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The over-wing nacelle (OWN) concept refers to aircraft designs where the engine is installed
above the wing. The OWN configuration offers several advantages over conventional under-wing
nacelle (UWN) vehicles, which include improved fuel-burn and propulsive efficiencies due to
the feasibility of ultra high bypass ratio turbofans, and reduced noise. However, a non-optimal
OWN design can result in large transonic drag penalties that can potentially outweigh the
aforementioned benefits. We study the OWN design problem from an aerodynamics and
propulsion perspective, using the NASA common research model, a notional 90,000 pound
thrust class turbofan model, and Reynolds–Averaged Navier-Stokes simulations. We first
quantify the sensitivity of drag, lift, and pressure recovery to variations in engine location
and power setting, and identify trends. Then, we perform aerodynamic design optimization
of the wing and nacelle to determine OWN performance improvement from outer mold line
refinement at a favorable engine installation location. A 20% reduction in drag is achieved
for the optimized OWN configuration, highlighting the sensitivity of OWN aerodynamics to
airframe contours. However, compared to the UWN baseline, the optimized OWN drag is 5%
higher at the same lift and worsens significantly at higher lift.
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Nomenclature
𝐶𝐿

=

Coefficient of lift

𝐶𝐿 𝛼

=

Lift curve slope

𝐶 𝐿0

=

Lift curve intercept

𝐶𝐷

=

Coefficient of drag

𝐶𝑝

=

Coefficient of pressure

E

=

Expected value

𝑰

=

Identity matrix

𝑚

=

Number of basis functions

𝑀

=

Mach number

𝑁

=

Number of design points

𝑝˜

=

Probability that 𝑡 0 is greater than its value under the null hypothesis

𝑝 𝑡0

=

Freestream total pressure

𝑝 𝑡2

=

Fan face total pressure

𝑃𝑅

=

Inlet pressure recovery

𝑅𝑒

=

Reynolds number

𝑡0

=

Test statistic for null hypothesis

𝒙

=

Vector of design variables

𝑋

=

Engine x position

𝑿

=

Matrix of design points

𝒚

=

Vector of responses at each design point

𝑦+

=

Wall y-plus

𝑌

=

Engine y position

𝑍

=

Engine z position

𝑧𝑗

=

Displacement in the z direction for the 𝑗 th control point

𝛼

=

Angle of attack

α̃

=

Threshold to determine statistical significance of a test statistic

𝛽𝑗

=

𝑗 th regression coefficient

𝜷

=

Vector of true regression coefficients

𝜷ˆ

=

Unbiased least squares estimate of 𝛽

Δ

=

Change in the value of a given quantity

𝜖

=

Gaussian noise term
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𝜙𝑗

=

Basis function for the 𝑗 th regression coefficient

𝚽

=

Matrix of all basis functions

𝜎2

=

Variance

𝜎
ˆ2

=

Unbiased estimate for observation noise variance

I. Introduction
Historically, for the vast majority of commercial transport aircraft, engines have been mounted under and upstream
of the wing leading edge. Berry [1] notes that such locations are "generally beneficial for minimizing installed drag" and
that "underwing designs have considerably lower drag than other choices due to the significant, adverse flow interaction
with the wing flow field for overwing mounted nacelles" [2]. The aviation industry has not had reason to venture outside
this well-established design practice. However, due to a desire for increased fuel efficiency, engine bypass ratio (BPR)
has grown significantly over the past few decades. The large fan diameters that have resulted make meeting the necessary
ground clearance constraints for safe operation increasingly hard. As BPR increases further into the future, conventional
UWN installations will no longer be possible without drastic modification of the wing and landing gear.
Alternatively, engines could be placed above the wing in an over-wing nacelle (OWN) configuration. This idea was
applied in historical concepts such as the the Boeing YC-14 [3], where leading-edge, slipper-mounted engines generated
powered lift by blowing hot exhaust over the top surface of the wing to take advantage of the Coandǎ effect, leading to
shorter takeoff and landing (STOL) distances. The Fokker VFW-614 [4], another example of a historical OWN concept,
intended to capture a new market for short haul air travel. STOL benefits and reduced foreign object damage (FOD) risk
due to over-wing mounted nacelles enabled the VFW-614 to land at airports with small unprepared runways. The NASA
QSRA [5] research aircraft was designed to investigate wing shielding of the over-wing engine noise. None of these
concepts, however, were designed for energy efficiency at high transonic speeds, with the ASKA [6] concept being a
particularly notable example that fared poorly at Mach numbers above its design cruise condition.
The OWN configuration has been studied in the past, suggesting that the nacelle location and its shape affects the
trade between the benefits and limitations. Putnam [7] setup a wind-tunnel model to simulate the effects of the exhaust
jet blown over the upper wing surface and found that (i) jet blowing increases the zero-lift drag of the wing, and (ii)
that the nacelle had to be placed about 1.5 nozzle exit diameters above the wing and 2.5–4.5 nozzle exit diameters
upstream of the wing leading edge, in order to minimize interference drag penalties. Reubush [8] tested a scaled OWN
configuration in a wind-tunnel and observed that minimum wing-body drag occurred at upstream engine placements,
when the nacelle exit plane was located one nacelle diameter aft and vertically above the wing leading edge at 50%
wing span. However, shapes were fixed and nacelles were non-metric, meaning that any drag penalty incurred on
the nacelle could not be measured. The author also found that airframe drag was insensitive to engine power setting.
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Henderson and Patterson [9] revisited this configuration using a fully metric model and found that, indeed, nacelle
penalties did outweigh the previously reported benefits for the wing-body; but they also found that interference drag
could be reduced significantly just by re-contouring the nacelles. Later, Szodruch and Kotschote [10] conducted a fully
metric wind-tunnel study with powered nacelles and concluded that the OWN configurations yield higher maximum
lift-to-drag ratios than the UWN configuration; however, the optimum nacelle positions were dependent on the wing
configurations. Furthermore, they also found that both the jet and intake flows are important for interference effects.
Only recently have we observed a return to interest in OWN aerodynamic performance [11–17], including distributed
over-wing propulsion [18], and noise shielding characteristics [19–22]. One study by Hooker et al. [13] is of particular
interest. They considered a range of wing configuration types, nacelle locations, engine bypass ratios, and conducted
extensive shape optimization for several promising design combinations. They reported that optimal OWN installation
locations combined with wing shape optimization can lead to 5% improvement in aerodynamic efficiency compared to a
representative UWN baseline. Their best design featured a low-wing, with an ultra-high bypass ratio engine mounted on
the trailing edge. Berton [19] asserts that modern high BPR engines extract significantly higher amounts of energy from
the core flow, effectively reducing the velocity differential between the core jet and fan discharge during takeoff, which in
turn significantly reduces downstream jet noise. Furthermore, the fan discharge noise is also effectively shielded when
the engine is mounted above the wing. The potential mitigation of jet noise, in addition to aerodynamic characteristics,
have resulted in renewed interest in the OWN concept.
Proper propulsion-airframe integration (PAI) is critical for optimal aerodynamic performance. Recent studies
in this field from UWN configurations [23, 24] to boundary layer ingesting concepts [25], as well as several of the
aforementioned studies on OWN, have relied heavily on Computational Fluid Dynamics (CFD) to understand and tailor
the complex interactions between the airframe and engine to achieve improved performance. In the same vein, we
leverage CFD to (i) to understand what physical phenomena drive OWN performance, (ii) identify any cross-disciplinary
trade-offs, (iii) quantify design performance trends and (iv) finally, identify feasible regions of the design space that
would justify pursuing this concept further for civil aviation. Specifically, we perform a statistical sensitivity analysis to
study the impact of the design variables on the aerodynamics, propulsion, and the interdisciplinary (aero-propulsion)
coupling metrics of the OWN concept. In this regard, we develop a CFD model of the flow past a 300-passenger
class civil transport aircraft cruising at 35000 ft at Mach 0.85, with 90,000 lb thrust class engines. Furthermore, we
parametrize the shapes of the wing and the engine nacelle to perform aerodynamic design optimization.
The rest of the manuscript is organized as follows. We begin by presenting the computational framework in section II.
Then, in section III, we present details of the statistical sensitivity analysis. Following the studies on high-level design
trends and the sensitivity analysis, we perform an aerodynamic design optimization to identify improved wing and
nacelle outer mold line shapes for a fixed engine installation location in section IV. Finally, we summarize our findings
and provide an outlook for future work in section V.
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II. Computational Framework
In this study, we conduct computational fluid dynamics (CFD) simulations of the aerodynamic flow past a wing-body,
powered engine configuration. The CFD simulations solve the steady-state Reynolds-Averaged Navier-Stokes (RANS)
equations with a fully turbulent boundary layer with 𝑘 − 𝜔 shear stress transport (SST) [26] turbulence model. The
RANS equations are spatially discretized using a finite volume [27] approach with implicit time integration scheme
and second order upwind spatial discretization. Furthermore, the flux at the boundary is reconstructed using Roe flux
difference splitting with the Venkatakrishnan limiter [28]. The computational framework with the RANS model is
coupled with a an adjoint solver [29–31] and a gradient-based optimizer to perform the aerodynamic shape optimization.
We use the commercial CFD package STAR-CCM+ to perform all the RANS and the adjoint simulations.

A. Airframe Model and Verification
The baseline airframe is the NASA common research model (CRM) [32] with the empennage removed, and a design
operating condition of 𝐶 𝐿 = 0.5, 𝑀 = 0.85, and an altitude of 35,000 ft. We denote the clean-wing airframe as the
wing-body (WB) model and the airframe with installed engine as the wing-body-nacelle (WBN) model. We discretize
the fluid domain using unstructured Cartesian ("cut cell") mesh, as shown in Figure 1b. Though ideally, the mesh
should be globally refined until responses of interest, such as 𝐶𝐷 , show invariance with grid size, computational budget
constraints precluded a full scale grid independence study. Instead, a pragmatic alternative was to perform a smaller
scale study, where we adjusted the wing-surface mesh resolution and the volume mesh growth to ensure the resolution
near the wing and nacelle are sufficiently fine. We conclude sufficiency of mesh resolution based on good agreement of
our pressure distributions on the wing compared against validated predictions conducted on the CRM geometry in the
AIAA CFD Drag Prediction Workshops (DPW) [33–35]. Specifically, we compare the coefficient of pressure (𝐶 𝑝 )
distributions computed on our WB model against published OVERFLOW CFD results in DPW-IV [33], which were
generated using a central difference scheme and the Spalart Allmaras turbulence model. Doing so allowed us to ensure
that the mesh density was sufficient to resolve the boundary layer and shocks, and our turbulence closure models yield
reasonable solutions. Then, we made an assumption that the mesh settings for wing-body case are adequate for the
wing-body-powered nacelle case, for which there are few authoritative public data. This is an indirect strategy in the
face of computational limitations. The main physics phenomena of OWN include shocks or shock induced separation in
the vicinity of the nacelle, including interactions with a high speed exhaust plume. We therefore acknowledge that this
exercise is not strictly validation, but rather demonstrating circumstantial evidence to support validity of physical trends
in later sections. The verification of our RANS model and mesh resolution is shown in Figure 1a. The final grid had 30
boundary layer resolving prism cells close to the aircraft and engine surfaces. Furthermore, the first of the boundary
layer prism mesh layers is placed at a height of 5.34 × 10−5 meters that results in a wall 𝑦 + ≈ 1. The final mesh contains
≈ 24M cells for the WB and ≈ 30M cells for the WBN model.
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(a) CRM wing-body verification against DPW-IV [33] results at at 𝑪 𝑳 = 0.5,𝑴 = 0.85,𝑹𝒆 = 5𝑴

(b) Wing-Body-Nacelle (WBN) mesh ≈ 30M cells

Fig. 1

(c) Wing-Body (WB) mesh ≈ 24M cells

CRM wing-body plus nacelle CFD models (adapted from [36])

B. Powered Engine Model
We simulate the engine in CFD by imposing thermodynamic boundary conditions at the fan inlet, bypass nozzle
plenum, and core nozzle plenum. We obtain thermodynamic properties at each of these boundary condition planes
from a simulated model of a notional high bypass turbofan in the 90,000 lbs thrust class, sized for a representative
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twin-aisle mission, similar to the GE90-94B engine on the Boeing 777. The bypass ratio of this model is 9, which is
the same as the "High-BPR" engine analyzed by Hooker et al. [13], but much smaller than the advanced technology
"Ultra Fan" BPR of 38 considered in that study. We calibrate the engine model in CFD using the Environmental Design
Space (EDS) tool [37], which provides estimates of metrics such as the engine thrust and inlet pressure recovery. The
existing CRM nacelle is asymmetric and hence, for convenience of modeling, we modify to be symmetric by revolving a
two-dimensional profile about the symmetry axis. This profile is based on a section of the CRM nacelle, but is adjusted
to incorporate measurements for engine flow station axial locations and areas obtained from EDS.
The boundary conditions used to simulate the powered nacelle are a pressure-outlet condition at the fan-face and
stagnation inlet conditions at the bypass and core nozzle plenums. As a verification, we run the isolated engine in CFD
at cruise conditions of 𝑀 = 0.85 and altitude of 35,000 ft with zero incidence angle and compare against the predictions
of EDS. Net thrust agreed within 10%, which we deem acceptable since a discrepancy between RANS and low-fidelity
EDS predictions is expected.

C. Simulation Framework
The aerodynamic design optimization performed in this work couples the RANS and adjoint solvers with a
gradient-based optimizer. Specifically, we parametrize the aircraft wing and nacelle outer mold lines to produce
deformable shapes. The aerodynamic performance (e.g., coefficients of lift and drag) and their gradients with respect to
the parameters are computed via the CFD package STAR-CCM+ [38]. This information is used by a gradient-based
optimizer, namely, Sequential Least Squares Programming (SLSQP) [39], to perform a search step toward optimizing
the overall objective. This process is repeated until a certain pre-determined budget of evaluations is reached or a
suitably defined convergence criterion is met. We provide more details in section IV. We validate the aerodynamic
design optimization framework against results available for the canonical the RAE-2822 airfoil and ONERA-M6 wing
optimization problems from the European Computational Aerodynamics Research Project (ECARP) [40]. Further
details regarding the validation exercise and results can be found in [36]. The source code, documentation, and examples
are available on GitHub ∗ .

III. Sensitivity Analysis of Engine Placement and Operation
In this section, we describe a statistical approach for determining feasible OWN engine placements for a fixed outer
mold line (OML). Sensitivity of key aerodynamics metrics is assessed with respect to engine location and operation,
which allows us to identify the most relevant design parameters with respect to propulsion-airframe integration. We
investigate the effects of OML refinement on aircraft performance subsequently for a fixed engine location in Section IV.
∗ https://github.gatech.edu/sberguin3/STAR-ASO.git
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A. Problem Definition
Definition of Factors
The five factors we consider are the three relative nacelle displacements (Δ𝑋, Δ𝑌 , Δ𝑍), configuration type, and
engine power code (PC). Their definitions are provided in Fig. 3. Configuration type refers to the distinction between
leading edge (LE) and trailing edge (TE) configurations. We identify these regions as promising nacelle installation
locations for aerodynamic efficiency based on results obtained from a preliminary study [36]. In this effort, we varied
the chordwise location of a through flow nacelle, for our baseline airframe geometry, at Mach 0.85, 35,000 ft and
𝐶 𝐿 = 0.5. These results are presented in Fig. 2. The total 𝐶𝐷 is a sum of the nacelle and wing-body (WB) contributions.
The baseline CRM wing-body 𝐶𝐷 at 𝛼 = 2◦ is shown in red as a reference. Similar to findings in [13], we see that the
wing-body drag is higher at the TE location relative to the LE, but the nacelle drag is lower at the TE location relative to
LE. Both the TE and LE positions, however, show better performance relative to "middle" locations. We discuss the
physical phenomena behind these trends in Sec. III.C. The end points of the 𝑥 axis in Fig. 2 correspond to the LE and
TE "baseline" locations that are identified in Fig. 3a.

Fig. 2 Preliminary trends showing drag variation as a function of nacelle chordwise location using a through
flow nacelle (adapted from [36])
The Δ’s in nacelle position are always expressed relative to a local coordinate system that depends on the configuration
type, as shown in Figure 3a. Note that the local 𝑋-axis is reversed for the TE baseline to ensure that +Δ𝑋 is always
towards the wing and −Δ𝑋 is always away from it. By changing the engine throttle setting and assessing the sensitivity
of the airframe aerodynamics to changes in the engine’s boundary conditions, the strength of the aero-propulsive
interactions can be determined. Fig. 3b shows the baseline engine’s power hook at a constant flight condition of Mach

8

(a) Definition of relative displacements and configuration type (reproduced from [36])
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(b) Selected power code range of variation for notional high bypass turbofan of 90,000 lb thrust class

Fig. 3

Definition of the factors varied in the experiment

0.85 at 35,000 ft. This curve represents an engine throttle sweep, showing how the thrust specific fuel consumption
(TSFC) of the engine (fuel flow rate normalized by net thrust) varies as a function of net thrust produced by the engine.
Power code is a scalar variable that captures the engine throttle setting. Max throttle and thus max thrust are at PC 50,
whereas cruise power codes are typically above 40. The filled markers in Fig. 3b show the power codes we pick for this
study. Each point provides a unique set of engine inflow and exit boundary conditions for the CFD propulsor model.

Definition of Responses
The four responses of interest are: installation drag Δ𝐶𝐷 , change in pressure recovery Δ𝑃𝑅, change in lift curve
slope Δ𝐶 𝐿 𝛼 , and change in lift curve intercept Δ𝐶 𝐿0 , and are defined as follows.

Installation Drag
When the engine is brought into close proximity of the wing-body, the flow field of the former interacts with the flow
field of the latter, potentially resulting in excess drag beyond that of the isolated parts. This is termed installation drag and
can thus be decomposed into two components: (i) the change in drag on the wing-body due to the presence of a nacelle
and (ii) the change in drag on the nacelle due to integration with the wing-body. However, since installing an engine
onto a clean wing impacts the local flow field and thus alters the vehicle’s drag polar, care must be taken to compute
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installation drag at a constant 𝐶 𝐿 . In the definition that follows, the notation (𝐶𝐷,𝑎 ) 𝑐𝑏 denotes drag coefficient computed
on the surface 𝑎 (e.g., wing, nacelle) of the configuration 𝑏 (e.g., wing-body-nacelle, wing-body, or isolated-nacelle) at
constant 𝑐 (e.g., 𝐶 𝐿 ). The installation drag, denoted by Δ 𝐶𝐷 , is given by:

Δ𝐶𝐷 ≡ Δ 𝐶𝐷𝑊 𝐵𝑁

 𝑊 𝐵𝑁
𝐶𝐿

= Δ𝐶𝐷 𝑁

 𝑊 𝐵𝑁
𝐶𝐿

+ Δ𝐶𝐷𝑊 𝐵

 𝑊 𝐵𝑁
𝐶𝐿

(1)

where
Δ 𝐶 𝐷𝑊 𝐵

 𝑊 𝐵𝑁

Δ 𝐶𝐷 𝑁

 𝑊 𝐵𝑁

𝐶𝐿

𝐶𝐿

= 𝐶 𝐷𝑊 𝐵

 𝑊 𝐵𝑁
𝐶𝐿

𝑊𝐵
− (𝐶𝐷𝑊 𝐵 )𝐶
𝐿

𝑊 𝐵𝑁
= (𝐶𝐷 𝑁 )𝐶
− (𝐶𝐷 𝑁 )𝐶𝑁𝐿 =0
𝐿

Inlet Pressure Recovery
The inlet pressure recovery for this configuration is defined as the ratio of total pressures at the fan-face (𝑝 𝑡2 ) and the
freestream (𝑝 𝑡0 ). Under ideal conditions, this ratio is one, but non-isentropic losses can cause this number to drop. The
change in pressure recovery due to engine installation is defined as:

Δ𝑃𝑅 =

𝑝 𝑡2
𝑝 𝑡0




−
𝐼𝑠𝑜𝑙𝑎𝑡𝑒𝑑−𝑁

𝑝 𝑡2
𝑝 𝑡0


(2)
𝑊 𝐵𝑁

Lift Curve Parameters
Let (𝐶 𝐿𝑎 ) 𝑏 denote the parameter 𝑎 (e.g., 𝐶 𝐿 𝛼 or 𝐶 𝐿0 , which are respectively, the lift-curve slope and intercept)
computed on the configuration 𝑏 (e.g., wing-body-nacelle or isolated wing-body). The change in lift curve parameters
due to engine installation is then given by:
Δ𝐶 𝐿0 = (𝐶 𝐿0 ) 𝑊 𝐵𝑁 − (𝐶 𝐿0 ) 𝑊 𝐵

(3)

Δ𝐶 𝐿 𝛼 = (𝐶 𝐿 𝛼 ) 𝑊 𝐵𝑁 − (𝐶 𝐿 𝛼 ) 𝑊 𝐵
where the total lift coefficient 𝐶 𝐿 = 𝐶 𝐿0 + 𝛼𝐶 𝐿 𝛼 .
B. Statistical Analysis
Now that the factors and responses have been defined, we present an overview of how the experimental plan is
formulated. Several classes of screening approaches have been proposed for computer experiments to determine the
main factors that affect a response of interest (see [41, Ch. 7] and [42]). For this study, screening experiments from
the field of design of experiments (DoE), linear regression, and analysis of variance (ANOVA) are used to test for
the significance of main effects and two-factor interactions [43, 44]; we follow this method owing to its conceptual
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simplicity and robustness to limited data, relative to comparable methods. The main idea in this approach is to assume
some model form for our response and then statistically test if the partial derivatives of the model are bounded away
from zero. Therefore, if we assume a linear regression model, we can estimate the significance of first derivatives (and
hence main effects) with fewest samples possible. The following overview closely follows the presentation in [45, Ch.
2.]. Consider the general linear regression model given by,

𝑦 𝑖 = 𝑓 (𝒙 𝑖 ) =

𝑚
∑︁

𝛽 𝑗 𝜙 𝑗 (𝒙 𝑖 ) + 𝜖𝑖 , 𝑖 = 1, . . . , 𝑁,

where

𝜖𝑖 ∼ N (0, 𝜎 2 )

(4)

𝑗=1

where 𝑓 : R 𝑝 → R is some function of interest, 𝒙 ∈ R 𝑝 is a vector of standardized design variables, 𝛽 𝑗 are unknown
regression coefficients to be found and 𝜙 𝑗 is some assumed basis function associated with the 𝑗 th coefficient. This
model assumes that the observations 𝑦 are corrupted by a Gaussian noise 𝜖, centered at 0 and with constant variance 𝜎 2 .
In this deterministic problem of computer experiments, the error appears random due to the assumed form of the model
i.e. the assumed model does not exactly capture the true response. The magnitudes of the coefficients 𝛽 𝑗 are indicative
of the relative importance of a given basis function 𝜙 𝑗 . Consider a dataset of 𝑁 observations,
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where 𝒚 ∈ R 𝑁 , Φ = Φ( 𝑿) ∈ R 𝑁 ×𝑚 , [Φ] 𝑖 𝑗 = 𝜙𝑖 (𝒙 𝑗 ), ∀𝑖 = 1, . . . , 𝑚, 𝑗 = 1, . . . , 𝑁, and 𝜷 ∈ R𝑚 . Under the standard
setting where 𝑁 > 𝑚, the solution to Eq. 5 is usually obtained using the least squares estimator (LSE):
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𝑁
𝑚
∑︁
∑︁
©
ª
𝐿 = ( 𝒚 − 𝑿 𝜷) ( 𝒚 − 𝑿 𝜷) =
𝛽 𝑗 𝜙(𝑥𝑖 𝑗 ) ®
𝑦𝑖 −
𝑖=1 «
𝑗=1
¬
′

(6)

This can be solved in two ways: numerically, or directly by using the normal equations. Using the latter, taking the
partial derivatives with respect to 𝛽 𝑗 and setting to zero, one obtains a linear system of 𝑚 equations, with the solution
given by:
𝜷ˆ = ( 𝑿 ′ 𝑿) −1 𝑿 ′ 𝒚

(7)

This solution is the same, with or without 𝜖, as long as the system in (5) is full rank. It can be shown (see [45, Ch2. pp.
22-23]) that the least-squares estimate 𝜷ˆ is an unbiased estimator of 𝜷 (i.e, the true coefficients) and therefore,
ˆ =𝜷
E( 𝜷)
ˆ = 𝜎 2 ( 𝑿 ′ 𝑿) −1
Covariance( 𝜷)
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(8)

When it is necessary to estimate 𝜎 2 , we can do so by rewriting the sum of squares of the residual errors (SSE) in
Eq. 6 as:
ˆ ′ ( 𝒚 − Φ 𝜷)
ˆ = 𝒚 ′ 𝒚 − 2 𝜷ˆ ′ 𝑿 ′ 𝒚 + 𝜷 ′ 𝑿 ′ 𝑿 𝜷 = 𝒚 ′ 𝒚 − 𝜷ˆ ′ 𝑿 ′ 𝒚
𝑆𝑆𝐸 = (𝒚 − Φ 𝜷)

(9)

Finally, the estimator for the observation noise variance 𝜎
ˆ 2 is given by

𝜎
ˆ2=

𝑆𝑆𝐸
𝑁 −𝑚

(10)

The hypotheses for testing the significance of any individual regression coefficient 𝛽 𝑗 is:

H0:

𝛽𝑗 = 0

H1:

𝛽𝑗 ≠ 0

(11)

The test statistic for the null hypothesis is
𝑡 0 = √︃

𝜷ˆ𝒋
𝜎2𝐶 𝑗 𝑗

where 𝐶 𝑗 𝑗 is the diagonal element of 𝑿 ′ 𝑿 corresponding to 𝛽 𝑗 . The null hypothesis, H0, would thus be rejected at the
1 − α̃ confidence level if |𝑡 0 | > 𝑡 α̃/2, 𝑁 −𝑚−1 . Alternatively, this result is often expressed as a 𝑝-value,
˜
which expresses the
probability that the observed value of 𝑡 0 is greater than what it should be under the null hypothesis:

𝑝˜ = 𝑓 |𝑡0 | > 𝑡 α̃/2, 𝑁 −𝑚−1 |𝐻0



(12)

Typically, if 𝑝˜ ≤ 0.1, then this is usually a strong indicator that 𝛽 𝑗 is statistically significant; otherwise, it can be dropped
from the model. In the case of effects screening, where 𝛽 𝑗 multiplies 𝜙 𝑗 (𝒙), the latter implies that 𝜙 𝑗 contributes little
to the response and can thus be defaulted to some fixed value. Once 𝑡 0 has been established for each coefficient, the
“vital few” can be separated from the “trivial many.” One popular method is Lenth’s Pseudo Standard Error (PSE) [46],
which describes a repeatable process for determining the decision threshold; the reader is referred to the literature for
detail. For the problem at hand, we use a fractional factorial design of Resolution V augmented with baseline runs,
where no main effects or two-factor interactions are aliased with any other main effect or with any two-factor interaction.
The factors (as defined in Fig. 3), responses, and design of experiment are shown in Table 1.

C. Sensitivity of Airframe Installation Drag
Sensitivity analysis results for installation drag are presented in Fig. 4 using the statistical methods mentioned
previously. In the following material, the reader should interpret statements on sensitivities of factors in a relative sense.
The length of each bar is the magnitude of the Lenth t-ratio for a given term, similar to the value computed from Eq.
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Table 1 Design of experiments: factors (columns 1-6) and CFD responses at
𝑪𝑳 = 0.5, 𝑴 = 0.85, alt = 35, 000 ft where 𝒄 = 26.12 ft, 𝒘 = 𝒉 = 12.47 ft
Case
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Δ𝑋/𝑐
–
−0.20
+0.30
+0.30
−0.20
−0.20
−0.20
+0.30
+0.30
+0.30
−0.20
−0.20
−0.20
+0.30
+0.30
−0.20
+0.30

Δ𝑌 /𝑤 Δ𝑍/ℎ
–
–
−0.35 0.30
+0.35
0.00
−0.35 0.00
−0.35 0.00
+0.35
0.00
+0.35
0.30
−0.35 0.30
−0.35 0.00
−0.35 0.30
+0.35
0.00
−0.35 0.30
−0.35 0.00
+0.35
0.00
+0.35
0.30
+0.35
0.30
+0.35
0.30
Baseline
Baseline
Baseline
Baseline
Baseline
Baseline

Config
–
LE
TE
LE
TE
LE
TE
TE
TE
LE
TE
TE
LE
LE
LE
LE
TE
TE
TE
TE
LE
LE
LE

PC
–
50
50
50
50
50
50
50
40
40
40
40
40
40
50
40
40
40
44
50
40
44
50

Δ𝐶 𝐿 𝛼
· 𝑑𝑒𝑔 −1
-110
140
-280
80
-100
-100
70
130
-350
-220
-50
-260
-380
-430
60
140
120
130
-400
-410
-420
-100

10−4

Δ𝐶 𝐿0
10−4
80.0
-1140
-910
-1980
240
-1600
-970
-1110
-590
-1970
-2100
210
-320
100
-20
-1280
-2100
-1960
120
130
170
-1600

Δ𝐶𝐷
10−4
19
32
357
269
16
326
21
21
36
406
305
107
300
276
0
45
99
89
77
206
207
216

Δ𝑃𝑅
%
2.00
0.91
0.07
2.27
0.01
0.15
0.14
0.38
0.04
0.39
0.34
0.02
0.02
0.02
0.00
0.27
2.50
2.29
1.92
0.00
0.05
0.00

(III.B), and is thus indicative of the statistical significance of that variable. The direction of each bar indicates whether
the response increases (right) or decreases (left) with respect to that effect. Vertical blue lines indicate 𝑝-value
˜
cutoffs of
0.1 and blue highlighted rows indicate terms that have a 𝑝-value
˜
lower than the cutoff. If the 𝑝-value
˜
in the last column
for a highlighted row is 0.05 or lower, an asterisk is used to emphasise that term. The presentation order for the terms in
this figure, and in subsequent figures for the other responses, is randomly generated by the program we use for this study.
For installation drag, we observe that chord-wise placement (Δ𝑋) is by far the most dominant main effect. However,
the categorical variable configuration type (TE/LE i.e., TE or LE configuration), and the statistical interaction terms
of configuration type with Δ𝑋, Δ𝑌 , and Δ𝑍 also influence the response with statistical significance. Each one is now
explained in more detail.

Effect of Δ𝑋 and Configuration Type on Δ𝐶𝐷
The primary reason why these main effects are significant is that chordwise placement drives the strength and
location of the shock waves, as shown in previous work [13, 36, 47]. At OWN leading edge positions, the presence
13

Fig. 4

Effect Screening: Installation Drag (𝚫𝑪𝑫 )

of the nacelle results in greater flow acceleration over the wing LE, resulting in a larger suction peak relative to the
clean wing, as seen in Fig. 5. This suction results in a smaller component of the force in the axial direction, which
can, to a certain extent, help counteract the wing-body drag penalty due to the stronger shock near the wing LE. These
competing effects explain why we see a wing-body drag at the LE OWN baseline location that is comparable to the
isolated wing-body drag in Fig. 2. In fact, Hooker et al. [13] found a negative interference drag on the wing-body
suggesting that the nacelle has a favorable interaction on the wing-body aerodynamics relative to the isolated wing-body.
As the nacelle is moved further aft over the wing, the shock induced by the flow acceleration between the nacelle
and wing is strong enough to cause significant flow separation. This results in a substantial increase in the wing-body
and nacelle drag. The back pressure created by nacelle results in a much stronger shock on the wing, which is further
upstream than in the clean case. There is also an interaction between the shock induced by the nacelle and the shock on
the outboard section of the wing. In general, interference drag penalties are far more pronounced in this region resulting
in a higher drag relative to the LE and TE baseline cases, as seen in Fig. 2.
At OWN TE positions, flow separation is not as pronounced as before and hence the wing-body drag drops as the
nacelle is moved further aft, relative to the "middle" locations. The combination of the nacelle induced back pressure
and the higher angle of attack required to match lift, results in a larger suction region near the wing LE; however, the
resulting strong shock and associated drag penalties offset benefits from the higher suction peak. As seen in Fig. 5, the
second shock on the outboard wing is strengthened as a result of this wing-nacelle interaction. The consequence of
these effects is higher drag for the wing-body at the TE baseline location, relative to both the LE baseline and isolated
wing-body, as shown in Fig. 2. Additionally, nacelle drag decreases due to the larger suction region at the nacelle
lower lip caused by increased flow acceleration, consistent with the findings in [13]. Even though the nacelle at the TE
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(a) Isolated wing-body (clean wing)

(b) Leading edge baseline

(d) Leading edge baseline: Wing 𝑪 𝒑 at nacelle centerline

(c) Trailing edge baseline

(e) Trailing edge baseline: Wing 𝑪 𝒑 at nacelle centerline

Strong primary
shock

Strong primary
shock

Weaker
second shock

Strong
second shock

(f) Leading edge baseline: airframe 𝑪 𝒑

(g) Trailing edge baseline: airframe 𝑪 𝒑

Fig. 5 Mach contours and 𝑪 𝒑 distributions at nacelle centerline location and over entire airframe, compared at
aircraft 𝑪𝑳 = 0.5
(adapted from [36])
location has a shock on the underside, the benefits of enhanced suction on the nacelle offset the penalties from the shock,
resulting in lower nacelle drag relative to the LE location. Based on the results in Table 1 and Fig. 2, TE configurations
seem to be better than LE locations at minimizing overall WBN drag for our un-optimized geometry.

Effect of Power Code on Δ𝐶𝐷
Results in Fig. 4 show that installation drag decreases as the engine power setting increases. This is because the
engine ingests more air as power code goes up, which results in less "spillage" flow to interact with. However, compared
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to the second most significant variable Δ𝑋 2 , with a 𝑝-value
˜
of 0.0182, 𝑃𝐶 with a 𝑝-value
˜
of 0.052 is relatively less
significant. Hence, installation drag is weakly dependent on propulsion in comparison.

Interaction of Δ𝑋 and configuration type on Δ𝐶𝐷
An interaction occurs when the setting of one factor changes how a response varies with another factor. An
interaction term, e.g., TE/LE ×Δ𝑋, refers to a "quadratic effect" due to the variables TE/LE and Δ𝑋. Similarly, a
"cubic effect" could be TE/LE ×Δ𝑋 2 . If TE/LE ×Δ𝑋 is determined to be statistically significant, then it means that
the partial derivative of the response with respect to Δ𝑋 depends on the specific value of TE/LE. The interaction of
Δ𝑋 and configuration type (Δ𝑋 × Δ𝑋 × TE/LE in Fig. 4) is visualized in Figs. 6a and 6b. Each plot shows the local
profile of the response along the dimension indicated. They correspond to the trace of the intersection between the
response surface and the planes of a Cartesian coordinate system whose origin lies at a point denoted by the dotted
hairlines. The dashed curves in the figures represent the 95% confidence interval for the predicted response. Visually,
the presence of interaction is understood by observing the difference in trends in a sensitivity plot. Fig. 6b shows that
Δ𝐶𝐷 varies almost linearly with Δ𝑋 when the configuration is of LE type, but non-linearly when it is of TE type. For
LE configurations, the linear trend suggests that installation drag is best reduced by placing the nacelle as far away as
possible from the wing, whereas the latter suggests a point of diminishing return for TE configurations (as visualized by
the flattening of the curve as one moves in the direction of −Δ𝑋). Although optimization of the OML and expansion of
the design space would be needed to find out for certain, this trend supports the findings of others [12, 13].

(a) 𝚫𝑪𝑫 response: visualization of local profiles for TE configuration type

(b) 𝚫𝑪𝑫 response: visualization of local profiles for LE configuration type

Fig. 6

Local sensitivities for installation drag

16

Interaction of Δ𝑌 and configuration type on Δ𝐶𝐷 (TE/LE × Δ𝑌 )
At LE locations, installation drag decreases as the nacelle moves outboard as shown in Fig. 6b, but at TE locations it
is the opposite as shown in Fig. 6a. This interaction is a consequence of how the coordinate system was defined, as
illustrated in Fig. 7. For LE configurations, the gap between the nacelle and the wing leading edge increases as the
nacelle moves outboard due to leading edge sweep, whereas for TE configurations it increases inboard. Therefore, the
interaction between configuration type and Δ𝑌 is most likely just the manifestation of different effect: Δ𝑋.

Fig. 7

Interaction of “𝚫𝒀” and “config type” explained (reproduced from [36])

Interaction of Δ𝑍 and configuration type on Δ𝐶𝐷 (TE/LE × Δ𝑍)
At LE configurations, results suggest that installation drag decreases as the nacelle moves up and away from the
wing. This trend is consistent with Putnam’s [7] and Reubush’s [8] findings mentioned previously. This behavior is
likely due to reduced scrubbing drag as the engine exhaust is moved away from the wing. At TE configurations, it is the
opposite as shown in Fig. 6, due to the reduced favorable interference effects on the nacelle at TE locations discussed
previously. Even though the main effect Δ𝑍 has a negligible impact by itself, its interaction with configuration type has
a statistically significant effect on installation drag.

D. Sensitivity of Engine Pressure Recovery
The sensitivity analysis results for change in pressure recovery (Δ𝑃𝑅) are shown in Fig. 8. It can be seen that the
dominating effects are configuration type (TE/LE), height above the wing Δ𝑍, and Δ𝑋, which has a strong nonlinear
influence on the response. In addition, statistically significant interactions exist between configuration type, Δ𝑍, and
Δ𝑋. Each one will now be explained in more detail.

Effect of configuration type on Δ𝑃𝑅
Fig. 9a shows that pressure recovery decreases (i.e. Δ𝑃𝑅 is non-zero) when the nacelle is placed at TE locations.
This is because the flow entering the nacelle is non-isentropic at those locations; i.e. there is a strong shock on the wing
ahead of the inlet, as shown Fig. 5c. This implies a strong dependence of propulsive efficiency on airframe aerodynamics
and, as a result, there is a tradeoff between good installation drag and poor pressure recovery at TE locations. This
17

Fig. 8

Effect screening: Pressure recovery (𝚫𝑷𝑹)

is significant because a 2% loss in pressure recovery can result up to a 9% loss in fuel burn for a representative civil
transport [48].

Effect of Δ𝑍 and configuration type on Δ𝑃𝑅
The term Δ𝑍 in Fig. 8 shows that pressure recovery decreases as the engine moves closer to the wing, but this
trend only occurs at TE nacelle locations, as shown in Fig. 9a. The interaction term (𝑇 𝐸/𝐿𝐸 × Δ𝑍) is thus statistically
significant. Again, this trend implies a strong dependence of propulsion efficiency on airframe aerodynamics for TE
configurations only. The trend itself makes intuitive sense, since moving the engine away from wing reduces interference

(a) 𝚫𝑷𝑹 response: visualization of local profiles for TE configuration type

(b) 𝚫𝑷𝑹 response: visualization of local profiles for LE configuration type

Fig. 9

Local sensitivities for pressure recovery
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and, therefore, pressure recovery losses. For LE configurations, the ingested airflow is clean and thus very similar at
different engine locations. As such, the sensitivity of pressure recovery to Δ𝑍 is negligible at LE locations.

Effect of Δ𝑋 and configuration type on Δ𝑃𝑅
Fig. 9a shows that pressure recovery is a nonlinear function of Δ𝑋, but again, only at TE nacelle locations, as
expected. This is why the interaction term TE/LE × Δ𝑋 × Δ𝑋 in Fig. 8 is flagged as a statistically significant term.
This non-linearity can be explained by taking a look at Fig. 10, which shows the Mach contours for three different TE
configurations: −Δ𝑋, baseline, and +Δ𝑋. It can be seen Δ𝑃𝑅 is largest for the TE baseline, which coincides with the
case where the primary shock on the wing (ahead of the inlet) is strongest. This result suggests that pressure recovery
will be particularly sensitive to how well the wing design is able to weaken the shock.

(a) Case 10: 𝚫𝑷𝑹 = −0.39%

Fig. 10

(b) TE Baseline: 𝚫𝑷𝑹 = −2.5%

(c) Case 8: 𝚫𝑷𝑹 = −0.38%

Mach contours at nacelle centerline location (adapted from [36])

E. Sensitivity of Lift Curve
Sensitivity analysis results of the lift curve parameters are shown in Figs. 11a and 11b. It can be seen that the
dominating effects are configuration type and Δ𝑋, which will now be discussed in detail.

Effect of configuration type on Δ𝐶 𝐿 𝛼 and Δ𝐶 𝐿0
To better interpret the sensitivity analysis of Figs. 11a and 11b, consider Fig. 12 which shows how the lift curve
changes for TE/LE configurations compared to the clean wing. For LE configurations, the lift curve intercept (𝐶 𝐿0 )
increases and the lift curve slope (𝐶 𝐿 𝛼 ) decreases, which is expected due to the Coandǎ effect. As the jet exhaust blows
over the surface of the wing, it enhances the circulation which contributes to lift. Sensitivity with respect to angle
of attack therefore decreases because circulation is now partly dependent on the engine, not just the wing. For TE
configuration, 𝐶 𝐿0 drops significantly because the presence of the engine creates a back pressure on the wing.
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(b) Lift curve slope (𝚫𝑪 𝑳𝜶 )

(a) Lift curve intercept (𝚫𝑪 𝑳0 )

Fig. 11

Effects Screening: Lift Curve Parameters

Effect of Δ𝑋 on Δ𝐶 𝐿 𝛼 and Δ𝐶 𝐿0
For LE configurations, there is a powered lift benefit due to the jet blowing over the wing, but this benefit erodes
quickly if the nacelle moves towards the wing (i.e. positive Δ𝑋), as shown by a decrease in 𝐶 𝐿 𝛼 in Fig. 13b and by the
loss of 𝐶 𝐿0 in Fig. 13a. Even though there is some recovery of 𝐶 𝐿 𝛼 after a certain point, the loss in 𝐶 𝐿0 offsets any gains
from 𝐶 𝐿 𝛼 as the nacelle is brought closer to the wing. The profile in Fig. 13a suggests the presence of a maximum
Δ𝐶 𝐿0 . Hence, in general, for the LE configuration, the nacelle must be at a certain optimal distance away from the wing
leading edge to take full advantage of powered lift. However, for TE configurations, the trend and curvature of the
profiles are reversed: moving away from the wing is generally better for preserving the lift properties of the clean wing.

0.8
0.7

Lift Coefficient

0.6
0.5
0.4
0.3

TE
LE
WB

0.2
0.1
0

-0.1
-1 -0.5

Fig. 12

0

0.5 1 1.5 2 2.5
Angle of Attack (deg)

3

3.5 4

Change in lift due to configuration type (adapted from [36])

20

(a) 𝑪 𝑳0 response vs. 𝚫𝑿 when config type = LE

(b) 𝑪 𝑳𝜶 response vs. 𝚫𝑿 when config type = LE

(c) 𝑪 𝑳0 response vs. 𝚫𝑿 when config type = TE

(d) 𝑪 𝑳𝜶 response vs. 𝚫𝑿 when config type = TE

Fig. 13

Local sensitivities for lift curve parameters

IV. Aerodynamic Design Optimization
The sensitivity analysis described in the previous section indicates that nacelle chordwise placement is the main
layout parameter affecting both the aerodynamic performance of the airframe and propulsive efficiency of the engine. In
particular, two regions of interest are identified which show potential for favorable performance: the first at the wing
LE and the second at the wing TE, the latter showing marginally better total 𝐶𝐷 . Interestingly though, there exists a
trade-off between installation drag and pressure recovery for TE configurations: the best nacelle location for installation
drag is also the worst for pressure recovery due to the presence of a shock on the wing in front of the engine. Since
the characteristics were obtained for a fixed outer mold line, logical follow-on questions are thus: how sensitive is the
airframe aerodynamic performance to smaller scale variations in the OML relative to changes in nacelle location? Can
the shock wave be weakened enough to regain engine performance through shape optimization? This section uses
adjoint design methods to seek answers.
We focus on the trailing edge baseline engine location for this exercise as we believe it is a conservative choice
that favors both aerodynamic performance and structural weight. Recall that the OWN configuration with the highest
aerodynamic efficiency in [13] also featured a TE mounted engine. Though the results in the preceding section indicate
improved aerodynamic performance by shifting the nacelle further aft, this translation comes at the cost of higher
moments on the wing and a longer, heavier pylon. Detailed structural analysis would be needed to assess the feasibility
of such nacelle locations, which is out of scope for this current effort.
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A. Design Problem
The optimization task is to minimize drag subject to fixed lift at cruise under rigid-body assumptions. Mathematically,
this can be expressed as:
Find:

𝜽 ∗ = arg min 𝐶𝐷 (𝜽)
𝜽

subject to: 𝐶 𝐿 = 𝐶 𝐿,𝑡 𝑎𝑟 𝑔𝑒𝑡

(13)

𝜽 𝐿 ≤ 𝜽 ≤ 𝜽𝑈
where 𝜽 ∗ denotes the vector containing the optimal vertical displacements of 𝑁 control points shown in Fig. 14 that are
bounded by [𝜽 𝐿 , 𝜽𝑈 ], and 𝐶 𝐿,target is the cruise 𝐶 𝐿 . We carefully select the side constraints on the design variables
based on simpler 2D and 3D optimization tests to prevent the optimizer from generating unrealistic wing designs. This
optimization problem has the following assumptions: it ignores trim drag, considers only a single flight condition
(cruise, at 𝑀 = 0.85), does not account for aero-elasticity, and does not take into account aero-propulsive coupling. In
addition, we constrain the control point displacements around the nacelle such that all deformations are axisymmetric.
As such, only the control points along one slice of the nacelle are directly perturbed by the optimizer. The remaining
control point displacements are then matched to main control points. This idealistic model is useful nonetheless because
it provides a first order answer to our motivating question. Moreover, it is the authors’ opinion that if one cannot find a
favorable design under ideal conditions, adding practical constraints might not be meaningful.

B. Design Process

Fig. 14 Parameterization of the design space (for optimization 𝚫𝒙 and 𝚫𝒛 were held fixed to 0) (adapted from
[36])
In STAR-CCM+, mesh deformation is implemented using a radial basis network as follows. For the sake of
explanation, assume only the 𝑧 coordinate is being varied and let Δ𝑧 𝑘𝑗 denote the displacement of the 𝑗 th control point
relative to its initial position 𝑧0𝑗 :
Δ𝑧 𝑘𝑗 = 𝑧 𝑘𝑗 − 𝑧0𝑗
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(14)

where 𝑘 is the current optimizer iteration number. The value of Δ𝑧 𝑗 is always known since it is determined by the
optimizer. However, the corresponding amount by which to deform the mesh nodes is not known and must be determined
through interpolation. The equation for a radial basis network is given by:

𝑓 (𝑧) = 𝑤 0 +

𝑁
∑︁

𝑤 𝑗 𝜓 𝑗 (𝑧)

where

𝜓 𝑗 = ||𝑧 − 𝑧 𝑗 ||

(15)

𝑗=1

where 𝑧 denotes the Cartesian coordinate of any grid point in the mesh and 𝑧 𝑗 denotes that of a control point as before.
The coefficients 𝑤 are found by solving the following linear system:
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(16)

where the following constraint is added:
𝑁
∑︁

𝑤𝑗 = 0

(17)

𝑗=1

to close the system of equations.

C. Results
The optimizer converged in 18 iterations and the drag polar is shown in Fig. 15. In this figure, the resulting optimized
OWN design is shown with a red square. Though an equality constraint of 𝐶 𝐿 = 0.5 is set in the optimization problem,
the resulting optimum has a lower 𝐶 𝐿 by about 0.02. This optimized vehicle is then run at different angles of attack to
generate a drag polar. Circular markers represent raw CFD data whereas the line indicates a best fit curve. A similar
exercise is conducted for the baseline UWN (black, circles) and non-optimized OWN (red, triangles) configurations to
0.60

Lift Coefficient
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OWN Point
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Fig. 15
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OWN drag polars before and after optimization compared to UWN baseline at 𝑴 = 0.85
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generate their polars. Notice that shape optimization improved drag relative to the starting configuration. OWN 𝐶𝐷 is
roughly 20% lower than before at the 𝐶 𝐿 for the optimized configuration. Relative to the UWN baseline, 𝐶𝐷 is roughly
5% higher for the optimized OWN point (red square) at the same 𝐶 𝐿 . However, that performance worsens progressively
as 𝐶 𝐿 increases away from the design point, which is expected for single-point optimization [49]. This result leads to an
intuitive but important finding: outer mold line contouring is a critical factor in OWN design. It impacts performance
just as much as translating the nacelle. A successful OWN strategy therefore ought to consider both position and outer
mold line simultaneously, not sequentially. Unfortunately, for this study, limitations of the mesh deformation scheme did
not support large enough mesh deformations to include nacelle displacement among the optimizer design variables
without adversely affecting grid quality.
The Mach contour plots at the design point are shown before and after optimization in Fig. 16 . The drag reduction
results from eliminating the secondary shock wave and weakening the primary shock. The optimal airfoil shape is also
more “pointy”, which is expected for single-point optimization [49]. However, despite these improvements, Fig. 17
shows that the strength of the primary shock remains substantial enough to penalize inlet recovery. For perspective, a
loss of inlet recovery of 2% (as was measured for this design) would roughly translate into a 9% fuel burn penalty for

Before

the assumed engine-airframe combination used in this study. Hence, any gains associated with improved specific fuel

After

Secondary shock gone
Primary shock weaker

Fig. 16

Mach and pressure contours before and after optimization (𝑴 = 0.85, 𝑪𝑳 ≈ 0.5) (adapted from [36])
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Fig. 17

Pressure recovery contour plot for final design (adapted from [36])

consumption (SFC) due to favorable engine installation above the wing for higher bypass turbofans, which cannot fit
under the wing, would be outweighed. The optimizer thus improved overall drag but failed to fully eliminate the primary
source of interference. This result is counter intuitive as one would expect an optimizer to do better on such an idealized
optimization problem. All else being equal, the present authors hypothesize that this is likely due to our choice of design
variables. Indeed, a plethora of degrees of freedom could have been considered for this geometry, from the number of
control points to where to place them and what interpolation scheme to use. Hence, even though results clearly show a
significant improvement in OWN performance, failure to achieve a better aerodynamic characteristics can be attributed
to the choice of design variables: the optimizer is limited by the specified degrees of freedom. Although available
computational budget constraints precluded further studies, we believe a logical extension to the optimization would
be to relax the axisymmetric nacelle requirement. In fact, recall that Henderson and Patterson [9] found that nacelle
contouring was a major factor in reducing interference drag. They found that a non-axisymmetric nacelle had around
half the interference drag of symmetric nacelle. It is therefore the present authors’ belief that with a more suitable
parameterization, a feasible OWN concept for commercial transports is achievable. Some airframe manufacturers have
claimed success using podded OWN-TE configurations for a different class of airplanes [11–13], while other government
researchers have been strong advocates for a slipper-wing OWN-LE configuration [50, 51]. Though the optimization
methodology used in this study had limited success, other optimization schemes, such as improved implementations
of the free-form deformation method [52, 53], and NASA’s Constrained Direct Iterative Surface Curvature (CDISC)
[54] used by Hooker et al. [13] and Blaesser [15] have shown much better success. A more openly available and
computationally inexpensive optimization methodology will enable exploration of several new configurations.
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V. Conclusion
The OWN concept offers a convenient engine installation location —above the wing—that allows room for increasing
engine BPR to meet the next generation fuel-burn and emission reduction goals, in addition to offering community
noise mitigation due to noise shielding. However, the drag penalties associated with the OWN configuration in the
transonic flight regime can outweigh the benefits, warranting further investigation. Using high-fidelity CFD, we studied
the impact of the engine installation location on the aerodynamics and propulsion of the OWN concept. Furthermore,
by parametrizing the wing and nacelle OML, we conducted aerodynamic design optimization to determine how much
we can improve the performance of the OWN configuration relative to the initial OWN design and the UWN baseline.
We performed a sensitivity analysis of installation drag, pressure recovery, and lift curve parameters for the OWN
concept with respect to the following design variables: engine installation (𝑥, 𝑦, 𝑧) location and configuration type (TE
or LE), and engine power setting. For all responses, we found that configuration type and chordwise engine location
were the most significant variables. With respect to the spanwise location of the engine, we expect that structural and
directional stability constraints will be the driving factors, rather than aerodynamic performance. We also determined
that engine power setting had a statistically significant impact on installation drag, albeit to a much lesser extent than the
chordwise engine location. Inlet pressure recovery was significantly affected by vertical engine placement; however,
this sensitivity was only observed at trailing edge nacelle locations due to the shock ahead of the engine on the wing.
Therefore, for TE configurations, engine pressure recovery is strongly affected by airframe aerodynamics. Given the
relatively weaker impact of engine power setting on installation drag, we can say that compared to a strongly coupled
system where both the airframe aerodynamics and engine operation have a significant two-way interaction, for TE
locations, aerodynamics and propulsion are only weakly coupled.
Finally, we conducted aerodynamic shape optimization for a TE OWN configuration at cruise condition and show
that 𝐶𝐷 is very sensitive to OML perturbations. The resulting aerodynamic performance was found to be substantially
better than the baseline OWN configuration (a 20% 𝐶𝐷 reduction), and close to the UWN baseline 𝐶𝐷 (<5%) at
the same 𝐶 𝐿 , but not better. In fact, moving away from the optimized point resulted in significantly degraded OWN
performance relative to UWN (e.g. approximately 14% higher 𝐶𝐷 at 𝐶 𝐿 = 0.5). The results also revealed that if the
shock on the wing is not completely eliminated, the flow into the engine deteriorates, penalizing inlet pressure recovery.
Since this is expected to counteract the improvements in propulsive efficiency due to favorable engine installation for
high BPR turbofans, special care must be taken to account for this interdependency when assessing a given OWN
concept on the basis of fuel burn.
Overall, results demonstrate that nacelle placement studies in isolation are not sufficient to enable aerodynamically
competitive OWN concepts. Aerodynamic shape optimization of the airframe outer mold line for favorable engine
placements is critical. In addition, the engine should be mounted high above the wing with long pylons in order to
minimize the influence of any shock wave on the flow entering the inlet. It is important to note, however, that even
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though we did not account for pylon drag in this study, a longer pylon for OWN, relative to UWN, will result in additional
drag and structural weight penalties.
Overall, it is the authors’ opinion that either LE or TE installation locations are worth investigating further, with
the latter offering marginally better aerodynamic efficiency. In addition, for trailing-edge configurations, it will be
critical to eliminate any shock ahead of the engine on the wing in order to ensure clean flow into the inlet, which can be
accomplished through both aerodynamic shape optimization and by placing the nacelle away from the influence of any
shock wave. Finally, multiple design flight conditions ought to be considered in order to minimize sensitivity to changing
free stream conditions across the flight envelope. In addition, trim drag should be considered since longitudinal moment
changes as the engine is re-positioned above the wing. Aero-elasticity is also important, but the additional complexity of
such an analysis is probably not worth addressing until a good OWN design can be found under rigid body assumptions.
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