final geometry.

Figure 5 shows the pressure and geometry data at the four sample design stations
presented in Figure 3. The CDISC target pressures are also included for reference.
In addition, note that the airfoils are also shown with local twist removed to more
effectively visualize any changes to their shape. Comparing the design and target
pressures, a good agreement is achieved, indicating that CDISC is successful at



producing a geometry that provides the desired flow features. From Figure 5a, it
can also be seen that the CDISC design process is successful in removing the forward
shock due to the presence of the propulsor, which causes flow acceleration over the
upper wing surface. At all other design stations, minimal changes are required to
achieve the desired flow characteristics across the wing.

The changes to the spanwise characteristics introduced through the CDISC re-
design effort are shown in Figure 6. The agreement seen in the sectional lift distri-
bution shown in Figure 6a confirms that the redesign is successful in maintaining
the spanwise loading of the baseline configuration. The changes to the sectional
pitching moment included in Figure 6b are reflective of the CDISC design strategy
to reduce shock strength by increasing aft loading and moving the shock further
aft. Geometric characteristics, shown in Figures 6¢ and 6d, are the result of airfoil
changes required to match target pressures and are smoothed throughout the design.

Overall, the Configuration 1 redesign effort requires minimal changes to the
baseline geometry due to the limited region of aerodynamic influence the propulsor
imparts on the wing. The design provides the desired result of smooth pressure
isobars, reducing the influence of the podded propulsor inboard, and producing a
wing with consistent aerodynamic features across the three configurations.

4.2 Configuration 2

The CDISC redesign of Configuration 2 follows the same procedure as Configura-
tion 1, with the target pressures and geometric constraints unchanged between the
two configurations. However, since the DEP system covers a larger spanwise extent
compared to the podded propulsor of Configuration 1, the PAT effects are present
over a larger range of stations for Configuration 2. Figure 7 shows the pressure
and geometry data of the baseline and design solutions for Configuration 2. The
effect of the DEP system can most notably be seen in the baseline solution at Sta-
tion 5, as shown in Figure 7b, where the lower surface leading edge shows excess
acceleration compared to other stations. While this feature was reduced during the
design process, the lower surface baseline solution for Configuration 2 did not require
significant changes to meet the redesign objectives. The spanwise characteristics, il-
lustrated in Figure 8, provide further confirmation that the Configuration 2 redesign
effort achieved the design objectives and produces similar aerodynamic features to
those of Configuration 1.

4.3 Configuration 3

The aerodynamic redesign problem of Configuration 3 involves significantly higher
levels of aeropropulsive coupling due to its highly integrated wing and DEP systems,
which result in substantially more adverse PAI effects to be addressed on the base-
line geometry. This led to challenges in achieving converged flow solutions at the
design FPR of 1.25 using both the LAVA curvilinear flow solver and USM3D-ME.
Preliminary investigations showed that this was caused by the formation of shocks
at the inlet of the mail-slot nacelle due to the presence of the wing, which accelerated
the flow into the propulsors. This effect was most severe for the inboard propulsor,

10
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at the four sample stations.
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Figure 6: Baseline and design spanwise characteristics for Configuration 1 (C1). All
data are plotted against nondimensionalized semispan location (7).

which experienced a fully choked inlet. The inability to operate the propulsion sys-
tem at the desired FPR resulted in the CDISC redesign effort being divided into
two stages: a nacelle redesign, followed by the wing redesign. These redesign stages
are discussed in the following two subsections.

4.3.1 Nacelle Redesign

The main objective of the CDISC redesign of the mail-slot nacelle is to reduce
the inlet shock and unchoke the inboard-most propulsor to enable operation at the
design FPR of 1.25. A converged baseline flow solution is required to perform CDISC
design, which was not possible on the baseline geometry of Configuration 3 due to
the adverse effects described above. To address this problem, the flow solver inlet fan
faces were first set to boundary conditions representative of subsonic inflow /outflow
planes. This decouples the fan faces and allows the exit fan face to operate normally
without the inlet causing the solution to terminate. Although such a solution is not

12
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Figure 8: Baseline and design spanwise characteristics for Configuration 2 (C2). All
data are plotted against nondimensionalized semispan location (7).

representative of a properly modeled propulsion system within USM3D-ME, this
was sufficient for initiating the CDISC design process. Once the design reduced the
inlet shock, a converged flow solution could be obtained on the new geometry with
both the inlet and exit fan faces set to the design FPR as intended.

Figure 9 shows the CDISC design stations for the mail-slot nacelle. These include
two design stations for the inboard vertical nacelle, and eight design stations for the
horizontal nacelle, with one horizontal nacelle station per propulsor. The stations
labeled in Figure 9 are used as sample stations, which include one vertical nacelle
station (V1) and three horizontal nacelle stations (H1, H4, and H8). No design is
performed on the outboard vertical nacelle since the baseline solution does not have
inlet shocks in that region.

In order to preserve as much of the baseline internal flow path as possible, the
CDISC design region is limited through a simple flap constraint, which deflects the
leading edge of an airfoil forward of a hinge line, while locking the remaining surfaces.

14



Figure 9: Front view of Configuration 3 showing the 10 design stations used in
CDISC design of the engine nacelle in blue. The numbered stations (V1, H1, H4,
and HS) are the locations of the sample design results.

In the present paper, the hinge line is set to an z/c location of 0.30 for all design
stations except for those of the inboard-most propulsor, which required a further
aft hinge line of /¢ = 0.40 to properly unchoke it. The flap constraint is used to
deflect the geometry down, effectively opening the inlet of the mail-slot nacelle until
the flow speed over the flap reduces below a user-specified maximum Mach number.
For this design problem, a maximum Mach number of 0.95 is specified.

The results shown in Figure 10 illustrate the flap deflection and its effectiveness
toward eliminating the inlet shocks. The pressure plots include a horizontal dashed
line to indicate the critical pressure coefficient, C%, which helps visualize that the
supersonic flow on the upper surface of the baseline geometry has been reduced to
subsonic conditions using the leading-edge flap. It can be seen, however, that the
flap causes an increase in flow speed on the external mail-slot nacelle surface.

The upper surface pressures also show a discontinuity in pressure level that is
connected with a linear region, around x/c¢ = 0.40—0.70 depending on the station.
This represents the region between the two fan faces modeled in USM3D-ME, where
there is no grid and therefore no flow solution. From Figure 10, it can be seen that
the inboard stations had stronger inlet shocks on the baseline solution and therefore
required more flap deflection to reduce the velocity of the flow than the outboard
stations.

Figure 11 shows surface pressure contours over the baseline and design geome-
tries, which highlight some of the main improvements in the flow field around the
mail-slot nacelle. Figure 11a, for example, shows the elimination of the inlet shocks,
highlighting the effectiveness of the flap design approach used in CDISC. Figures 11b
and 11c provide a closer look at the inboard-most propulsor, which show that the
flap deflection of both the horizontal and vertical nacelles successfully unchoke the
propulsor inlet, albeit while increasing the shock strength over the external nacelle
surface. Overall, the CDISC redesign of the mail-slot nacelle is considered a success
given that it enables operation at the design FPR. The aerodynamic redesign of the
wing is performed next, with the propulsion system geometry held constant.
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Figure 10: Baseline and design pressure and geometry data for Configuration 3 (C3)
at the four sample stations.
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Figure 11: Baseline and design surface pressure contours for Configuration 3.
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4.3.2 Wing Redesign

For Configuration 3, the aerodynamic redesign of the wing involves many of the
same design objectives as Configurations 1 and 2, but with additional constraints
introduced to accommodate the complexity of the integrated wing and DEP systems.
For example, since much of the lower wing surface is internal to the propulsion
system, geometric constraints are introduced to lock these regions of the wing. This
also ensures that the propulsion system remains fixed in space and does not rotate
as the wing design is twisted to match target pressures. For the target pressures,
similar constraints are included as with the previous two configurations to control
the pressure gradient, shock location, and aft loading, reducing shock strength and
providing a more uniform isobar distribution across the span.

For integrated quantities such as sectional lift and pitching moment, the internal
flow from the propulsors complicate their calculations and result in quantities that
are difficult to relate to Configurations 1 and 2, whose components are less coupled.
For example, at total lift-matched conditions, the wing of Configuration 3 carries
more lift compared to those of Configurations 1 and 2, which is likely due to the need
for overcoming the negative lift generated by the underwing BLI mail-slot nacelle.
The wing stations that overlap the propulsion system are also unable to maintain
as much aft loading without causing boundary layer separation.

Nonetheless, Figures 12 and 13 show the chordwise and spanwise characteris-
tics for the resulting design geometry. As evidenced by the greater mismatch in
the design and target pressures, it is clear that the aerodynamic wing redesign of
Configuration 3 is notably more difficult due to the added geometric constraints.
However, the final design of Configuration 3 is successful in providing a wing that
accounts for the PAI effects associated with the DEP-BLI propulsion system, and
that more closely matches the aerodynamic characteristics of Configurations 1 and
2.

5 Full-Configuration Aeropropulsive Analysis

In order to assess the potential relative benefits of DEP with and without BLI for
the SUSAN Electrofan, the refined wing and wing propulsor geometries presented
in Section 4 are integrated into full-configuration aircraft models and subjected to
aeropropulsive analysis. These representative aircraft models are shown in Figure 14
and include the horizontal and vertical tails, as well as the aft fuselage propulsor
design presented in Machado et al. [23]. With the exception of the wing and wing
propulsors, all airframe and propulsion system components are common across each
of the configurations.

For performing aeropropulsive analysis, the LAVA curvilinear flow solver pre-
sented in Section 3 is used, which models propulsor thrust via an actuator zone
method. In the present paper, constant thrust distributions are considered with no
torque for each propulsor to reduce computational cost. Although such an approach
is considered a lower fidelity method, the source terms added to the momentum
and energy equations over each actuator zone adequately captures the influence of
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Figure 13: Baseline and design spanwise characteristics for Configuration 3 (C3).
All data are plotted against nondimensionalized semispan location (7).

propulsor thrust on the airframe and vice versa, thus resolving the relevant aero-
propulsive trades to first order.

In order to account for differences in airframe and propulsion system aerody-
namic performance at cruise without introducing special thrust-drag accounting, a
force balance method is applied, in which each aircraft configuration is trimmed in F},
through the actuator zone thrust inputs. This is done iteratively through numerical
optimization based on the assumed 35:65 thrust split between the aft fuselage and
wing propulsors, respectively, with thrust assumed to be uniformly distributed across
the wing propulsors. Simultaneously, each aircraft configuration is also trimmed in
F, by including the angle of attack as a degree of freedom. Assessments of relative
aerodynamic and aeropropulsive performance can then be performed with the de-
sign lift coefficient satisfied at Cr, = 0.500 and with F, = T-D = 0, where T and D
are gross thrust and drag, respectively. This operating point is herein referred to as
the “trim condition”.
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(a) Configuration 1 (b) Configuration 2 (DEP)

(c) Configuration 3 (DEP + BLI)

Figure 14: Representative aircraft models used to assess the SUSAN Electrofan
trade study configurations.

Although each aircraft configuration can be assessed with their propulsion sys-
tems operating at their respective design points, it is important to note that the
design requirements presented in Section 2 are based on conceptual level design
and analysis methods, which do not accurately model the aerodynamic and coupled
aeropropulsive performance of the complex geometries considered in this work. The
design requirements are also based on aircraft level demands at top of climb, which
involve higher thrust levels than those at which aircraft typically operate, i.e. cruise.

These factors give merit to the force balance method described above, which
adjusts the thrust requirements of each propulsor at cruise based on the coupled
aerodynamic and propulsion system performance predicted by CFD analysis. In
addition, the force balance method implicitly captures “snowball effects” between
aircraft thrust and drag, which might otherwise be missed if considering a method of
thrust-drag bookkeeping that decouples the analysis of the airframe and propulsion
systems.

For performance evaluations, comparisons include cruise thrust and drag, as well
as mechanical flow and shaft power. In the present paper, mechanical flow power is

defined as [24]
Pﬂowz///vw-f)dv (1)

where v and f are the velocity and force vectors integrated over the subset of volume
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grid nodes defining a given actuator zone, V.
Mechanical shaft power is given by

Pshaft = mAh (2)

where rh is the mass-averaged mass flow rate and Ah is the change in specific
enthalpy:

Ah = ¢ (Thy —Thy) = — <’YR> T, (FPR% -1) (3)

Na \7 —1

Here, ¢, v, and R are the specific heat capacity, specific heat ratio, and gas constant
of air, respectively, and T}, and T}, are the mass-averaged total temperature at the
fan inlet and exit, respectively. Since the modeled flow across the fan is isentropic,
losses are accounted for through an approximation for adiabatic fan efficiency [25]

7o = 1.066 — 0.0866 FPR (4)

which is a linear regression based on advanced subsonic transport aircraft. The
mechanical shaft power required by the wing propulsors is also modified by 1/%trans
to account for electrical transmission losses, where nt;ans = 0.900 based on current
EAP technology level projections [2]. Generally, mechanical shaft power equals
mechanical flow power modified by 7, and 7Mans-

Tables 2 and 3 provide summaries of the aerodynamic and propulsion system
performance for each trade study configuration. For Configuration 2, 18.2% less
thrust is required to satisfy the trim condition relative to Configuration 1, which
can be attributed primarily to DEP. A performance benefit also comes from the aft
fuselage propulsor, which itself has a reduced thrust requirement due to reductions
in total airframe and propulsion system drag. In terms of power, Configuration 2
requires 3.9% more mechanical flow power due to the higher speed internal flow
experienced by the DEP systems, despite a 0.3% and 1.4% advantage in adiabatic
fan efficiency for the aft fuselage and wing propulsors, respectively. Accounting for
the assumed 10% loss from electrical transmission for the wing propulsors of all
three configurations, the total mechanical shaft power required by Configuration 2
is 3.3% higher than Configuration 1. These results suggest that the main benefit
of DEP is aerodynamic in nature, with propulsive efficiency playing a secondary
role. However, if the mail-slot nacelle concept can be developed with higher levels
of inlet diffusion, the required flow and hence shaft power may be less than that of
the non-DEP configuration.

With regard to Configuration 3, 12.9% less thrust is required compared to Con-
figuration 1, although Configuration 3 requires 7.6% more thrust than Configura-
tion 2. This suggests that the aerodynamic benefit of DEP is still present for the
DEP-BLI configuration but diminished from PAI effects. One possibility is that the
internal flow speeds within the DEP systems are much higher due to the influence
of the wing, as observed by Machado et al. [7]. This was the cause for the inlet
shocks that were the focus of the aerodynamic redesign efforts presented in Sec-
tion 4. Regardless, these higher flow speeds lead to higher drag penalties, which are
likely the main contributions to the performance deficit. Based on mechanical flow
power, Configuration 3 requires 16.3% more than Configuration 1 to maintain the
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Table 2: Aerodynamic performance summary for the three SUSAN Electrofan wing
propulsor configurations.

Parameter Configuration 1 Configuration 2 Configuration 3
Angle of attack (deg) 2.37 2.41 2.20

Lift coefficient 0.500 0.500 0.500
Drag coefficient™ 0.0511 0.0421 0.0453

*No special thrust-drag bookkeeping.

trim condition and 11.9% more than Configuration 2. In this case, it is clear that
the higher internal flow speeds described above are the cause for reduced propulsive
efficiency. Accounting for the electrical transmission efficiency of the hybrid-electric
propulsion system, Configuration 3 requires 15.9% more mechanical shaft power
than Configuration 1 to maintain cruise.

Table 4 provides a comparison of power on and power off drag coefficient between
each SUSAN Electrofan trade study configuration, which provides more insight into
the benefits of DEP. In the present paper, ACp is referred to as “thrust-induced
drag” or the drag cost of generating thrust. Here, it can be seen that the two DEP
configurations experience approximately half the thrust-induced drag of Configura-
tion 1. Configuration 2 also experiences less thrust-induced drag than Configura-
tion 3, although this can be explained by the difference in thrust between the two
configurations. Comparisons of power off drag coeflicients also provide hints toward
the impact of PAI, which appears to lead to higher drag for the two DEP configu-
rations relative to Configuration 1. The higher drag coefficient of Configuration 3
compared to Configuration 2 also suggests higher adverse PAI effects, despite its
reduced wetted area [7].

6 Conclusions

This paper presents a DEP configuration trade study for the SUSAN Electrofan
based on the application of RANS-based aeropropulsive design and analysis. The
DEP trade study includes three wing-mounted electric propulsion system configura-
tions, namely, a non-DEP variant, which serves as a reference configuration, a DEP
configuration, and a DEP-BLI configuration. These configurations, first introduced
previously by Machado et al. [6, 7], are referred to as Configurations 1, 2, and 3,
respectively, and are refined in the current work through the aerodynamic design
method CDISC [12].

Specifically, aerodynamic redesigns are performed for the wing of each trade
study configuration at cruise, accounting for first-order PAI effects from the inte-
gration of the wing and wing propulsors. For Configuration 3, the mail-slot nacelle
is also refined in order to address additional adverse PAI effects encountered by
the more coupled arrangement. These redesign efforts are successful in achieving a
consistent level of aerodynamic design across the three configurations, allowing for
more fair comparisons of their performance.

23



Table 3: Propulsion system performance summary for the three SUSAN Electrofan
trade study configurations.

Parameter Configuration 1 Configuration 2 Configuration 3

Aft Fuselage Propulsor

Number of propulsors 1 1 1

Fan pressure ratio 1.19 1.16 1.17
Fan adiabatic efficiency 0.963 0.966 0.965
Mass flow rate (kg/s) 151.4 144.3 146.5
Mach number, inlet 0.412 0.397 0.406
Total temperature, inlet (K) 243.2 242.9 243.0
Flow power (MW) 1.89 1.50 1.60
Shaft power (MW) 1.96 1.56 1.66

Wing Propulsors

Number of propulsors 2 16 16

Fan pressure ratio* 1.35 1.20 1.23
Fan adiabatic efficiency* 0.949 0.962 0.960
Mass flow rate* (kg/s) 150.9 35.2 35.5
Mach number, inlet 0.637 0.757 0.799
Total temperature, inlet* (K) 243.6 243.7 243.6
Transmission efficiency, electrical 0.900 0.900 0.900
Flow power* (MW) 3.33 0.46 0.52
Shaft power* (MW) 3.90 0.53 0.60

All Propulsors

Mass flow rate (kg/s) 453.2 708.1 715.6
Thrust (kN) 57.8 47.3 50.9
Flow power (MW) 8.55 8.88 9.94
Shaft power (MW) 9.76 10.08 11.31

*Average per propulsor value

Table 4: A comparison of power on and off drag coefficients for the three SUSAN
Electrofan trade study configurations.

Setting Configuration 1 Configuration 2 Configuration 3

Power off 0.0298 0.0323 0.0340
Power on 0.0512 0.0421 0.0452
ACp 0.0214 0.0099 0.0112

Representative three-dimensional full-configuration aircraft models were then de-
veloped based on the refined designs, and subjected to RANS-based aeropropulsive
analysis using the LAVA curvilinear flow solver [10]. These trade study configura-
tions are assessed based on thrust and drag, and mechanical flow and shaft power
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following a force balance to simulate cruise. Results indicate that the DEP and DEP-
BLI configurations of the SUSAN Electrofan require 18.2% and 12.9% less thrust
at cruise than the non-DEP configuration, respectively, suggesting an aerodynam-
ics benefit associated with DEP. Moreover, comparisons of power off and power on
drag show that thrust-induced drag savings are significant for Configurations 2 and
3, which can be associated with the lower operating FPRs or thrust levels of the
individual propulsors. Overall, Configuration 2 has the best aerodynamic perfor-
mance. However, this may change if Configuration 3 can be designed with increased
inlet diffusion to reduce the high internal flow speeds caused by the influence of the
wing’s flow field, which in turn causes drag penalties.

In terms of the flow power required to maintain cruise, the DEP and DEP-BLI
configurations are less efficient than the non-DEP variant. This is likely due to the
overall higher internal flow speeds experienced by the DEP systems, which again
come from insufficient inlet diffusion. When considering mechanical shaft power, a
marginal reduction in the relative power required is obtained. This comes from the
higher adiabatic fan efficiencies of the DEP systems, and also accounts for a 10%
loss from electrical transmission applied to all wing propulsors.

These results indicate that the main benefit of DEP at cruise is to improve
aerodynamic performance through reductions in thrust-induced drag. However, in
order to recover a net benefit in mechanical flow and hence shaft power, which
relate to propulsive efficiency, mail-slot nacelles must be developed for increased inlet
diffusion. This is especially the case for the DEP-BLI configuration, in which the
flow field of the wing causes significant flow acceleration leading into the underwing
propulsors.
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