
Parameter Sensitivity Study on Inflow Distortion of Boundary Layer
Ingested Turbofans

Downloaded from: https://research.chalmers.se, 2024-03-13 09:13 UTC

Citation for the original published paper (version of record):
Zhao, X., van Hoorn, P., Yao, H. et al (2022). Parameter Sensitivity Study on Inflow Distortion of
Boundary Layer Ingested Turbofans. Aerospace, 9(8). http://dx.doi.org/10.3390/aerospace9080426

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library

(article starts on next page)



Citation: Zhao, X.; Van Hoorn, P.;

Yao, H.-D.; Alderman, J. Parameter

Sensitivity Study on Inflow

Distortion of Boundary Layer

Ingested Turbofans. Aerospace 2022, 9,

426. https://doi.org/10.3390/

aerospace9080426

Academic Editor: Kung-Ming

Chung

Received: 11 July 2022

Accepted: 2 August 2022

Published: 4 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

aerospace

Article

Parameter Sensitivity Study on Inflow Distortion of Boundary
Layer Ingested Turbofans
Xin Zhao 1,* , Philip Van Hoorn 1 , Hua-Dong Yao 1 and James Alderman 2

1 Department of Mechanics and Maritime Sciences, Chalmers University of Technology,
412 96 Göteborg, Sweden

2 Aircraft Research Association Limited, Bedford MK41 7PF, UK
* Correspondence: xin.zhao@chalmers.se

Abstract: The inflow distortion to the fan introduced by the ingestion of the fuselage boundary layer
is the most critical challenge in realizing the benefits of boundary later ingesting (BLI) concepts.
Minimizing the level of distortion while maintaining the desired amount of ingested boundary layer
and free stream flow is crucial in minimizing the penalties to fan efficiency and noise emissions. In
this paper, a parametric sensitivity study is performed to examine the integration of two semi-buried
BLI turbofans at the rear end of a typical tube-and-wing body (TWB) fuselage. The key parameters
influencing BLI, such as the nacelle installation positions, wing position, fuselage length, rear fuselage
shape, intake shape and operating conditions were evaluated by computational fluid dynamics (CFD).
Among the investigated parameters, increasing the nacelle spanwise installation spacing improved
inflow distortion by reducing the diffusion separation, but this needs to be offset against the added
weight and nacelle drag. A high wing position variant showed strong interference between the wing
and the nacelle, which must be avoided as this significantly increases the complexity of the inflow
distortion. A moderate angle of attack (AOA) variation did not affect the fan inflow distortion but there
was a tendency for interference from the wing to increase when the AOA was increased. The general
conclusions from this study will be useful in the conceptual design of a similar type of BLI configuration,
as well as a more comprehensive optimization of this type of aircraft–engine integration.

Keywords: boundary layer ingestion (BLI); propulsion system integration; civil aviation; sensitivity
study; computational fluid dynamics (CFD)

1. Introduction

The possibility of achieving aircraft drag reduction by utilizing the boundary layer
for propulsion was first realized by Smith and Roberts [1] in 1947. However, it is only
in the past two decades that increasing pressure to reduce aviation emissions has urged
the aviation industry to investigate more revolutionary airframe and propulsion tech-
nologies [2,3]. These pressures have brought the BLI propulsion concept back into the
spotlight. One of the major advantages that makes this concept attractive is that BLI could
be principally beneficial for a range of different airframe and propulsion configurations,
in particular, those radical airframe and propulsion technologies that allow for a feasible
differential placement of BLI propulsors [4]. In the case of revolutionary aircraft designs,
such as blended wing body (BWB) designs and distributed propulsion configurations,
BLI propulsors have been widely considered [5–7]. For aircraft propulsion concepts that
facilitate different degrees of electrification, studies have indicated that BLI could play a
role as an important benefit booster [8–10]. Looking at less revolutionary ideas for short
term consideration, the possibility of utilizing BLI in conventional tube-and-wing body
(TWB) airframes has been extensively explored. A typical configuration is one additional
electric-drive BLI propulsor installed at the rear end of a TWB fuselage, which forms a
turboelectric system together with conventional under-wing podded turbofans [11–14].
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This BLI configuration allows for the highest percentage of the boundary layer generated
from the full 360 ◦ of the fuselage to be ingested into the BLI fan and theoretically delivers
the maximum performance benefit [15]. However, before the full theoretical potential of BLI
in this type of configuration can be realized, several practical difficulties must be overcome,
as highlighted in [16]. One of the major difficulties is that there is a limit on the amount
of boundary layer that can be utilized efficiently due to the practical installation penalties
from the required drive components. The architecture of BLI turbofans mounted alongside
the rear part of the fuselage is an attractive alternative since no additional unconventional
components are needed, but this configuration has less potential in capturing the fuselage
body boundary layer [15]. Representative configurations of this type of BLI architecture in-
clude the NASA D8 [17–20], ONERA NOVA [21–24] and Airbus Nautilus [25,26], where the
first involves a more radical airframe design and the latter two are similar to a conventional
TWB configuration. The sensitivity of BLI effects to the different TWB airframe geometric
features (wing, vertical tailplane, fuselage nose and tail cone and fuselage body) has been
investigated in [27] by means of computational fluid dynamics (CFD), which provides
helpful guidelines in the preliminary design of TWB airframes for BLI applications.

Another key research area for BLI is to develop understandings of propulsors operating
under the distorted inflow conditions incurred by ingestion of the boundary layer. Among
the most critical aspects of this topic that need to be addressed are the penalties to propulsor
efficiency and noise generation arising from these distorted inflow conditions. Previous
studies [19,26,28–33] suggest that the fan efficiency penalty due to BLI effects could vary
from 6.0% to less than 1.0%, while the operational stability can be ensured by using
specific distortion-tolerant fan and inlet designs. Designing a low noise distortion-tolerant
propulsor is difficult, particularly for BLI turbofans. As reported in [23,24,34,35], significant
increases in cumulative noise levels of around 15 to 18 EPNdB have been observed in
BLI configurations. Additionally, distortion-tolerant propulsors can be expected to have
increased weight compared to a conventional propulsor design due to the requirement of
increased fan and bearing stiffness.

In the context of BLI research, an integrated aerodynamic design of the airframe and
propulsors is essential in order to correctly evaluate the potential of a BLI configuration. The
fuselage or inlet geometry upstream of the propulsor fan ought to be carefully shaped to
ensure the desired amount of boundary layer is ingested by the fan and to reduce the inflow
distortion, which is critical for carrying out further component-level design or full system
analysis. Focusing on TWB BLI applications, extensive studies in coupled aerodynamic
design and optimization have been conducted for the single aft-mounted electric-drive BLI
propulsor, named BLI360 in Figure 1 [12,36–41]. As for the mounting of twin propulsors,
named BLI180 in Figure 1, a comprehensive investigation of the general design features
of this concept has been conducted in [27]. The study is based on a simplified geometric
setup, where non-dimensional BLI effects are calculated on predefined circular areas along
the fuselage. This simplified setup, however, cannot ideally reproduce the complex sce-
nario of a real aircraft. An obvious difference is that the engine is partially buried within
the fuselage body rather than being mounted outside with a precise blockage zone of
360 degrees. The validity of the three-dimensional flow characteristics based on the simpli-
fied model must be carefully examined for a fully installed aircraft. Other research includes
the NOVA concept studies published by ONERA [21–24], which mainly comprise case
studies regarding fan noise analysis, and do not report any systematic study regarding the
sensitivity of the ingested boundary layer to the fuselage and inlet geometric parameters.
The presented work therefore intends to establish a systematic study based on a CFD study
of fully installed aircraft geometries. The specific aim is to understand the effects of the
representative airframe and nacelle geometries on the inflow distortion upstream of the
BLI180 fan under cruise conditions with a varied angle of attack (AOA) and the mass flow
capture ratio (MFCR). Additionally, the effect of the wing vertical position and fuselage
length are investigated.
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Figure 1. Illustrative diagrams of BLI180 (left) and BLI360 (right) concepts for TWB configurations.

2. Methodology
2.1. Aircraft Geomoetry

The isolated airframe geometry with no nacelles installed is shown in Figure 2. It
originates from a DLR F6 [42] and has been scaled to a similar size representative of a short-
medium range aircraft. The fuselage consists of five sections, and their length parameters
are labelled in the figure. The BLI180 configurations are derived from the isolated airframe
by mounting two turbofan nacelles alongside the airframe tail cone. The wing is modified
to provide representative flow at the fuselage and incorporates features for compatibility
with the wind tunnel support system. One of these configurations is viewed in Figure 3.
The fan diameter inside the nacelle is 1.98 m, which is the same as a CFM LEAP-1A [43].

Figure 2. Isolated airframe geometry designed based on DLR F6 [42].

Figure 3. BLI180 configuration designed with two turbofans buried in the fuselage tail cone.



Aerospace 2022, 9, 426 4 of 24

2.2. Selection of Design Parameters

The key design parameters of the nacelle integration study are given in Table 1. A
two-dimensional study was performed to explore the wider design space before the more
focused 3D simulations described later in the paper. The diffusive profile of the fuselage
follows the Bell–Mehta 5th order polynomial. The fore cowl conforms to cowl 6 outlined
in [44] combined with a circular arc rear profile. The baseline model is built with h/D = 0.4,
la/D = 4.8, lb/D = 4.8 and e/D = 0.

Table 1. Overview of the engine integration design parameters for the sensitivity study.

Illustrative Diagram Design Parameter Description Cases

Distance h between fuselage centreline
and the nacelle highlight h/D = [0.2, 0.4, 0.6, 0.8]

Intake diffusion length la (Fixing the start
point of the fuselage side profile) la/D = [4.8, 3.6, 2.5]

Intake diffusion length lb (Fixing the end
point of the fuselage side profile) lb/D = [4.8, 3.6, 2.5]

Outer nacelle extension e e/D = [0, 0.6, 1.2]

Based on the analysis of the 2D simulation results, appropriate 2D models were chosen.
A subset of these 2D models were extended to 3D models. The simulations of the 3D models
were conducted to improve understandings of the sensitivity of the design parameters.
One 3D model was selected to evaluate the sensitivity of mass flow through the nacelle,
the flight AOA, wing location and fuselage length. Variation in mass flow was achieved
through changes to the exhaust area. Modification to the fuselage length was performed by
removing the forward and aft-fuselage parts in Figure 2. Fairings were revised accordingly
when the wing position was moved.

2.3. Numerical Simulations Setup

To establish general guidelines for the preliminary design of BLI180 engine integra-
tion, it was of importance to capture the inflow characteristics at the fan aerodynamic
interface plane (AIP) as the fan performance is strongly dependent on the inflow qual-
ity. For this purpose, through-flow simulation was considered sufficient and efficient
as the sensitivity study mainly involved geometry changes upstream of the AIP. Com-
parisons made between the through-flow case and the simplified fan modelling using
a classic engine boundary condition approach showed that both methods computed a
similar AIP flow field. As indicated in Figure 4, the AIP was defined as the position at
which the spinner tip stands. Fully resolved 3D fan model was not considered due to the
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high computation cost. In this paper, no fan was modelled, and all the results are for a
through-flow nacelle. This study also disregarded the flow path of the engine core nozzle.
All the simulations were performed for a 1:23 scale wind tunnel model, compatible with
future tests in the ARA transonic wind tunnel. The wind tunnel conditions correspond to
Mach number = 0.8, free-stream static pressure of 66,500 Pa and free-stream static temper-
ature of 277 K, corresponding to a Reynolds number of 12.8 million/m. Only half of the
aircraft geometry was modelled as symmetry condition applies.

Figure 4. Computation domain mesh generated for the 2D cases.

The commercial CFD tool, ANSYS Fluent, was used for the CFD simulations. The
3D aircraft geometry was created in CATIA. Computation domain and mesh generation
capability were provided by DesignModeler and Ansys Mesh within Ansys Workbench.
Meshes were created following the intermediate mesh guidelines as indicated in [45].

2.3.1. CFD Setup—2D

A view of the 2D model unstructured mesh can be viewed in Figure 4, with a zoom
of the mesh around the engine cross-section. Based on the length scale of the aircraft
cross-section c, the full computation domain extended 12c on the side and upstream of the
aircraft cross-section, and 20c downstream to the outlet. This large computation domain
was created in order to ensure that the boundary conditions assigned to the borders did
not affect the flow around the studied object. The unstructured mesh contains about
380,000 elements with the first layer height of 0.0004 mm around the aircraft and engine
walls, which gives a maximum y plus value lower than one. More details of the boundary
conditions and mesh information can be found in Table 2.

2.3.2. CFD Setup—3D

The 3D CFD cases are conducted at the design point AOA = 1o, Mach = 0.8. The
surface elements on the nacelle and engine plug are shown in Figure 5. The mesh resolution
was refined upstream of the nacelle intake, where the flow distortion is of interest. Moreover,
the grid spacing was refined around the nose of the engine plug. This treatment was
necessary to ensure the boundary layer at the AIP and fan inlet was well resolved, these
being the areas in which the solver numerical robustness and accuracy are sensitive to
the mesh quality, owing to the large velocity gradients and high flow speeds. A mesh
refinement study was conducted using three meshes with different quality (coarse, medium
and fine), which were generated by globally refining cell sizes in the whole computational
domain. The refinement ratio of the medium mesh cell sizes to the coarse ones was 0.75,
and the same ratio was applied to generate the fine mesh with respect to the medium mesh.
The results showed that the impact of the mesh refinement on the boundary layer and
wake total pressure profiles was limited in general, but the coarse mesh underestimated the
total pressure defect peak in the wake. A medium refinement volume was hence created
to ensure the accuracy of the boundary layer and wake predictions for all cases. Detailed
boundary conditions and the mesh parameters for the 3D cases are listed in Table 2.
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Table 2. CFD setups for the simulations.

2D Setup 3D Setup

Steady State, Ideal Gas Steady State, Ideal Gas

Turbulence Model k-ω SST

X Viscous Heating X Viscous Heating

X Production Limiter X Curvature Correction

X Production Limiter

Freestream Conditions Pressure Far Field

Static Pressure: 66,471 [Pa] Static Pressure: 66,471 [Pa]

Static Temperature: 277 [K] Static Temperature: 277 [K]

Mach: 0.8 Mach: 0.8

Turbulent Intensity: 0.1% Turbulent Intensity: 0.1%

Turbulent Viscosity Ratio: 1 Turbulent Viscosity Ratio: 1

Solution Methods

Pressure-Velocity Scheme Coupled Coupled

Spatial Discretization

Gradient: LSCB
Pressure: Second Order

Density, Momentum, k, ω,
Energy: Second Order

Gradient: LSCB
Pressure: Second Order

Density, Momentum, k, ω,
Energy: Second Order

Mesh

Number of Elements ~0.38 million ~40 million

Wall inflation layers 46 41

First layer height 0.0004 mm 0.0004 mm

Layer growth rate <1.25 <1.25

Maximum y plus <1.0 <1.0

Figure 5. Typical surface mesh generated for the 3D cases.

The SST k-omega turbulence model was chosen based on the results of previous
studies reported for the NASA drag prediction workshops [46,47], where transonic flows
at similar Mach numbers at cruise flight were simulated using different turbulence models.
It was found that the SST k-omega model is capable of correctly predicting primary flow
phenomena such as shockwaves and separation. This study only uses one turbulence
model, but it would be interesting to investigate the effects of turbulence modelling on
prediction accuracy in the future.

2.4. Metrics for Benchmarking BLI Effects
2.4.1. Pressure Recovery Coefficient

For BLI propulsors, the pressure deficit in the boundary layer with respect to the free
stream condition needs to be accounted as it could reflect the boundary layer generation
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for different airframe profile variations [27]. The pressure recovery coefficient is defined
below as the mass flow averaged total pressure at the fan face plane, p0, f an f ace, divided by
the mass flow averaged total pressure in free stream, p0, f ree stream:

ηPR =
p0, f an f ace

p0, f ree stream
(1)

2.4.2. Flow Distortion Severity Index

Different from the BLI effects considered in [27], which are energy and dissipation
terms derived from a power balance approach, in this sensitivity study, the focus was
concentrated on the different inflow distortion patterns and severities for different geometry
modifications. Among all the BLI effects, the BLI-incurred inflow distortion is considered
the most challenging barrier to realizing BLI benefits. Minimizing BLI-incurred distortion
should be prioritized before enormous efforts are put into detailed fan design. The flow
distortion index, distortion coefficient (DC), was used in the sensitivity study to benchmark
the distortion severity incurred by BLI.

Typically, for the calculation of DC60, the 60-degree sector is rotated at 1-degree
increments until the lowest sector average pressure is found; see the example given in
Figure 6. The distortion coefficient is calculated as the difference between the averaged
total pressure of the entire flow field p0,all,ave and the lowest averaged total pressure of the
60-degree sector p0,60◦sector,ave normalized with the averaged dynamic head of the entire
flow field qall,ave:

DC60 = max

(∣∣p0,all,ave − p0,60◦sector,ave
∣∣

qall,ave

)
(2)

Figure 6. Illustration of the 60-degree sector used in the distortion severity calculation method.

3. Results and Discussion
3.1. Simulation Results—2D

A contour of the normalized axial velocity of the baseline configuration 2D simulation
is given in Figure 7. It can be seen that, as half of the nacelle is buried deeply into the
fuselage body, a large recirculation zone is formed upstream of the nacelle intake. At the
same time, the cutoff of the fuselage end also induces separation, which could affect the
flow through the bottom part of the fan.

Figure 7. Contours of Mach number (normalized) for baseline case, 2D simulations.
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The results of the 2D simulations are presented in Figures 8–11, showing the velocity
profiles at AIP and the fan inlet plane as well as the Mach plot around the engine installation.
The most critical design parameter revealed by the 2D simulation results is the highlight
position of the nacelle. Increasing the spanwise separation improved the flow distribution
across the AIP. As shown in the line charts of Figure 8, the axial flow velocities in the
lower part of the AIP were largely improved by increasing spanwise separation, while in
the upper part the axial flow velocities were decreased to the same level as in the lower
part. This gives a more uniform flow distribution across the AIP. This is to be expected, as
moving the engine away from the fuselage increases the percentage of the free-stream inlet
flow and reduces the severity of the fuselage pressure recovery and hence the boundary
layer growth. One drawback of the increased nacelle separation is the reduction in the part
of the nacelle buried within the rear fuselage, which increased the wetted surface area, thus
increasing the viscous drag.

Figure 8. Contours of Mach number for varying nacelle highlight positions, 2D simulations.
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Figure 9. Contours of Mach number. Results of varying intake diffusion lengths la, 2D simulation.

Figure 10. Contours of Mach number. Results of varying intake diffusion lengths lb, 2D simulation.
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Figure 11. Contours of Mach number. Results for varying outer nacelle extensions e, 2D simulation.

Variations in the other three parameters show less sensitivity. Among them, shortening
the intake diffusion length la had the lowest sensitivity with regard to the flow distribution
across the AIP. The steeper rear fuselage profile caused an earlier separation, from which
the boundary layer does not recover before it enters the engine. Shortening the intake
diffusion length lb had a negative effect in guiding the flow into the lower part of the
fan, because of the early separation and relatively short distance in which the diffusion
could take place. Extending the nacelle forward reduced the MFCR in general but had a
negligible effect in the lower part of the fan. The flow through the upper part of the fan
decreased, as the extension reduced the intake area formed by the fuselage and the nacelle.

Designs similar to the NOVA concept have been generated based on the NOVA concept
literature [21,22,24]. The NOVA concept design has a relatively long intake with the nacelle
extended forward to cover the fuselage diffusion region, as can be seen in Figure 12. This
requires that the nacelles be mounted at a sufficient distance from the fuselage centerline for
the desired MFCR to be achieved. The NOVA-similar case (h/D = 0.6, e/D = 1.2, lb/D = 1.3)
presented in Figure 12 shows a similar flow pattern to that reported in [22] (cruise condition)
and [24] (take-off condition). The key observations are the heavy separation before the
throat for the simulation in the cruise condition, while under the take-off condition, the
separation was suppressed at the throat. Comparing the NOVA-similar case and a case
with the same nacelle highlight position but without nacelle extension and aggressive
diffusion (h/D = 0.6, e/D = 0, la/D = lb/D = 4.8), as shown in Figure 8, the flow distribution
at the AIP for both cases is very similar. Considering the weight and wetted surface
added by the long nacelle, and also based on the results from the 2D simulations, the case
(h/D = 0.6, e/D = 0, la/D = lb/D = 4.8) was down-selected as the baseline configuration for
the 3D simulations.
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Figure 12. Contours of Mach number for cruise (top) and Vx [m/s] for take-off (bottom). NOVA-
similar design, 2D simulation.

3.2. Simulation Results—3D
3.2.1. Comparison between 2D and 3D Simulations

A direct comparison between the down-selected 2D case with its 3D version simulation
is given in Figure 13, where the Mach plots around the engine installation under the
same legend range are shown for both. The comparison suggests that the 3D effects and
the presence of the detailed aircraft geometries made a significant difference to the flow
field. The 3D simulation shows a much less severe separation in front of the AIP and no
shockwave generated over the nacelle.

In order to obtain a better understanding of the 3D case, more results of the case
(h/D = 0.6, e/D = 0, la/D = lb/D = 4.8) are given in Figures 14 and 15. The top figure of
Figure 14 shows the flow pathlines down to the engine intake AIP plane. It can be clearly
seen that the wing caused the flow to accelerate as it passes over the wing, and then move
downwards to the intake. The total pressure contour in Plane 1, as illustrated in the second
figure of Figure 14, indicates the presence of low-pressure regions on the side and bottom
of the fuselage just upstream of the intake, hence leading to the downward motion of the
flow. The side low-pressure region (dotted blue circle in the figure) was formed due to the
intake contraction, while the bottom low-pressure region (dashed black circle in the figure)
is a result of the fuselage tail slope.
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Figure 13. Contours of Mach number. Comparison between 2D (upper) and 3D (lower) simulations
for case h/D = 0.6, e/D = 0, la/D = lb/D = 4.8.

In Planes 2 and 3, which are positioned in the wake induced by the fuselage and
nacelle, an annular low-pressure region (dotted blue circle) was observed, as illustrated in
the third and fourth figures of Figure 14. This annular region is caused by the nacelle body
wake. Moreover, a low-pressure zone was located inside of the annular region. This zone
is formed by the separated flow that goes through the nacelle engine. The flow separates
upstream of the nacelle intake, and this is shown in the total pressure contour in Plane 1. A
similar effect has been reported for the ONERA NOVA concept [24], where it was found
that the effect is alleviated by the fan, but not completely eliminated.

A long curved strip zone of low-pressure was in general seen in the three cut planes,
and is caused by the wake developing from the wing. However, the low-pressure annular
zone (dotted blue circle), which stems from the nacelle, was far away from the wing wake.
This suggests a weak interference occurring between the nacelle and the wing. Based on
the total pressure distributions at the cut planes, one conclusion is that the BLI nacelle was
subjected to significant interference from the fuselage wake (dashed black circles), while
the interference from the wake induced by the wing was not obvious.

Zooming in closer to the engine intake, the top figure of Figure 15 gives more details
regarding the flow pathlines. When the downwards motion crosses the edge of the fuselage
contraction, a recirculation zone was generated. Considering that a large separation may
occur just upstream of the intake according to the 2D simulation, as shown in Figure 13,
this phenomenon actually had a positive effect, helping to suppress the separation. The
result was that a recirculation zone was observed instead at the AIP plane and the fan inlet
face, as shown in the bottom figures of Figure 15. In addition, the negative velocity region
moved upwards as the flow passed the AIP and fan inlet.
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Figure 14. Pathlines towards the inlet of the engine (top) and the contours of the total pressure [Pa]
in the planes of interest (from the second to the last: Plane 1, Plane 2 and Plane 3), results from the
3D simulation of case h/D = 0.6, e/D = 0, la/D = lb/D = 4.8.
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Figure 15. A zoom-in of pathlines towards the inlet of the engine (top) and the contours of the
Mach number in the planes of interest (bottom left: AIP, bottom right: fan inlet), results from the 3D
simulation of case h/D = 0.6, e/D = 0, la/D = lb/D = 4.8.

3.2.2. Design Parameters Sensitivities—3D

Similar to the cases studied through 2D simulations, revisions to the 3D case
h/D = 0.6, e/D = 0, la/D = lb/D = 4.8 were made. However, no revisions with an ex-
tended nacelle were performed. It was believed that a much longer nacelle with added
weight and wetted surface would not be beneficial, even though it could achieve a better
intake flow quality. Simulations of three initial 3D cases were conducted. A description of
the geometries is now given:

1. No. A—Rev1_3D had the same design parameters as the case h/D = 0.6, e/D = 0,
la/D = lb/D = 4.8. Revisions included the removal of the bump on the diffusion slope
formed by the nacelle lip shape as can be seen in the lower figure of Figure 13 and the
resize of the nozzle for a desired mass flow rate.

2. No. B—Rev2_3D had a higher highlight position with h/D = 0.8 compared
to Rev1_3D.

3. No. C—Rev3_3D had a more aggressive diffusion slope with la/D = 3.6 compared
to Rev1_3D.

The quantitative results from the 3D simulations are given in Table 3 and the contours
of the Mach number at the three locations of these configurations are shown in Figure 16. It
can be seen that Rev2_3D, with a higher highlight position, performed the best, the same as
was concluded from the 2D simulations. Increased nacelle spanwise separation reduced
the fuselage contraction rate and flow diffusion. Hence, both the flow recirculation induced
by the edge of the fuselage contraction and the separation incurred by the diffusion were
alleviated. As the ingestion of turbulence is responsible of the deficit in thrust generation
in the corresponding blade regions, the reduction of the turbulent region constitutes an
improvement in the fan pressure ratio and efficiency. Noise-wise, as learned from the
detailed analyses published in [24], the source power level is dominated by the broadband
component for BLI engines. This suggests that less ingested turbulence would reduce the
noise generation considerably. Placing the engines further into the fuselage could also
suppress a small part of the noise source due to airframe shielding, but this would be
limited to the noise propagation directions nearly perpendicular to the engine axis and
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for frequencies higher than blade-passing frequency 2 [24]. The more aggressive diffusion
of revision Rev3_3D boosted the flow recirculation induced by the edge of the fuselage
contraction. Except for the pressure ratio and efficiency penalties, the enhanced flow
recirculation would result in a heavier periodic variation of forces for corresponding blade
sections, which will be a challenge to the blade strength and life.

Table 3. Quantitative results for the 3D cases.

No. Case AOA Fan Mass
Flow ηPR DC60

A Rev1_3D 1 deg 1.02 kg/s 0.987 0.290

B Rev2_3D 1 deg 1.07 kg/s 0.995 0.112

C Rev3_3D 1 deg 1.04 kg/s 0.980 0.300

D Rev1_3D
−4.4% mass flow rate 1 deg 0.98 kg/s 0.989 0.280

E Rev1_3D
+4.4% mass flow rate 1 deg 1.07 kg/s 0.986 0.287

F Rev1_3D
+8.8% mass flow rate 1 deg 1.11 kg/s 0.985 0.259

G Rev1_3D
+4.4% mass flow rate 2 deg 1.06 kg/s 0.985 0.306

H Rev1_3D
+4.4% mass flow rate 4 deg 1.12 kg/s 0.993 0.346

I
Rev1_3D

+4.4% mass flow rate,
High wing

1 deg 0.99 kg/s 0.968 0.410

J
Rev1_3D

+4.4% mass flow rate,
Short fuselage

1 deg 1.03 kg/s 0.995 0.290

3.2.3. Mass Flow Sensitivity

The sensitivity of the Rev1_3D configuration to changes in the intake mass flow was
investigated by modifying the exhaust plug area, see cases D, E and F in Table 3. The
exhaust plug area was calculated to target a ±5% step in mass flow variation but the CFD
solutions gave a 4.4% variation. As expected, increasing the exhaust area increased the
intake mass flow. Interestingly, however, this was accompanied by a recirculation moving
away from the engine core, as illustrated in Figure 17.

3.2.4. Angle of Attack Sensitivities

It is well-known that a shockwave is typically formed on the wing upper surface at a
flight Mach number equal to 0.8, and that this shock will increase in strength as the AOA is
increased. On the left side of Figure 18, the pressure coefficient plots on the aircraft clearly
shows this phenomenon, whilst on the right side of the figure, the fan inlet Mach plots
indicate that the variation in the AOA from 1 deg to 2 deg had a limited effect on the inflow
to the engine. As expected, the data presented in Figure 14 indicate that the wing wake
did not interfere with the engine intake for the studied aircraft model. However, a further
increased AOA resulted in an increased flow distortion severity; see cases No. E, G and H
in Table 3. On the right side of Figure 18, the fan inlet Mach plot for the case of AOA 4 deg
indicates a tendency for the interference from the wing to the lower part of the turbofan to
increase. In addition, doubling the AOA from 2 deg to 4 deg increased the fan mass flow
rate by 5.7%.
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Figure 16. Contours of Mach number in the planes of interest (from left to right: mid-plane cross-
section, AIP and fan inlet), results from the 3D simulation of the three revisions (from top to bottom:
Rev1_3D, Rev2_3D and Rev3_3D).

3.2.5. Wing Position Parametric Study

As could be expected from the low wing results previously discussed, a high wing
position led to a direct strong interference between the nacelle and the wing. As can be
seen from Figure 19, the flow was cut by the wing before entering the nacelle and the wake
from the wing was directly injected into the lower part of the intake. This caused additional
distortion and the highest DC60, as shown by case I in Table 3.

3.2.6. Fuselage Length Parametric Study

The shortening of the fuselage length was achieved by removing the forward and
aft fuselage plug parts, as illustrated in Figure 2. Compared to Figure 14, the pathlines
and Mach contours for the short fuselage case shown in Figure 20 present a similar flow
development. Hence a neglectable effect on the fan inlet flow distortion is observed. Table 3
shows that ηPR for the short fuselage was higher than for the long variants. This is believed
to be due to the reduced fuselage wetted area, resulting in reduced frictional losses and a
smaller boundary layer thickness in the case of the shortened fuselage.
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Figure 17. Contours of Mach number in the planes of interest (from left to right: mid-plane cross-
section and fan inlet), results from the 3D simulation of mass flow variation cases (from top to
bottom: −4.4% fan mass flow, baseline, +4.4% fan mass flow and +8.8% fan mass flow).
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Figure 18. Contours of pressure coefficient on the aircraft body (left) and Mach number in the fan
inlet (right), results from the 3D simulation of angle of attack variation cases (from top to bottom:
AOA 1 deg, AOA 2 deg and AOA 4 deg).
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Figure 19. Pathlines towards the inlet of the engine (top left), the contour of the Mach number in the
plane of fan inlet (top right), and the contours of the total pressure [Pa] in the planes of interest (from
the second to the last: Plane 1, Plane 2 and Plane 3), results from the 3D simulation of high wing
position.
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Figure 20. Pathlines towards the inlet of the engine (top left), the contour of the Mach number in the
plane of fan inlet (top right), and the contours of the total pressure [Pa] in the planes of interest (From
the second to the last: Plane 1, Plane 2 and Plane 3), results from the 3D simulation of short fuselage.
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4. Summary and Conclusions

The presented paper reports on a parametric study of multiple design parameters for
the integration of two semi-buried BLI turbofans at the rear end of a typical TWB fuselage.
Of the investigated parameters, the spanwise spacing of the nacelles is the most critical.
Increasing the nacelle spanwise spacing improved the inflow distortion by reducing the
diffusion separation, but this benefit needs to be offset against the added weight and nacelle
drag, and the nature of this trade-off is beyond the scope of this paper. The comparison
between the 2D and 3D simulations revealed, unsurprisingly, that a full aircraft simulation
is necessary to capture the inflow distortion to the turbofans correctly. Nevertheless, the
2D studies were used to rapidly identify the geometric changes that would have the most
impact on the AIP inflow conditions and the outcomes were appreciated.

For the studied cases, the recirculation formed by the downward motion of the flow
across the edge of the fuselage contraction in the 3D simulation revealed dramatically
different results, compared with the 2D simulation. A more aggressive diffusion of the
intake profile, simulated in 3D, boosted the flow recirculation induced by the edge of the
fuselage contraction and hence increased the inflow distortion in all aspects. Varying the
AOA within the typical cruise AOA range hardly affected the inflow distortion. However,
there was a trend of increased interference from the wing to the lower part of the turbofan
when the AOA was increased. Increasing the mass flow entering the turbofan had the
potential to push away the recirculating zone while maintaining the boundary layer to be
ingested. However, in order to maintain a typical design Mach number at the fan face, the
increased mass flow would need a larger fan, which may in turn bring the recirculating
zone back. The high wing variant showed strong interference between the wing and the
nacelle, significantly increasing the complexity of the inflow distortion. Although there are
concepts that utilize the low-energy boundary layer and wake generated by the wings, a
combination of different sources of distortion is hardly desirable. The shortened fuselage
showed a negligible influence on the inlet flow distortion pattern but did improve the
pressure recovery factor.
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Nomenclature and Performance Metrics Definition

AOA Angle of attack
AIP Aerodynamic interface plane
BLI Boundary layer ingestion
BWB Blended wing body
CFD Computational fluid dynamics
DC60 Distortion coefficient
EPNdB Effective perceived noise in decibels
MFCR Mass flow capture ratio
TWB Tube-and-wing body
c Length scale of aircraft fuselage
D Engine fan diameter
e Nacelle length extension
h Engine installation highlight
la Intake diffusion
lb Intake diffusion
p0 Total pressure
ηPR Pressure recovery coefficient
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