<]
TUDelft

Delft University of Technology

A CFD Based Parametric Analysis of S-shaped Inlet for a Novel Blended Wing Body
Aircraft

Gangoli Rao, Arvind; Sharma, A.; van Dijk, Reinier

DOI
10.2139/ssrn.3101299

Publication date
2017

Document Version
Accepted author manuscript

Published in
International conference on Advances in Thermal Systems, Materials and Design Engineering

Citation (APA)

Gangoli Rao, A., Sharma, A., & van Dijk, R. (2017). A CFD Based Parametric Analysis of S-shaped Inlet for
a Novel Blended Wing Body Aircraft. In International conference on Advances in Thermal Systems,
Materials and Design Engineering https://doi.org/10.2139/ssrn.3101299

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.2139/ssrn.3101299
https://doi.org/10.2139/ssrn.3101299

AT 084

A CFD Based Parametric Analysis of S-shaped
Inlet for a Novel Blended Wing Body Aircraft

Arvind Gangoli Rao, Abhishek Sharma, Reinier van Dijk

ABSTRACT- The Advisory Council for Aeronautics Research in
Europe (ACARE) has set an ambitious array of objectives to be
accomplished by 2050 for civil aviation. It is often claimed that
complying with those targets will not require evolution but,
rather, revolution. If the growth in aviation has to be sustained in
the future, then we must come up with radical aircraft and
engine configurations which can meet the demands of future
aviation.

The AHEAD project (co-funded by the European
Commission) investigated a novel multi-fuel blended wing body
aircraft with a unique propulsion system to address the
challenges of the future. The engine for this aircraft uses an
embedded hybrid engine exploiting the boundary layer ingestion
technique to increase the propulsive efficiency.

Two major consequences of BLI are vital in this regard.
Namely, loss of total pressure recovery and increased total
pressure distortion at the Aerodynamic Interface Plane (AIP) or
the engine fan-face. Hence, the inlet performance is measured by
the total Pressure Recovery Factor (PRF) and Distortion
Coeflicient (DCgx). The current research work aims to design an
embedded inlet on a Blended Wing Body (BWB) aircraft that
produces maximum value of PRF and minimum DCg,.

The aim of this research is to investigate the S-shaped inlet to
understand the effect of various geometrical parameters on its
performance. The Knowledge Based Engineering platform
ParaPy is used to parametrize the S-shaped inlet and generate a
variety of inlet geometries and volume meshes. These diffe rent
variants were analysed using the Ansys® CFD code.

I. INTRODUCTION

ITH global warming becoming one of the major

problems faced by humankind, emissions from aircraft
can no longer be ignored [1,2]. Hence, there is an urgent need
to reduce the emission of CO,, NOx, CO and other pollutants.
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Air traffic has been growing at around 5% every year for last
few decades and the forecast suggests that it will continue to
grow at the same rate in the coming decades [3].

It is anticipated that the emission norms will become more
stringent in the coming years with the consequent need to
reduce pollutants level drastically. The anticipated reduction
at various fronts (noise, air pollution and fuel consumption)
required to meet the future challenges (by the year 2050), as
envisioned by the ACARE are shown in Fig. 1. [4]. It can be
observed that the objective for the year 2050 is to reduce CO2
emission by 75%, NOx emission by 90%, and noise emission
by 65%. This objective can only be achieved by dramatic
improvement of both aero engine and aircraft. Incremental
changes to the current aircraft and engine will not result in
substantial improvements in emission reduction.
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Fig. 1: ACARE vision for Europe

Year 2050

As far as the engine is concerned, the SFC can be reduced
by increasing the thermal and propulsive efficiency. Till now
the propulsive efficiency was increased by increasing the
bypass ratio of the engine. However, this improvement is
limited due to constraints of increased engine weight and size.
Within the AHEAD project sponsored by the European
Commission (FP7), a new aircraft concept called Multi-Fuel
Blended Wing Body (MF-BWB) aircraft, and a new type of
propulsion system for this aircraft (called the hybrid engine)
have been proposed [4-6]. The superior aerodynamic features
of the MF-BWB aircraft make it possible to store cryogenic
fuels (like LNG or LH2) without incurring serve aerodynamic
penalties. The hybrid engine is mounted on the upper aft part
of the MF-BWB aircraft such that the propulsion system could
benefit from the Boundary Layer Ingestion (BLI).
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In the BLI concept, the engine propulsive efficiency canbe
increased without increasing the bypass ratio due to lowering
of the ram drag and utilization of the wake kinetic energy [7,
8]. The BLI has other advantages, like reduction in the nacelle
wetted area and engine noise shielding. These advantages help
in reducing the noise footprint of the aircraft substantially.

II. NOMENCLATURE
A. Roman Symbols

AR Inlet Aspect Ratio [-]
A Fan Area [m?]
a Major axis length of elliptical inlet face  [m]
b Semi-minor axis length of elliptical [m]
CR Contraction Ratio [-]
Cpiioss  Total pressure loss coefficient [-]1
DCq Distortion Coefficient [-1
Dtan Diameter of Engine Fan [m]
H Height of Duct [m]
Ik Length of Duct [m]
M Mach Number [-]
Mp Drag Rise Mach Number [-]
MFR,,;, Critical Mass Flow Ratio [-1
m Mass Flow Rate [ke/s]
B Area averaged total pressure fan face [Pa]
PRF Pressure Recovery Factor [-]

q Dynamic Pressure [Pa]
Re Reynold’s Number [-]
y' Non-dimensional Wall Distance []

B. Abbreviation

ACARE  Advisory Council for Aviation Research and
innovation in Europe

AHEAD  Advanced Hybrid Engines for Aircraft
Development

AIP Aerodynamic Interface Plane

BLI Boundary Layer Ingestion

CFD Computational Fluid Dynamics

DCqp Circumferential Distortion for 60 deg sector

FPR Fan pressure ratio

KBE Knowledge Based Engineering

LH2 Liquid Hydrogen

LNG Liquefied Natural Gas

MFBWB  Multi-fuel Blended Wing Body

PAI Propulsion Airframe Integration

PFC Passive Flow Control

MDO Multidisciplinary Design Optimization

RANS Reynold’s Averaged Navier Stokes

SFC Specific Fuel Consumption

SST Shear Stress Transport

III. THE MULTI FUEL BLENDED WING BODY

Cryogenic fuels should be stored ininsulated cylindrical or
spherical tanks. This makes it challenging for conventional
aircraft. The volume available in the wing can no longer be
utilized for storing fuel. Figure 2 shows an aircraft that was
designed in the “Cryoplane” project to store LH, in insulated
tanks within the fuselage of the aircraft [9]. However, due to
the lower volumetric energy density of LH2, the fuselage

diameter is increased substantially, which in turn increases the
aircraft drag and thereby the required thrust. This has an
adverse effect on the overall fuel burn for the mission and
increases the energy consumption per passenger between 8-
20%, depending on the mission range [10].

Fig. 2: Bubble Fuselage Concept [9]

As compared to a conventional aircraft, the BWB concept
is more promising for alternative fuels. The BWB aircraft has
been studied by many researchers around the world. More
space is available within BWB aircraft in which cylindrical
fuel tanks can be stored. A novel multi fuel-BWB concept was
investigated by TU Delft. The proposed MF-BWB
configuration can be seen in Fig. 3 [11]. The features of the
aircraft are listed below.

Carrying around 300 passengers
Range of 14,000 km

e Ability to carry multiple-fuel, such as LNG /LH2 and
Kerosene
Utilizing Boundary Layer Ingestion (BLI) technology
Ability to reduce CO,, NO, and noise emissions

B Passenger Cabin
B Biofuel
B LNG/LH2

Fig. 3: Schematic ofthe AHEAD Multi-Fuel BWB Aircraft Design [11]
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IV. THE HYBRID ENGINE CONCEPT

Although the proposed MF-BWB concept seems very
promising, it won’t be able to meet the challenges alone
without improvement of the propulsion system. Over the
years, gas turbine engines have improved significantly from
the early pure jets to the current high bypass turbofan engines.
The aspiration to make these engines stronger, lighter and
more efficient has kept scientists and engineers occupied for
decades, and continue to this day. Traditional ways of
increasing engine efficiency include increasing the BPR, OPR,
and TIT, [12, 13]. However, these parameters are reaching
their limits. Increasing BPR leads to increase in the engine
weight and engine diameter, thereby increasing the drag and
reducing the ground clearance. Increasing OPR leads to heavy
and long engines. The TIT is mainly limited by turbine
material and cooling technology level.

In order to exploit this unique opportunity provided by the
proposed MF-BWB aircraft, a novel engine concept has been
conceived. The schematic of the engine is presented in Fig. 4
[6,7].

Contra-rotating fans
Cryogenic fuel combustion
Flameless combustion

Fig. 4 Schematic of Hybrid Engine

The proposed hybrid engine is a combination of several
technologies. The main features of this aircraft engine are
shown as below:

e Counter rotating fans: to better sustain the non-
uniform inflow caused by Boundary Layer Ingestion
(BLI) techniques [14].

e Dual Combustion Chamber: The first combustion
chamber (located between the HPC and HPT) burns
cryogenic fuel (such as LH2/LNG) in a vaporized state
[15], whereas, the second combustor is an Inter-stage
Turbine Burner (ITB) which uses kerosene/biofuels in
the flameless combustion mode [16], and is beneficial
from NOx emission perspective.

e Bleed Air Cooling System: This system allows
exploiting the cooling capacity provided by the
cryogenic fuel to enhance the thermodynamic
efficiency of the cycle by reducing the amount of
compressor bleed air required for turbine cooling [17].

The implementation of these novel aircraft and engine
technologies have the potential to reduce CO, and NO,
emissions substantially to meet the ACARE goals.

V. THE BOUNDARY LAYER INGESTION INLET

The aircraft engine integration on a BWB can be achieved
either by mounting the engines on a pylon or by embedding
the engine in the fuselage. Podded engines ingest clean
airflow, but have the disadvantages of increased weight, fuel
burn and drag. Whereas embedding the engines in the fuselage
implies ingestion of the boundary layer. According to studies
conducted in the domain of BLI, it is known that propulsive
efficiency can be increased if part or all of the propulsive fluid
comes from the wake of the aircraft [18, 19]. Boundary layer
ingested into the engines consists of the low momentum fluid
developed over the fuselage surface. Due to these losses, the
inlet suffers a lower mass averaged stagnation pressure at the
lip. Figure 5 shows the inlet velocity profile for an embedded
engine configuration.

end behavk

Boundary layer prop
Precompression zone ina dm:l'and across a fan

Fan peformance

Non unifarm fiow at the
inlet: aiframe-engine
interaction
Duet

High bypass
ralio engine

Duct losses

Fig. 5. Inlet velocity profile in an embedded engine configuration[20]

There are several problems that arise due to BLI on a
BWB, the major ones are:
e Distortion at AIP
e Secondary flowin the S-Duct
e Loss of total pressure recovery

A. Distortion at AIP:

Distortion at the engine fan face is one of the major causes
of loss in engine efficiency. The efficiency of a turbofan
engine depends largely on clean and uniform airflow
conditions. Due to BLI, there are several non-uniformities in
pressure and velocity flow field in the duct. These fluctuations
at the AIP lead to unsteady loading of the fan blades and
reduce the efficiency and operating stall margin. Moreover,
due to increased loading cycles, the life cycle of engine
components is reduced [21].

The industry has set certain standards to keep the distortion
levels within limits. Distortion Coefficient (DCyy) is one such
standard in which, g is the dynamic pressure, P,,, is the
average total pressure over the fan face area and Py, is the
minimum area-averaged total pressure on any 60° sector of the
fan face. For civilian applications, acceptable levels of DCgp
occur below 0.1 and for military applications, it occurs below
0.2 [22].

—-P
DCEO - P.!,m 60, min (1)
q.
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B. Secondary flow in the S-Duct.

Due to the shape of the S-Duct, the flow entering the duct
is highly distorted due to large vortex pair formation inside the
duct. At the first bend, the flow accelerates, since the bottom
part is turned away from the flow, which creates a local static
pressure drop [23]. The boundary layer then becomes prone to
separation due to the resulting adverse pressure gradient.

After the flow exits the first bend, the pressure outside
becomes higher than the pressure inside of the bend, hence the
flow experiences a transverse pressure gradient. As aresult, a
large accumulation of boundary layer takes places and the
boundary layer is pulled towards the core flow. This causes a
lift-off effect, forming two counter-rotating vortices which are
pulled towards the core flow [24].

There are other causes of secondary flow formation within
an S-Duct. The corners of the inlet face along the duct, where
the duct lip meets the airframe surface, also experience
secondary flow formation. The flow around the corners
accelerates around the inlet lip, creating a horseshoe vortex
[25], as shown in Fig 6.
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Fig. 6: Secondary flow vortices at inlet airframe intersection [25]

C. Loss of total pressure recovery:
Another factor, which contributes largely to intake
efficiency, is the Pressure Recovery Factor (PRF). This is
defined by the equation:

PRF =12 ©)
ly

Here, P,, represents total pressure at the AIP and Py is
total pressure at the inlet. The PRF is a measure of efficiency
at which kinetic energy of the incoming flow is converted into
pressure energy. For increasing the total efficiency, the PRF
should be close to unity.

However, it is known that ingesting airframe boundary
layer results in average total pressure loss at the AIP. At low
Mach numbers; it is difficult to detect changes in total pressure
loss for different flow conditions. Therefore, sometimes anon-
dimensional total pressure loss coefficient is used to measure
the pressure recovery performance at the fan [26].

- ‘Prr - ‘PrAlg (2)
9.

Fa
0

PilLoss

VI. THE S-SHAPED INLET FOR BLI

While designing an inlet for BLI, the following criteria
should be aimed at:

e  Low total pressure distortion at the AIP

e  High total pressure recovery at the AIP

e High BLI for high wake recovery

e  Acceptable velocity at the engine fan-face for
high pressure rise across compressor

e  Minimal secondary flow formation inside the S-
duct

e Lowovwerall drag

The design of the S-Duct depends on a number of
geometrical parameters, some of which are listed as follows:

Inlet duct offset

Curvature of the two bends (spline shape)
Area Ratio (Fan area/Inlet throat area)
Inlet aspect ratio

Length of duct

Height of duct

Percentage of BLI

Mentioned above are some of the major parameters that
affect the design of an S-Duct inlet. However, the scope of
this work is limited to testing by geometrical variations in
length, height and aspect ratio of the duct.

o

=

|
K L

Fig. 7. Geometrical parameters of the S-shaped inlet

VII. THE NUMERICAL SETUP

The software used for solving the fluid dynamics and
subsequent analysis was ANSYS CFX. The underlying
numerical algorithms are solved for a number of boundary
conditions to capture the flowphysics inside the inlet. Various
turbulence models are available for approximating the
complex flow phenomenon, namely Spalart-Allmaras model,
k-¢ model, k-o model and the Shear Stress Transport (SST)
model. The k- model is a widely used turbulence model that
is relatively good at capturing the BL. The standard k-& model
is used in the current work for modelling the turbulence. The
k-& model consists of 2 transport equations which describe the
turbulence:
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o Turbulent Kinetic Energy (k): determines the energy in
the turbulence

o Turbulence Dissipation Rate (g): determines the rate of

dissipation of the turbulent kinetic energy

The Knowledge Based Engineering platform ParaPy was
used to develop a parametric S-Duct model. This model could
automatically generate the large number of geometries and
grids required to study the influence of shape parameters, like
length, height and aspect ratio, on the flowfield at the AIP.

ParaPy is designed for automation of routine engineering
tasks, which otherwise require a large amount of time,
including CAD modelling, meshing, CAE pre- and post-
processing. The ParaPy language allows engineers to write
custom applications that capture and re-use the rules and
knowledge underlying such routine tasks [27]. Given its high
degree of automation, ParaPy is an enabler of (multi-
disciplinary) optimization studies like the one conducted in
this research.

The ParaPy core language component is built on top of
Python making it easy to use and accessible to engineers with
relative little programming experience. ParaPy’s grammar
guides engineers in creating a structured product model
composing multiple objects, each with their own inputs and
outputs, and with parametric interdependencies. For example,
the S-Duct model composes objects like inlet, outlet, Path,
Loft and MeshGenerator. Examples of inputs are
major_radius OI max element_size.

The language also provides an efficient computation
engine that caches (i.e. memorizes) values to avoid
(expensive) re-computation, but also invalidates these caches
as parameters change by active dependency tracking.
Moreover, ParaPy ensures lazy evaluation, i.e. only computing
those parts of a product model that are required to return the
value of a parameter of interest. This guarantees a scalable
model that can naturally evolve as the product grows more
complex and multiple disciplines are coupled [28].

The geometry library provides a set of roughly 200 objects
that allow an engineer to express the intent behind the 3d
model generation, To generate the 3d model, ParaPy has
bindings to the OpenCascade (OCCT) geometry kernel
(written in C++), The ParaPy geometry library has been
designed to insulate the engineer from the complexity of a
low-level kernel like OCCT, allowing him/her to model
intentions on a significantly higher abstraction level making it
more accessible and saving application development time.

Similarly, the ParaPy meshing library contains dozens of
objects to assign grid generation algorithms and quality
controls to the 3d model. It wraps the Salome meshing suite
on the back-end for this purpose. The assignment of
algorithms and quality controls is associative, meaning that
any changes to the geometry will reflect in a change of the
grid. In this research, the meshing library allowed for the
automatic generation of grids that were ready to be fed into
ANSYS CFX for analysis.

As shown in Fig. 8., the mesh features an unstructured core
region of tetrahedral elements and a prismatic wall region to

accurately capture the boundary layer (gradient). The total
number of elements is approximately 600,000 for the smallest
duct variant. An unstructured mesh was chosen due to its ease
in meshing,

Fig. 8: Mesh topology for an inlet configuration

C. Boundary Conditions:
The boundary conditions for the inlet configurations are
defined as follows [29]:

1) Inlet:
The entry of the S-Duct at the semi-elliptical face (shown
in Fig. 8) is defined as the inlet. The velocity profile at the
location, where the inlet will be embedded, is obtained
from the results of the BWB fuselage simulation (shown
later) and applied as an inlet to the semi-elliptical entry
face of the inlet.

2) Outlet:
The circular face at the exit of the S-Duct is defined as the
outlet for the inlet configurations. This circular face is the
engine fan-face or AIP. Some of'the critical effects of flow
inside the S-Duct will be assessed based on results of total
pressure distortion and Mach number at the engine fan-
face. The diameter of the engine fan face is constant.

3) Wall:
Between the inlet and the outlet, solid wall condition is
defined for the cylindrical surface. Flow is considered
adiabatic, which means no heat transfer is assumed. The
wall is a no-slip boundary condition.

The first stage of testing consisted of a 3D model of a
BWB aircraft in clean configuration (without engines). A
flow simulation was conducted in order to obtain velocity
profiles over aft fuselage at different locations, where the
inlet will be embedded. These velocity profiles were applied
as inlet boundary conditions to the S-shaped ducts simulated
subsequently.

The S-Ducts were tested separately using BWB velocity
profiles in order to save computational time, as testing entire
BWB configuration with embedded engines for every
variation of length, height and aspect ratio was not a feasible
option. Figures 9 and 10 show the BWB aircraft in clean
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configuration and the velocity profiles at the aft fuselage,
where the inlets of the ducts were supposed to start. The
main assumption in this analysis is that the engine suction
will not affect the BL over the fuselage substantially. It can
be seen from Fig 10 that the flow over the fuselage
accelerates to a high value because of the curvature of the
fuselage. However, towards the aft of the fuselage, the flow
velocity starts to decrease as the flow decelerates and the
boundary layer becomes thicker.

Fig. 9: BWB in clean configuration (without engines) [30]

Fig. 10: Velocity profile on the MF-BWB fuselage, used as an inlet
boundary condition to the S-shaped inlet.

First, the tests were carried out for the shortest duct length
(4.85m) and a given height value (1.052m) and changes were
carried out for various aspect ratios. As shown in Table 1 the,
aspect ratio was varied from 1 to 2.5. This meant that the inlet
became wider as the aspect ratio was increased and
consequently the amount of percentage of fuselage boundary
layer ingested increased. Variation in aspect ratio is critical in
understanding the effect of increasing percentage of BLI
Table 1 shows all the values of aspect ratio, length, and height
of duct tested in this work. A combination of these values will
determine the most optimum S-Duct inlet configuration.

Table 1
Values of geometrical parameters for testing

Aspect Ratio Height of Duct Length of Duct
(AR) (H) @
1 1.5m 4.85m
125 1.052m 5.65m
15 0.7m 6.46m
1.75 0.3m 7.27Tm
2
25
Table 2

Operating Conditions

Flight Regime Cruise
Altitude 10000 m
Mach Number 0.82
Free-stream Velocity 279 m's
Density of Air 041 kg/m"3

After an optimum value of aspect ratio was chosen, height
was varied, keeping the duct length constant for the chosen
aspect ratio. Subsequently, after a conclusion on the value of
height, variation in length indicated the optimum length of the
duct required to achieve minimized losses interms of pressure
recovery, distortion and wetted area.

VIII. RESULTS

Figure 10 shows a sampling plane displaying the local
velocity profile at a possible inlet integration location.
Depending on the length of the inlet, the velocity profiles
were obtained and exported to the CFX setups of the S-
Ducts to be applied as inlet boundary condition for the same.
The investigation was carried out on the S-Duct for varying
aspect ratios starting from AR=1. Figure 11 shows the
results of total pressure and x-velocity obtained at the engine
fan-face or AIP for AR=1 [29].

Figure 11 clearly shows the effect of the formation of a
vortex pair at the bottom of the S-Duct. This vortex pair is a
part of the secondary flows formed at the second bend of the
S-Duct due to the adverse pressure gradient experienced by
the low momentum boundary layer, which easily separates
and causes a region of recirculation.

Fig. 11: Total pressure and x-velocity contours at AIP for AR=1
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Since the freestream flows on the upper part of the S-
Duct experience a favorable pressure gradient, it accelerates
and a low static pressure region is created in the upper part.
This region of low static pressure lifts the slow-moving
boundary layer, causing the formation of the vortex pair at
the bottom of the S-Duct. This is shown in detail in Fig 12.
The distorted total pressure distribution at the AIP will cause
non-uniform loading of the fan, which can lead to vibrations
of the fan blade and blade stall. Therefore, it is important to
understand the cause of these secondary flows and to
improve the design to minimize their formation.

Fig. 12: Tangential flow at the AIP

Figure 12 shows the negative velocity in the region of
recirculation, at the bottom of the S-Duct. This region of
recirculation adversely affects the total pressure recovery
and increases total pressure distortion at the AIP, as will be
seen later in this section. It is also seen that the upper limit
of x-velocity value is too large (445.9 m/s), which is a
consequence of flow acceleration on the top part of the S-
Duct. To provide a better understanding of how the flow,
Fig. 13 depicts the streamlines over the x-velocity contours
to show flow acceleration and point of separation.

Fig. 13: Streamlines at the mid-plane for AR=1

One reason for this extremely high velocity on the upper
part of the duct is the long length of the semi-minor axis of
the inlet face for AR=1, which is 3.08m. For low aspect
ratios, the inlet face is higher and less wide (See Fig. 7). And
since the height is parameterized from center of inlet face to
center of AIP and is constant while varying aspect ratio, the
only variation in the curvature of the upper spline of the S-
Duct comes from the length of the semi-minor axis of the
inlet face. For high aspect ratios, the length of the semi-
minor axis is low as compared to the length of the major axis
of the inlet face, indicating a wider inlet face and hence
larger amount of BLI This shortening of semi-minor axis
length of the inlet face with increasing aspect ratio, in turn,
reduces the pressure gradient at the upper part of the S-Duct
and flow acceleration reduces.

Figure 14 shows boundary layer separation and the
region of negative velocity at the bottom part of the duct.
The large semi-minor axis length of the inlet face can also be
seen at the entry of the S-Duct at the left. The region of
recirculation seen in Fig. 14 can be reduced with careful
selection of the aspect ratio value, by reducing the height of
duct, etc. which will be discussed in subsequently.

To show the difference in upper spline curvature of S-
Duct, Fig. 15 shows the mid-plane view of the S-Duct with
AR=2.5 (widest inlet with shortest semi-minor axis length).
It can be seen from Fig. 15 that the pressure gradient on the
upper spline has considerably reduced with increased aspect
ratio. This means that the flow on the upper wall of the duct
does not accelerate as much as it does for the duct with
AR=1. Hence, the static pressure region on the upper wall of
the AR=2.5 duct is not as low as for AR=1 duct. However,
aspect ratios as large as 2.5 are not desirable due to high
pressure loss because of large ingestion of fuselage
boundary layer.

Fig. 14: Mid-plane view of S-Duct (AR=1) showing recirculation region

Pressure recovery is an important criterion in judging
inlet performance. Pressure loss in the duct can be due to a
number of reasons namely higher surface area of the duct
that causes higher wall friction, the formation of secondary
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flows in the duct due to flow separation, high vorticity in the
boundary layer, increased turbulence, etc.

Fig. 15: Mid-plane view of S-Duct with AR=2.5 showing recirculation
region

Figure 16 shows the variation of total pressure recovery
with increasing BLI. The difference inthe values of pressure
recovery for different aspect ratios is not significant.
However, it is noticeable that the pressure recovery increases
up to an aspect ratio of 1.75 and then starts to decrease for
very high aspect ratios. This trend can be explained based on
the discussion in the previous section regarding the upper
spline curvature of the S-Duct. As discussed before, with
increasing aspect ratio, the upper spline curvature of the duct
reduces, because of which the static pressure region in this
part is not low enough to lift up the slow-moving boundary
layer on the bottom wall. Hence, pressure loss reduces up till
AR=1.75.

Interestingly, this phenomenon is not persistent after
AR=1.75. This is mainly because for aspect ratios greater
than 1.75, the percentage of BLI becomes too high (43%)
relative to the ingested free-stream to maintain a low
pressure loss. Also, for aspect ratios greater than 1.75, a
major part of the AIP is covered with vortex pair developed
inside the duct, which reduces total pressure at the AIP, even
though it reduces distortion (explained in the next section).

98.0%
97.5%
97.0%
96.5%
96.0%
95.5%
95.0%

AR=15_AR=175
AR=1.25

AR=2.5

Pressure Recovery

25% 30% 35% 40% 45%
%BLI

Fig. 16: Variation of Pressure Recovery with the percentage of BLI

Aspect ratio will also influence distortion at the AIP. As
the aspect ratio increases, BLI increases and hence more
non-uniform flow is ingested by the inlet, which means that
the distortion should increase with increasing aspect ratio.
This is seen in Fig. 17, where the distortion coefficient,
DCg, increases with increasing aspect ratio till AR=1.75.

50%

40% /_o/ .N“\\i

30%

DC(60)

10%

05 1 15 2 25 3
AR

Fig. 17: Variation of DCg, with the aspect ratio

In Fig. 17, it can be seen that after an AR of 1.75, the
DCg value starts to decrease. This is mainly attributed to the
fact that at higher aspect ratios, a large part of the engine
fan-face is covered with the vortex pair. Therefore, the
pressure loss is now spread over a large part of the AIP and
not restricted to the bottom of the duct.

Figure 18 shows the variation of pressure recovery with
increasing duct height. The pressure recovery value reduces
from 97.7% to 96.4%. with increasing duct height.
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Fig. 18: Variation of pressure recovery with duct height

The effect of variation in duct height influences distortion at
the AIP. With increasing height, the boundary layer separation
moves further upstream towards the throat and large
secondary flow formation takes place, which causes a major
portion of the AIP to experience low total pressure. The
difference in the total pressures of the top and bottom half of
the AIP is significant and hence the distortion values linearly
increase with increasing height. Figure 19 shows that there is
approximately a 15% increase in the value of DCg, as the
height increases from 0.3mto 1.5m. Hence, H=0.3m is chosen
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as the preferred height value for further testing with variation
in duct length.
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Fig. 19: Variation of DCq, with duct height

The duct length plays a crucial role in the overall
performance of the inlet. Four different duct lengths were
tested ranging from 4.85m to 7.27m. It is quite clear from
Fig. 20 that the total pressure on outlet decreases as the duct
length increases. As discussed before, this is mainly due to
pressure losses resulting from the larger wetted surface area
for the longer duct. This, in turn, means that the pressure
recovery will get reduced as the length of duct is increased.
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Fig. 20: Variation of pressure recovery with duct length

The increase in length causes higher pressure losses in
the boundary layer as compared to the freestream. This
causes a large difference in pressure loss in the upper half of
the AIP (affected by free-stream without major losses) and
the bottom half where the low momentum boundary layer
imparts low pressure. This difference in pressures gives rise
to a large distortion value for the longer ducts. From Fig. 21,
it is evident that the shortest duct gives the best performance
with a DCq4, value of 28%.
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From the conclusions on length, height and inlet aspect
ratio results, so far the inlet with the best performance (PR =
97.7% and DCgy = 28.45%) has the following dimensions:
H=0.3m, L=4.85m and AR=1.75. Figures 22 and 23 show
the flow development and streamlines inside the S-duct
obtained from testing, respectively.

Fig. 22: Flow development inside the S-duct obtained from testing of
geometrical parameters

: Fig. 23: Streamlines inside the S-duct obtained from testing of geometrical
parameters

IX. CONCLUSION

The main goal of the paper was to understand the effects of
BLI on the inlet performance on an MF-BWB aircraft and
obtain an inlet design that produces minimum total pressure
distortion and maximum total pressure recovery at the AIP.
Hence, an inlet design that effectively curtails these losses was
required. Based on the geometrical parameterization of the
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duct, variations in the values of parameters like inlet aspect
ratio, duct length, and duct height, were chosen for testing
different inlet configurations and understand their effects on
the results:

1.

The results of the testing on different inlet aspect ratios
showed that the pressure recovery was maximum for
the aspect ratio of AR=1.75.

. The inlet with AR=1.75 produced a pressure recovery

value of 97.01% but a DCg, value of 41.59%, which
was quite high for the engine to handle.

A higher value of aspect ratio reduced the adverse
pressure gradient on the upper wall of the duct due to
smaller semi-major axis length of the inlet face.
Therefore, the inlet with AR=1.75 was chosen as the
one with optimum aspect ratio value and selected for
further testing.

The lowest DCg, value of approximately 33.48% was
achieved by the inlet with AR=1 with a pressure
recovery value of 96.28%. However, the mass averaged
Mach number at the engine fan-face for the duct with
AR=1 was 0.66, which is quite high.

. Results showed that increasing the duct height

increased distortion at the AIP and reduced the total
pressure recovery. The inlet with the lowest duct height
(0.3m) produced most optimum results with a pressure
recovery value of 97.7% and a DCyq value of 28.45%.
Further investigation of other configurations was
required to minimize the losses.

It was noticed that increasing the duct length reduced
the total pressure recovery. It also had an adverse effect
on the DCg, value.

A conclusion on the aspect ratio, length and height were made

(L=4.85m,

AR=1.75, H=0.3m) with PR=97.7% and

DC(60)=28.45%. So far, this inlet provided the best
performance for an embedded engine on a BWB operating in
transonic conditions. However, the results could be further
improved, hence a number of other configurations of inlet will
be tested to understand their effects on inlet performance
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