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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

�! = Coefficient of lift

�!U = Lift curve slope

�!0 = Lift curve intercept

�� = Coefficient of drag

�? = Coefficient of pressure

E = Expected value

O = Identity matrix

< = Number of basis functions

" = Mach number

# = Number of design points

?̃ = Probability that C0 is greater than its value under the null hypothesis

?C0 = Freestream total pressure

?C2 = Fan face total pressure

%’ = Inlet pressure recovery

’4 = Reynolds number

C0 = Test statistic for null hypothesis

x = Vector of design variables

- = Engine x position

^ = Matrix of design points

y = Vector of responses at each design point

H‚ = Wall y-plus

. = Engine y position

/ = Engine z position

I 9 = Displacement in the z direction for the 9 th control point

U = Angle of attack

�̃ = Threshold to determine statistical significance of a test statistic

V 9 = 9 th regression coefficient

# = Vector of true regression coefficients

#̂ = Unbiased least squares estimate of V

� = Change in the value of a given quantity

n = Gaussian noise term
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q 9 = Basis function for the 9 th regression coefficient

� = Matrix of all basis functions

f2 = Variance

f̂2 = 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.

4



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 : � l 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 �! = 0�5, " = 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 �� , 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 (�?)

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 H‚ � 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 veri�cation against DPW-IV [33] results at at I R = 0“5”S = 0“85”Xe= 5S

(b) Wing-Body-Nacelle (WBN) mesh� 30M cells (c) Wing-Body (WB) mesh� 24M cells

Fig. 1 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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