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Summary

Boundary Layer Ingestion (BLI) is a concept in which the fuselage boundary layer is
ingested by the engine to produce benefits like improved fuel efficiency, reduction of ram
drag and lower structural weight of the configuration. Blended Wing Body (BWB) concept
has been researched on and studied in various forms over the years as an efficient alternative
to the conventional transport configurations. Past studies have concluded that of the podded
and embedded engine configurations, the BWB architecture is particularly suited to flush
mounted embedded engines, as the balance requirements already place them near the aft of
the airframe. Despite the benefits, effect of BLI on engine performance is also known to be
detrimental because BLI increases pressure distortion and reduces total pressure recovery at
the engine fan face. Most of these drawbacks are caused by secondary flow losses (vortices
created due to boundary layer separation) due to an adverse pressure gradient in the S-Duct
and a non-uniform mass flow ratio. An improved inlet design becomes necessary to reduce
these limitations.

The aim of this research is to design an inlet embedded on a BWB that ingests significant
amount of fuselage boundary layer and produces minimum pressure loss and distortion in
the process. 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 Coefficient (DCe0). Therefore, this research work
aims to design an embedded inlet on a BWB that produces maximum value of PRF and
minimum DCeo.

An extensive literature study was carried out in order to understand the effects of BLI on
inlet performance and research work conducted in the past to minimize the losses associated
with BLI. Many of these studies focus on S-Ducts ingesting boundary layer and
minimization of the losses using flow control techniques. Few studies have focussed on
design of a novel inlet configuration that produces best results in terms of PRF and DCeo.
This thesis has focussed on the design of the inlet based on computational analysis of
different inlet configurations to achieve an optimum design.

The framework of this report first follows description of criteria and parameters for
embedded inlet design. This is followed by an elaboration on the numerical methodology
and approach to be used for the Computational Fluid Dynamics (CFD) simulations. The
CFD simulations and analyses conducted in this thesis are divided into 2 main stages. The
first stage deals with the computational analysis of a BWB in clean configuration (without
engines) to obtain velocity profiles over aft fuselage, where the inlets will be embedded. The
second stage comprises of the main inlet design. Three main geometrical parameters are
chosen for the geometrical design of the inlet, namely inlet aspect ratio (ratio of inlet ellipse
major axis length and semi-minor axis length), duct length and duct height. A number of
tests are conducted to find out the influence of these parameters on the inlet performance.
Few other inlet configurations are investigated, which can produce improved results and
finally the design of the internal nacelle lip concludes the design of the inlet.

Since the BWB in this research operates at cruise conditions (at M=0.82), initially pressure
losses were high. Testing of different inlet aspect ratios with constant length and height of
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duct showed that an aspect ratio of 1.75 performs best with a PRF of 97.01% and a DCeo
value of 41.59%, which was quite high. Further tests regarding variation in duct height
showed most optimum results for the lowest height of duct due to reduced secondary flow
losses. The duct with a height of 0.3m performed best with PRF=97.7% and DCs0=28.45%.
Finally length of duct was varied keeping previously obtained aspect ratio and height and
the shortest duct length (4.85m) performed best with PRF=97.7% and DCg0=28.45%
(previous variations in duct height and aspect ratios were conducted using the same length
value, hence the results for duct height are similar).

Therefore, the inlet obtained from the testing concluded the design as an S-Duct inlet with
AR=1.75, L=4.85m and H=0.3m with PRF=97.7%, DCe=28.45% and Mach number at the
AIP as 0.6. After investigating other configurations like the reverse s-duct, double gradient
duct, zero-gradient duct and zero-height duct, the zero-gradient duct (duct with flat bottom
wall for boundary layer and no separation inside the inlet, L=4.85m, AR=1.75, H=1.615m)
showed best results with PRF=98.04% and DCs0=20.55%. The internal nacelle was designed
using a contraction ratio of 1.04 and a lip major-to-minor axis ratio (m/n) of 2. The final
design of inlet was a zero-gradient duct with L=4.85m, AR=1.75, H=1.615m, CR=1.04,
m/n=2, PRF=98.04%, DCg=20.55% and Mach number at the AIP = 0.538. The same final
design model was also tested using ParaPy (a high level Python language) and results
showed a zero-gradient duct with L=4.85m, AR=1.75, H=1.615m, CR=1.04, m/n=2,
PRF=98.3%, DCg=20.14% and Mach number at the AIP = 0.539. A podded inlet
configuration of L=6.46m and area-ratio=1.37 with same mass flow rate and fan-face Mach
number as that of the embedded engine was also analysed to compare BLI case with no-BLI.
The results showed a pressure loss of nearly 10% for the podded case and a larger wetted
area. But the DCgo value was significantly lower (2.6%) in comparison to embedded inlet.
Follow up studies can be conducted to improve the results using flow control techniques.
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Nomenclature

Symbols Description Unit

DCso Distortion Coefficient [-]

PRF (or PR) Pressure Recovery Factor [-]

M Mach Number [-]

AR Inlet Aspect Ratio [-]

L Length of Duct [m]

H Height of Duct [m]

CR Contraction Ratio [-]

Re Reynold’s Number [-]

m Semi-major axis length of lip ellipse [m]

n Semi-minor axis length of lip ellipse [m]

a Major axis length of elliptical inlet face [m]

b Semi-minor axis length of elliptical inlet face [m]

Fengine Engine Thrust [N]

Uso Freestream Velocity [m/s]

m Mass Flow Rate [ka/s]

Da Airframe Drag [N]

P Power [J]

Uj Jet Velocity [m/s]

Uw Wake Velocity [m/s]

q Dynamic Pressure [Pa]

Pm Area averaged total pressure over entire [Pa]
fan face

Ptsomin Minimum area averaged total pressure over [Pa]
any 60 degree sector of the fan face

Crtloss Total pressure loss coefficient [-]

Ding Drag Ingested [N]

At Throat Area [m?]

Au Highlight Area [m?]

) Density [kg/m?]

CL Lift Coefficient [-]

Cm Moment Coefficient [-]

T Thrust [N]

MFRcrit Critical Mass Flow Ratio [-]

Mpb Drag Rise Mach Number [-]

y Specific Heat Ratio [-]

Dfan Diameter of Engine Fan [m]

Ar Fan Area [m?]

k Turbulent Kinetic Energy [J/kg]

g Turbulent Dissipation Rate [J/kgs]

7 Dynamic Viscosity of Air [Pa-s]

T, Shear Stress [N/m?]

y* Non-dimensional Wall Distance [-]




Abbreviations

Description

BLI
BWB
AIP
CFD
PAI
AFC
PFC
HFC
RANS
MFR
MDO
TSFC
DPCP
SST
AOA
NACA
VG
PR
PRF
TSFC

Boundary Layer Ingestion

Blended Wing Body

Aerodynamic Interface Plane
Computational Fluid Dynamics
Propulsion Airframe Integration
Active Flow Control

Passive Flow Control

Hybrid Flow Control

Reynold’s Averaged Navier Stokes
Mass Flow Ratio

Multidisciplinary Design Optimization
Thrust Specific Fuel Consumption
Circumferential Distortion Descriptor
Shear Stress Transport

Angle of Attack

National Advisory Committee for Aeronautics
Vortex Generator

Pressure Recovery

Pressure Recovery Factor

Thrust Specific Fuel Consumption
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Introduction

Energy efficiency and environmental compatibility are an important part of the modern
aviation requirements. These requirements demand a novel configuration for air vehicles,
which suggest highly integrated components for optimum overall performance. Improved
propulsion system architectures are of primary importance in achieving these goals [1].

The life cycle cost of any vehicle depends on a number of factors of which fuel consumption
is an important part. According to recent estimates, a 1% reduction in fuel burn can result in
savings of $1 million per engine per year. Apart from fuel consumption, noise plays an
important role in the commercial engine business with growing tighter regulations. This
causes curfews at airports, which increases the operational costs because of reduced capacity
of airlines. Moreover, increment in harmful emissions has developed concerns over local air
quality and global climate change, which give rise to stringent regulations [1] [2]. With
regard to engines, fuel consumption, emissions, noise, drag and weight play vital roles in the
overall aircraft performance. In addition to these, Propulsion Airframe Integration (PAI) is
critical when it comes to meeting future aviation goals [1].

Hybrid wing-body has become increasingly popular according to recent airframe
configuration studies. It suggests a highly integrated airframe configuration, which blurs the
division between fuselage and wings. Blended Wing Body (BWB) is one such
configuration, where mounting the propulsion system on the upper aft surface of the
fuselage has the potential of producing significant benefits [1]. PAI on a BWB can be
achieved either by podding the engines or embedding them on the fuselage. Podded engines
ingest clean airflow, but have the disadvantages of increased weight, fuel burn and drag.
This will be discussed later in detail. Embedding the engines on the fuselage implies
ingestion of boundary layer. According to studies conducted in the domain of Boundary
Layer Ingestion (BLI), it is well known that propulsive efficiency increases, if part or all of
the propulsive fluid comes from the wake of the aircraft [3].

Boundary layer, which is ingested into the engines, consists of viscous losses which are
developed as the boundary layer travels over the fuselage surface. Due to these losses, the
inlet suffers a lower mass averaged stagnation pressure at the lip. Moreover, the ingestion of
this wake momentum deficit also implies lower fuel burn rates [2] [4]. Therefore, BLI offers
a way to achieve future commercial aviation goals, while promoting advancements in
innovative engine technology. Chapter 1 focuses on the embedded and podded engine
configurations with special emphasis on challenges faced when employing embedded
engines. Chapter 2 presents an insight into past research on BLI and S-Duct performance.
Chapter 3 looks into inlet and duct design and chapter 4 presents the current project’s
research plan, objective and timeline.




1.1 Propulsion Airframe Integration (PAI)

PAL is significant in achieving reduced emissions, noise and fuel burn, which are essential
goals to meet future aviation demands. These demands can be met most effectively by a
highly integrated vehicle of which PALI is a key factor for modern airplane design.

PAI on a BWB can be achieved in 2 ways, which are described in the following sub-
sections:

a) Podded engine configuration

Podding the engines on aft fuselage is a well understood installation, airplane/engine
performance for this type is proven and can be implemented using today’s technology [5].
Fig 1 shows a typical podded engine configuration on a BWB with its advantages.
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Figure 1: BWB with pylon mounted engines [5]

In this configuration, the engine ingests undisturbed airflow with high total pressure
recovery and low distortion due to high uniformity in Mass Flow Ratio (MFR) and also
because of the fact that there are no viscous losses like in the boundary layer. Pylon mounted
engine configuration over the aft fuselage of a BWB shows the possibility of 32% fuel burn
reduction compared to the conventional configurations (non-BWB aircrafts) [6].

However, due to higher momentum of the ingested flow, the ram drag is high in this
configuration, which also increases the fuel burn. The use of pylon increases the structural
weight and the wetted surface area thereby increasing profile drag. Furthermore, high noise
due to unshielded intakes is also a major issue with pylon-mounted engines [7].




b) Embedded engine configuration

This configuration is ideally suited for a BWB due to balance requirements as described in
the ‘Introduction’ section of this chapter. BLI can be achieved on a BWB only when the
engines are buried on the fuselage surface. Because of the absence of pylons, this accounts
for a reduced wetted surface area as well as structural weight. Furthermore, the thrust line is
closer to the centreline in embedded engine configuration. This reduces nose down pitching
moment, which is usually high in the podded engine configuration. This results in a direct
trim drag benefit. In addition to this, embedded engines feature shielded intakes, which
reduce overall noise production of the aircraft [8] [9].

Fig 2 shows the inlet velocity profile for an embedded engine configuration.

Precompression zone Boundary layer properties and behavior
in a duct and across a fan

~ Fan peformance
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MNon uniform flow at the
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Duct curvature

N

High bypass
Duct losses ratio engine

Figure 2: Inlet velocity profile in an embedded engine configuration [8]

One of the studies concerning the integration of embedded engines on BWB showed that
using embedded inlets can increase the stall angle of BWB by about 2 degrees, so the curve
of pitching moment coefficient can last long linearity region [10].

It has been shown by A. Plas [8] that power required to sustain the same drag force on the
airframe with boundary layer ingestion is lesser than that with the podded engine
configuration.

Fig 3 shows the power saving achieved through 100% BLI case as compared to the no-BLI
one.
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Figure 3: Benefit of BLI: Podded case V/s 100% BLI [8]

A. Plas [8] reasons that the benefit from BLI arises from re-energizing aircraft wake, thereby
allowing lower energy waste. He shows this benefit mathematically using Fig 3. Free stream
flow enters the inlet in the podded case with velocity, u... This velocity is accelerated by the

engine to velocity, u;. The resulting excess momentum created by podded engine balances

the momentum deficit (due to airframe drag, D).

F

engine

= m(uj -u,)=m(u,-u,)=D, (1.1)

Rate of mechanical energy, Padded’no_Bu given by the engine to the flow is:

m F
I:)added,no—BLl =5 (ujz - Ui) =5 (uj + uoo) (12)
2 2
Useful power (power required for flight) is given as:

P

useful

=D,u,, =m(u; —-u,)u, (1.3)

Now, assume all of the boundary layer is ingested by the engine and the engine accelerates
the wake back to free stream, the force provided by the engine is:

I:engine = rh(uj —UW) = m(uoo —UW) - DA (1.4)




So, for the 100% BLI case, the rate of energy Padded,gu given by the engine to the flow is
given as:

m m F
Padded,BLI :E(uj2 _uvzv) :_(Ui _uvzv) :E(UW +U,) (1.5)
Useful power for 100% BLI case is same as that of podded engines:

P

useful

Since u; > u,,, comparing equations (1.2) and (1.5) shows:

Padded ,no—BLI > Padded ,BLI (1-7)

Equation (1.7) shows the power saving benefit of embedded engines with BLI.

However, there are several drawbacks for embedded engines. Firstly, the coupling between
the airframe and the engines increases significantly, leading to a complex design process.
Secondly, as seen in Fig 2, ingested airflow is non-uniform in embedded engines, which
decreases engine performance. This non-uniformity is exaggerated by the S-Duct curvature,
which has a pressure gradient. This pressure gradient produces secondary flow, which
causes boundary layer separation. This ultimately leads to alternating pressure fields at the
engine fan face, called the Aerodynamic Interface Plane (AIP), causing high distortion.
Distortion at the AIP further leads to additional vibration and noise.

The non-uniformity of flow also leads to reduced total pressure recovery [8] [9]. Fig 4
shows both the podded and embedded engine configuration velocity profiles for a better
understanding.
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Figure 4: Inlet velocity profile comparison between podded and embedded engines [5]

A P. Plas [8] tabulated the advantages and disadvantages of the podded and embedded
engine configurations to provide a clear view of the effects of these propulsion systems,
which is shown in Fig 5.

Podded engines Embedded engines with BLI

e BLI — Fuel burn benefits
e Liners and high BPR fans can be

packaged more easily
e Proven technology — Noise benefits
Advantages
e Captures uniform flow e Nacelle wetted area savings
e Weight savings

e Lower thrust line

e Non-uniform flow and S-duct

e Larger wetted area — Possible degradation of in-
let performance (separation, sec-
e Larger structural weight ond;;.ry flows) (

(pylons and nacelles)
¢ Distortion at the fan face

Drawbacks ® Pylon-airframe interfer- —» vibration, noise?

ence
e High thrust line gives

nose-down pitching mo- e More integrated design neces-

ment sary

e Operability issues

e Unproven technology

Figure 5: Advantages and disadvantages of embedded and podded engine propulsion systems [8]
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1.2 Challenges in Embedded Engine Configuration

The previous section presented a brief comparison between podded and embedded engines.
As the present study focuses on the design of embedded engine inlets, this section presents a
detailed study into the challenges faced when employing this particular configuration and
the consequent BLI on a BWB.

There are 3 major problems that arise due to BLI on a BWB:
1. Distortion at AIP
2. Secondary flow in the S-Duct

3. Loss of total pressure recovery

1.2.1 Distortion at Aerodynamic Interface Plane (AIP)

Distortion at the engine fan face is one of the major causes of loss of engine efficiency on a
BWB. 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 inlet flow in the
duct that affect engine performance. These flow and pressure non-uniformities lead to
alternating pressure fields at the AIP. Consequently, the loading cycles of fan and
compressor blades are more intense, which reduces the life cycle of engine components [7]
[11].

The industry has set certain standards to keep the distortion levels within limits. Distortion
Coefficient DC,; is one such standard and is defined as shown in Fig 6.

mnmnmnmocso.%*.

Figure 6: Total pressure distortion at the engine fan face with rotating 60 deg part of the fan face used to
find DCeo [7] [12]
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Here, Pd is the dynamic pressure (also written as q), Pm is the average total pressure over
the fan face area and P60min is the minimum area-averaged total pressure on any 60 deg
sector of the fan face.

For civilian applications, acceptable levels of DC., occur below 0.1 and for military
applications, it occurs below 0.2 [13].

Without Active Flow Control (AFC), DC,, values of around 10% are possible to be obtained

as demonstrated in some studies [11] [14]. However, further reduction of the distortion
coefficient usually requires the use of flow control.

There are 2 categories of inlet distortion namely radial and circumferential distortion. Radial
distortion signifies variations in total pressure across the blade span from root to tip.
Circumferential distortion represents the variation of total pressure in the circumferential or
angular direction. In a typical S-Duct, there are high and low total pressure regions that are
distributed circumferentially about the AIP. This is shown in Fig 7, which presents typical
total pressures at AIP for S-Ducts due to circumferential and radial distortion. Upper half of
AIP shows high pressure regions due to uniform and undistorted flow. The lower half shows
low pressure regions due to BLI [13] [15].

(a) Circumferential P, Distortion (b) Radial F, Distortion

Figure 7: Typical total pressure contours at AIP for S-Ducts [13] [15]

1.2.2 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 [16].
The boundary layer then becomes more 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 a result of
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this transverse pressure gradient, large accumulation of boundary layer takes places and the
boundary layer is pulled towards the core flow. This large accumulation of boundary layer
causes a lift-off effect and boundary layer separates forming 2 counter rotating vortices,
which are pulled towards the core flow [17]. About 2% penalty in pressure recovery is
demonstrated to be incurred because of this flow separation [17] [18] [19] [20]. Fig 8 shows
the secondary flows inside the S-Duct and consequent pressure contours on the AlP.

Figure 8: Pressure contours at AIP (left) caused due to secondary flow formation (right) inside the S-
Duct [21] [22]

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 [15]. This is shown in Fig 9.

Figure 9: Secondary flow vortices at inlet airframe intersection [21]




1.2.3 Loss of Total Pressure Recovery

Another factor, which contributes largely to intake efficiency, is the Pressure Recovery
Factor (PRF). This is defined by equation (1.8):

PRF =22 19)
Pro

Here, P, represents total pressure at the AIP and P is total pressure at the inlet.

The sum of dynamic pressure and static pressure gives total pressure. Intake ducts are
designed in such a way so as to decrease the incoming velocity so that the fan experiences
acceptable velocity value, otherwise flow separation can occur over the fan blades at high
Mach numbers. Therefore, PRF is a measure of efficiency at which kinetic energy of the
incoming flow is converted into pressure energy [12]. It is required to minimize losses and
obtain a PRF as close to unity as possible by duct shaping.

Two major causes of losses are turbulent flow and skin friction. Hence, a short inlet duct is
preferred, which provides smooth laminar boundary layer with minimum losses. In longer
ducts, losses can be minimized by using flow control techniques. Vortex Generators (VG)
are often used to minimize distortion levels, but does not really affect the pressure losses
[19].

It is found that based on flight conditions and intake design, typically PRF is on the order of
90% to 98% [23]. However, current improved inlet designs have successfully achieved 99%
PRF value.

However, it is known that ingesting airframe boundary layer results in average total pressure
loss at the AIP [1]. At low Mach numbers, it is difficult to detect changes in total pressure
loss for different flow conditions. Therefore, sometimes a non-dimensional total pressure
loss coefficient is used to measure the pressure recovery performance at the fan. The more
widely used PRF cancels out effect of small total pressure losses and low dynamic pressure
at low speeds [11]. The total pressure loss coefficient is defined by equation (1.9):

P.—P,
CPtLoss = t = (19)

qoo

Here, o0 denotes wind tunnel free stream conditions and PtAVg is area averaged total pressure
at the fan face.

This pressure loss coefficient can also be converted to PRF corrected to M=0.85 using
equation (2.0) [11]:




qoo P V
Coitoss X (P_) M-0gs =1~ (%) M =0.85 (2.0)

too too

R. Kawai [5] showed the variation of pressure recovery with net thrust with BLI and a
pressure loss coefficient value of 0.9981 using Active Flow Control (AFC) in Fig 10.

Net Thrust with BLI
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Figure 10: Effects of BLI and pressure recovery on net thrust [5]

R. Kawai shows that the total pressure recovery decreases with increasing BLI, whereas the
distortion increases at the same time. Loss of total pressure recovery results in a loss of
thrust. However, the decrease in ram drag reduction is greater than the loss in total pressure
recovery, which shows the benefit of BLI (AFC was used in this case to minimize
distortion).







Research Goals and Objective

This chapter explores the research objective, goals, motivation and scope of the thesis along
with the success criteria.

2.1 Research Question and Objective

The main research question is twofold:

* How does BLI affect inlet performance on a BWB and which parameters are most
significant in this regard?

« With BLI, which embedded inlet configuration/shape best minimizes total pressure
distortion and maximizes total pressure recovery at the AIP?

The objective of the current thesis is “to find an optimum inlet configuration embedded on a
BWB, which produces minimum secondary flow losses and total pressure distortion at the
AIP and maximum total pressure recovery” using Computational Fluid Dynamics (CFD) as
a tool.

The objective clearly signifies the success criteria for this research as minimum total
pressure distortion and maximum total pressure recovery. To achieve this objective,
there are a number of preliminary goals that need to be accomplished:

« Study how the inlet design parameters influence total pressure distortion and total
pressure recovery at the AIP

« Study the flow physics inside the inlet with and without BLI

» Based on literature review, find out which inlet configurations meet the desired objective

« Obtain a novel inlet configuration that minimizes the losses associated with BLI

There are a number of sub-goals to achieve the aforementioned goals:

 Perform flow analysis on the given 3D BWB geometry

« Obtain inlet velocity profile over aft fuselage based on CFD analysis of clean
configuration (without engines) of BWB

« Parameterize inlet configuration

 Create inlet geometries of varying shapes (different lengths, diameters, aspect ratios, etc.)

 Construct meshes for these geometries
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» Perform CFD analyses on these inlet configurations using ANSYS CFX and obtain final
results
 Select the geometry that achieves the research objective

These are just few of the many important questions that need to be addressed while pursuing
the aforementioned objective. In addition to these questions, there are CFD related questions
that need to be answered, for instance, the mesh configuration, size of domain, solver
settings, etc.

2.2 Motivation

Based on the existing literature methods and results for embedded engine inlet performance
and design, there are large number of developments in the domain of BLI on a BWB. The
comparison of podded and embedded engine configurations still pose some questions
regarding which configuration produces better results, but embedded engines with BLI still
manage to show promising results for feasibility of this configuration.

However, tremendous improvements are required in the design for the inlets used in the
embedded engines. An improved design can always be achieved so long as it is capable of
achieving the desired research goals. In this case, these goals are simply to minimize losses
like distortion and loss of pressure recovery in the engine. Most of the literature that exists
sheds light on the effects of BLI, its feasibility and flow control techniques to improve
performance; however few researchers have dedicated their research towards the design of
inlets for embedded engine configuration on a BWB in order to minimize losses and
strengthen PAIL. With growing innovation in engine technology, improved designs are
desired for maximizing performance and efficiency and for this purpose; the current thesis
focuses on finding an optimum solution for the inlet design.

2.3 Scope

The current thesis work focuses only on the results obtained from the computational analysis
of the inlet configurations ingesting fuselage boundary layer. No use of any kind of flow
control is implemented in this project. The criteria and parameters affecting duct design are
listed in the following chapters and only the most important and relevant criteria are chosen
keeping in mind the timeframe within which the thesis had to be completed. Furthermore,
the fan (AIP) is not modelled with a negative static pressure for suction, but is modelled as a
circular plane with 0 Pa pressure using the pressure outlet boundary condition.




Background

This section consists of research work conducted in the past in the domain of embedded S-
Duct engines and BWB performance and design. Many researchers have tested embedded
engines on a BWB, both experimentally and computationally, to study their performance
characteristics. These studies give a detailed insight into the benefits and shortcomings of
BLI. Some of these studies also present different flow control techniques to minimize losses
incurred to the engine performance due to BLI.

3.1 Distributed Propulsion System

H.J.M Kok et al [24] conducted a study to test the effect of incorporating different number
of engines on a BWB on engine performance using numerical optimisation and a
commercial software to test gas turbine performance, GSP. Fig 11 shows an example of a
BWB featuring distributed propulsion system with BLI.

/ <P
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5
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Figure 11: BWB using distributed propulsion with BLI [24]

This study was conducted for 2 values of pressure recovery,m;_, = 0.95 and 0.97, for
incorporating 2% pressure loss resulting from S-Duct and increased pressure losses due to
flattening of the intake in the other case, respectively.

Another important parameter for engine cycle calculations is the ingested drag, D, . This is
explained by Lundbladh and Grondstedt [25] as “the momentum deficit in the air ingested
by the propulsion system corresponding to part of the viscous drag of the aircraft.” Smith [5]

proposed a parameter called the ingested drag fraction, D—";i, which is “a measure of the
amount of ingested drag as a fraction of the net propulsive force.”
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H.J.M Kok et al, from this study, obtained the following results, which are shown in Fig 12

and Fig 13:
Engines 3 3 4 4 8 8 12 12
Dy /T - 0.03 0.05 0.05 0.15 0.15 0.20 0.20
a2 0.99 0.97 0.95 0.97 0.95 0.97 0.935 0.97

Figure 12: Evaluated propulsion systems [24]
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Figure 13: Results of optimization as a fraction of non-BLI configuration [24]

H.J.M Kok et al concluded that the distributed propulsion system configuration with larger
number of engines (like 8 engines) shows around 2% benefit in fuel consumption over the
conventional configuration, but this benefit is cancelled by the associated increase pressure
loss. The 12 engine configuration did not show any fuel consumption benefit at all. The 3
engine configuration however, showed a 5% reduction in fuel consumption for a 2%
increase in pressure loss.

It was concluded that the potential of BLI is better for larger engines than for smaller
engines as the latter incur high losses in efficiency due to scale effects, which are larger
when compared to the benefits of BLI. Furthermore, it was also concluded that distributed
propulsion systems must be avoided and that the 3 engine embedded configuration shows
the most promising results for overall performance.




3.2 Studies Featuring Flow Control

As described in Section 1.2, S-Duct embedded engine configuration on BWB faces 3 major
challenges, namely distortion at AIP, loss of pressure recovery and secondary flow
formation. These challenges must be overcome if the feasibility of embedded S-Duct
engines has to be established. To achieve the goal of minimizing these losses, a number of
studies in the past have focused on flow control techniques. These techniques employ flow
control devices like Vortex Generators (VG), gas jets, fences, etc. in the inlet duct to
manipulate the flow in a way so as to obtain acceptable flow characteristics at the AIP. This
section focuses on such studies and their corresponding results.

3.2.1 Active Flow Control (AFC)

A large amount of literature exists on the feasibility of AFC in embedded S-Duct engines on
a BWB and their use in minimizing secondary flow losses and distortion at the engine fan
face.

One such study was carried out by Brian G. Allan et al [26]. This study assumes that
employment of AFC can reduce the distortion level of the inlet to a level that allows
acceptable engine operation. This embedded S-Duct engine with 30% BLI was tested in a
wind tunnel at Nasa Langley. High mass flow pulsing actuators were used as the AFC
device, which consisted of an electronically-controlled needle valve and the frequency could
be controlled from 20Hz to 200 Hz. This study compared the results of flow distortion and
pressure recovery for the baseline, passive flow control and AFC configurations.

For the baseline configuration without flow control, following result was obtained shown in
Fig 14:

Figure 14: Total pressure ratio contour plot without flow control, DC60 = 29% [26]

Pressure recovery calculated for this case was 0.997. It can be seen from Fig 14 that the
bottom part of the inlet experiences lower pressure ratios due to BLI. However, no flow
separation occurred inside the inlet as the S-Duct geometry considered in this study has a
low pressure gradient and Mach numbers are low.




For the configuration with AFC, following result was obtained shown in Fig 15:

Figure 15: Total pressure ratio contour plot with AFC, DC60 = 4.6% [26]

Pressure recovery for the case with AFC was also 0.997. The pressure recovery remained
unchanged, but the distortion levels were significantly reduced due to the application of
AFC. This improvement in flow distortion demonstrates the benefit of using AFC for
engines ingesting a significant amount of boundary layer.

Another study by Brian G. Allan et al [13] shows the effects of AFC using control jets on
circumferential distortion and pressure recovery in an embedded S-Duct inlet. These two
results are shown in Fig 16 and 17. It can be seen in Fig 16 that the distortion values are high
till a control jet mass flow ratio (MFR) of 0.75%. Above this level, the distortion begins to
decrease finally reaching a minimum distortion level at a control jet MFR of 2.6%. For
lower values of jet MFR, the bottom part of the AIP shows low total pressure regions, which
are a characteristic of highly distorted flow due to ingested low momentum boundary layer.
Whereas, the upper half of the AIP has high total pressure levels due to undistorted flow.
With increasing jet MFR, the secondary flow formation inside the S-Duct reduces and
distortion at AIP decreases.

Fig 17 shows that the pressure recovery reduces with increasing flow control. Generally,
pressure recovery is expected to increase as deficits of the flow are reduced. According to
Brian G. Allan et al, this unexpected decrease in pressure recovery is due to viscous flow
interactions between control jets and the oncoming flow causing loss of energy. It is
proposed that varying jet orientation might reduce these losses.
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Figure 17: Variation of total pressure recovery with control jet mass flow ratio using AFC [13]

Ronald T. Kawai et al [5] demonstrated the benefit of AFC for BLI inlets. He also reasoned
that elimination of separation due to AFC could enable shorter diffusers, which would result
in less weight and wetted area and hence lesser drag. Lesser drag results in lower fuel
consumption to generate equivalent thrust. This is shown in Fig 18.
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Figure 18: Potential fuel saving benefit of BLI with AFC [5]

3.2.2 Passive Flow Control (PFC)

Another widely used flow control technique to minimize losses associated with BLI in S-
Duct embedded engines is the PFC. PFC can be implemented using various devices like
VG’s, fences, diverters, diverter bumps, etc.

Amer J. Anabtawi et al [11] conducted a research on semi-circular ducts ingesting thick
boundary layers. To improve inlet performance, PFC was employed using VG’s of different
height, aspect ratio and shapes. Co-rotating VG’s were used for PFC as a number of
previous studies regarding VG pitch orientation [27] [28] [29] [30] have suggested that
vortices shed by co-rotating array of VG’s tend to have better wall attachment properties.

Anabtawi et al concluded that larger VG’s (larger height) resulted in a lower distortion level
than the base case (48.78% compared to 63.1% for base case). However, the pressure loss
coefficient, Cp.y,.- , increased when VG’s were used (19.82% compared to 18.73% for base
case) meaning the pressure recovery for the PFC case was lower than for the base case.

Fig 19 shows the variation of Cp,;,.. with DC60 when VG’s of varying heights are used for
PFC.
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Figure 19: VG effect on inlet performance [11]

Although VG’s tend to create additional pressure loss, studies have shown that VG’s are
able to decrease the loss in energy by changing the swirling direction thereby eliminating
separation while reducing the total distortion [30] [31].

Lee and Liou [32] conducted a study to re-design a flush mounted inlet with BLI using a
CFD based automated design process. This study also demonstrated the efficacy VG’s as a
PFC device. Boundary layer thickness of 30% of inlet height was assumed at a free stream
Mach number of 0.85 and a Reynold’s number of 3.8 million. For the CFD analysis, 3D
Navier Stokes RANS solver was used with k- SST turbulence model. This study
incorporated two design approaches. The first one was a shape design of the bottom surface
near the inlet entrance in order to prevent additional BLI. The second one used VGs to
reduce secondary flow formation inside the inlet duct. For the scope of this thesis, only the
second approach is useful since the current thesis does not focus on non-BLI cases. Fig 20
shows the mesh system used for analysis for BLI and VGs. Fig 21 shows the results of the
analysis comparing the inlet configurations with and without VG’s and with and without
surface design.

It is evident from Fig 21 that PFC through VGs reduces distortion as compared to non-PFC
configurations.
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Figure 20: Grid system for BLI and VG’s [32]

Total Pressure Contour
at AIP PR DPCP MFR

Baseline
wio VG . ' 0.5329 0.0596 0.9561
Surface | ‘

Design ‘ 4 0.5578 0.0298 0.9872
psoe 0.5016 0.0286 0.9617

wIVG . . )

VG Design @ 0.5081 0.0259 0.9672

Figure 21: Comparison of baseline and PFC cases [32]
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3.2.3 Hybrid Flow Control (HFC)

HFC is a novel flow control technique that uses a combination of AFC and PFC devices to
alter the inlet flow field in order to minimize losses associated with BLI.

A.N. Gissen et al [33] experimentally investigated the effectiveness of HFC as a means to
reduce fan-face total pressure distortion at M=0.55. The HFC comprised of tandem arrays of
passive (vanes) and active (synthetic) jets. Vane type VG’s are instrumental in controlling
separation in adverse pressure gradients [34]. This study selected synthetic jets for AFC
since they are easier to manufacture and eliminate the requirement for engine bleed. It was
concluded that HFC, AFC and PFC produce comparable results when distortion and
pressure recovery are considered.

A similar study [35] concluded that, although nearly similar, HFC produces higher reduction
in distortion as compared to AFC and PFC (an overall reduction of 35% at M=0.55).

3.3 Other Research Work Concerning BLI

Apart from studies regarding distributed propulsion systems and flow control, extensive
literature exists on the experimental, theoretical and computational analysis of simple
embedded S-Duct engine on a BWB without flow control, ingesting significant amount of
the fuselage boundary layer.

Larry W. Hardin et al [4] conducted a trade factor-based system study to identify the
benefits of BLI in fuel burn for generation-after-next (N+2) aircraft and propulsion system
concepts. Numerical Propulsion System Simulation (NPSS) computational model was used
for detailed engine cycle modelling. The results of this study are shown in Fig 22, which
shows the benefit in thrust specific fuel consumption (TSFC) for several architectures
(different aspect ratios, wake recovery parameter, R, percent of BLI, number of engines)
compared to theoretical limits.

Fig 22 shows that two of the configurations are capable of ingesting 11% of the total aircraft
drag and still show different TSFC benefits. Hardin et al reasoned that it has to do with the
axial position of the intake. Less drag was incurred by the forward positioned 3-engine
configuration. Hence it is a more desirable configuration than the 5 engine case from the
drag standpoint. The major goal of next generation propulsion systems is to provide
continued reductions in fuel burn. BLI provides significant improvements in propulsive
efficiency for these propulsion systems. Hardin et al also showed benefits on the order of
10% for N+3 configurations in their study.
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Figure 22: TSFC benefit for several architectures compared to theoretical limits [4]
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Generally, BLI is associated with two opposite trends; first is an increase in propulsive
efficiency due to lower inlet velocity and reduced ram drag and the second is a decrease in
cycle efficiency due to inlet distortion. Nevertheless, a good potential for fuel savings is
always evident [36].

A 2D computational analysis was conducted by Riti Singh et al [36] to identify the effects of
BLI propulsion system in transonic flow. This study investigates the effects of BLI on a
number of propulsion system design parameters like mass flow ratio (MFR), Mach number,
angle of attack (AOA), flow distortion, pressure recovery, etc. A distributed propulsion
system under a common nacelle over a BWB was considered for analysis and a structured
mesh was created in ANSYS ICEM CFD using RANS equations and k-o SST as the
turbulence model. Fig 23 shows the structured mesh of the model.

Figure 23: Mesh around the airfoil and engine [36]
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The solution let to the following results, which are shown in Fig 24, 25, 26 and 27:
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Figure 24: MFR influence on lift coefficient [36]
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Figure 27: MFR influence on Distortion coefficient [36]
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MFR is the ratio of the area of incoming streamtube of air to the geometrical throat area and
is given by equation (2.2):

w
MFR = i ==
A PVAL

As can be seen from Fig 24, increasing MFR increases the lift coefficient since high MFR
increases the suction upstream of the engine and creates a more favorable pressure gradient.
This reduces boundary layer thickness. Moreover, higher MFR creates higher acceleration
on the upper surface of the airfoil, which creates more suction and hence increase overall lift
coefficient.

fan

(2.1)

However, in Fig 25, lower MFR values tend to create flow reversal, thereby adding losses.
This is due to boundary layer growth at low MFR, since a recirculation region is created in
the pre-compression zone ahead of the inlet due to an adverse pressure gradient. Fig 26 and
27 show the influence of MFR on pressure recovery and distortion coefficient, respectively.
It can be seen that at low MFRs, due to large flow separation as describe above, pressure
recovery is reduced. On the other hand, large flow separation at low MFR reduces average
total pressure at the AIP and hence reduces the distortion which is evident in Fig 27.

Another study [38] focusing on the CFD analysis and wind tunnel testing of a BWB with
BLI nacelles confirmed the predicted improvements, due to BLI, in forces and moments
acting over the BWB. Catalano and Munoz [38] also tested a BWB configuration with BLI
nacelles to study the effects of engine-airframe integration and concluded an overall
efficiency increment of 25% as compared to a conventional aircraft.

Apart from computational and experimental research work, novel optimisation techniques
also offer an alternative for BLI inlet design as it effectively takes into account the strong
couplings between different systems. A Stanford University study by David L. Rodriguez
[14] focused on a multidisciplinary design optimisation method to design BLI inlets.
Rodriguez combined a Navier-Stokes flow solver, an engine analysis method and a non-
linear optimiser into a single design tool to address the coupling of the problem. Fig 28
shows the inlet design tool setup for the implementation of MDO scheme. The design
variables are passed to the flow solver from the optimizer. After modifications to inlet
shape, airframe shape and grid settings, required aircraft thrust (T) and inlet pressure

recovery (77,) are evaluated by the flow solver. Then, these values are transferred to the
engine simulator, where required airflow rate and fuel burn rate (m,) calculated. These

values are then returned back to the optimizer along with CIl, Cm, DC60 and the predicted
airflow rate. Using these values, the optimizer determines a new set of design variables
while satisfying the constraints and minimizing the objective function. The process is
iterated until an optimum solution is achieved. The design variables used for optimization
are shown in Fig 29.
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Figure 28: Setup of the inlet design tool [14]

Wariable Type Location
1 angle of attack entire aircraft
2 inlet back pressure cenﬂil;:az:gine
3 inlet back pressure mthﬂ;j_f:cgﬂineﬂj
4 linear wing twist nuﬂ:oar!:l wing
section
5 inlet length outboard nacelle
6 inlet length centerline nacelle
7 nacelle thickness centerline nacelle
8=10 | inlet/nacelle camber | centerline nacelle
11-12 inlet lower wall centerline nacelle
13-14 inlet junctionwall centerline nacelle
15 inlet upper/side wall | centerline nacelle
16 inlet upper wall centerline nacelle

Figure 29: Design variables used in the optimization for BWB [14]

Following the completion of optimization a number of useful results were obtained. These
results are shown in Fig 30. It is seen from the first plot that the fuel burn rate has been
reduced by approximately 4% of the baseline value. Reductions are also seen in the values
of drag coefficient and distortion coefficient. On the other hand, the centerline inlet pressure
recovery increased.
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Figure 30: Performance results of optimization [14]
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The values of these parameters are also shown in Fig 31 and the pressure contours on BWB
nacelles and at AIP are shown in Fig 32 and 33, respectively.

Performance Parameier Baseline |Optimized

Fuel Bum Rate {Ibvhr) 33 316ul

Lift Coefficient 050005 | 050000

Pitching Moment Coefficient | -0L11813 | -0.13000

Drag Coefficient 002974 | 0.02%05

Centerline Mass Flow Ermor CLCOONG | U002

Centerling Inlet Pressure
Recovery

Centerline Fan-face Distortion
(DC)

092717 | 054691

OU0E2Y | 010003

COutboard Mass Flow Error OO | CHLEDMCR 0K

COutboarnd Inlet Pressure
Eecovery

Outhoard Fan-face Distortion
(D)

096635 | 0.5666H3

014531 | 0.14517

Figure 31: Comparison of performance parameters for baseline and optimized BWB configurations [14]

Optimized
Figure 32: Comparison of pressure contours for BWB nacelles; baseline and optimized [14]

Bascline Optimized
Figure 33: Pressure contours at AIP for baseline and optimized BWB configurations [14]
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Fig 32 shows the elimination of the shock within the choked baseline inlet in the optimized
result, which has contributed to a decrease in drag and increase in pressure recovery seen in
Fig 31. Fig 33 also shows the improvement in pressure recovery for the optimized
configuration. The small pocket of low pressure on the top of the fan-face, caused due to
flow separation because of shock inside the choked baseline inlet, has been eliminated in the
optimized result.

Overall, the MDO scheme proved to be successful in producing promising results, however
the ability to reduce distortion levels appeared to be limited. This has been proposed to be
because of the design of baseline inlet. Even though, the method proved to be effective,
Rodriguez concluded it to be “too slow and not robust enough to apply in production mode”.

A number of other researchers [39] [40] [41] [42] [43] [44] have also attempted to study the
effects of BLI and S-Ducts on BWB aircrafts and conclude reasonably effective results and
feasibility in operation.
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Existing Inlet Parameterization
Examples

Design of the nacelle plays a crucial role in the performance of a propulsion system (as is
seen from the results of existing literature on inlet design). Especially, for integration on a
BWB and the issues arising due to the engine/airframe coupling, the design of the nacelle
becomes all the more important when BLI is taken into account. This section attempts to
look at some studies focusing on design and parameterization of the nacelle geometry.

4.1 Nacelle Geometry Definition

Riti Singh et al [36] have presented a detailed nacelle geometry definition using RAE2822
as the airfoil for the fuselage body with the engine nacelle located at the upper aft part of the
airfoil ingesting fuselage boundary layer. In this study, the nacelle is divided into forebody
and afterbody. In order to minimize length, midbody was not considered. Fig 34 depicts the
main geometry parameters defining the 2D nacelle.

Ls Lan

Figure 34: Nacelle geometry definition [36]

First, the design of forebody is considered, where dimensionless parameters, H,,, H,,..and
L, are used to define the geometry. The performance parameters of the nacelle are drag rise
Mach number, My, and critical mass flow ratio, MFR_,..,, for the onset of significant spillage
drag. Equations (2.2) and (2.3) give the relations for MFR_,;, and M, respectively:
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Here, H,, is the highlight height, H,,... the maximum height of cowl and L is length of the
forebody.

Next, the design of afterbody is taken into account, where a circular boat-tail profile is
considered. Equations (2.4), (2.5) and (2.6) show the relations for final boattail arc and the
radius of the nacelle:

(Hmax — Hg)

tan(/f;) ==

(2.4)

Bi =28, (2.5)

R =———~ (2.6)

sin(f3;)

Here, Hy is the nozzle height, L, is afterbody length, /3, is the chord angle, j; is the final
boattail angle and R, is the arc radius.

Finally, design of lip is considered, where an elliptic lip is used between the highlight and

the throat (H,;). Equations (2.7) and (2.8) give the relations between the semi-major and
semi-minor axes of the elliptical lip with highlight and throat height:

a=2b (2.7)
b=H,-H, (2.8)

Here, ‘a’ is the lip length and ‘b’ is its height.

The height of the lip, b, comes from equation (2.9), which gives the relation for contraction
ratio, Cr:
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= T O (2.9)
A, Hyg
Here, 4, is the highlight area and A4,;, is the throat area.
Equation (3.0) gives the relation for the length of the nacelle:
Ltot = I—f + Laft (3.0)

The study carried out by Riti Singh et al presents the nacelle geometry definition as
described above but does not consider many inlet performance parameters.

4.2 Inlet Design Parameters

Lemmens [7] carried out research on feasibility of embedded engines with BLI on AeroCity,
a part of which was the parameterization of the inlet and duct. Fig 35 shows the inlet and
duct design parameters used by Lemmens in his study.
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Figure 35: Inlet and duct design parameters [7]

The length of the duct, L, is considered as a design parameter. The steepness of the duct
curvature and internal surface area is determined by the length L. Lemmens reasoned that
the steepness of the duct has a large influence on the distortion level. The steeper the duct,
the shorter its length and higher secondary flows will lead to high distortion. On the other
hand, a longer duct would mean higher friction losses, which will lead to loss of pressure
recovery. So duct length has to be chosen carefully.

Another design parameter considered in this study is the inlet shape since it has a direct
influence on the amount of boundary layer ingestion. Following the conservation of mass at
the AIP, equation (3.2) was obtained, which gives the relation between the inlet area, 4;, and
the area at the AIP, 4;:
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m, = pVA (3.)

V
A=A % (3.2)

Lemmens introduced a design parameter, @, which he defined as the ratio of the inlet radii
(semi-major axis and semi-minor axis) shown in equation (3.3):

O = % (3.3)
1
A= Eﬂ-Ri D, (3.4)

Combining all these equations, Lemmens found the relations for inlet radii in terms of the
design parameter, @, as shown in equations (3.5) and (3.6):

R = E@AZ&V_Z

i 35
z Po Vo 49
2 PV,
D= [—A" 3.6
2@ " poVy 39

In this way, the design parameter, ®, comes to determine the shape of the inlet. If it is less
than 0, then the inlet will be higher and less wide meaning %BLI will be less. If it is equal to
0, then the inlet will be circular. If it is greater than 0, then the inlet will be wider and less
high meaning %BL1 is larger. This can be seen in Figure 35a.

1000
““-\ ——3=03
J ——&=0667
——d=13
M&
600 \-‘q —_— =2
= L T e e e T
E ) 599
Pi
400 — o A"
200 %O'%m
o SO rireps %T‘“IIIIIIIII%

0 200 400 600 8O0 1000 1200 1400

z [mm]

Figure 35a: Inlet shapes with varying @ [7]
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4.3 Design of Engine Inlet for JISD-1

Duncan Reijnen [45] carried out a detailed study into the design of S-Duct engine inlet at
Mcr=0.5 for J15D-1 engine. He divided the inlet design in internal and external nacelle and
described the parameters affecting the same. This study contains detailed parameterization
of the internal and external geometry inlet as well as parameters affecting the performance
of the inlet.

As the geometrical parameterization is already covered in Sections 3.1 and 3.2, this section
will only briefly describe the parameters affecting performance of S-Duct inlets. Reijnen
described the following parameters affecting performance in his study:

a) Contraction ratio

Pressure recovery directly depends on the contraction ratio since a correctly chosen
contraction ratio avoids flow separation and flow spillage. Reijnen showed in his results that
an increase in contraction ratio results in an increase in pressure recovery at taxi, take-off,
climb and landing speeds.

b) Lip sizing

Based on the survey conducted by Reijnen, it was found that the flattest pressure
distributions were identified for the lips with the largest radius at MFR near 1. However, at
lower values of MFR, it was found that lips with smaller radius had more uniform pressure
distribution. So, a careful design for the lip is required in order to minimize drag losses.

c) Inlet diameter ratio

Smaller inlet diameter generally has more uniform pressure distribution.

d) Inlet critical Mach number

The inlet design has to be such that the critical Mach number stays below the acceptable
value in order to prevent flow spillage and hence drag.

e) Angle of attack

The lip experiences higher pressure coefficient when the angle of attack is increased. This
plays a crucial role, when flow separation is considered. Very high angles of attack can also
lead to flow spillage.

The parameters described above are only a small part of a number of factors that influence
inlet design and performance. Reijnen’s research presents a detailed parameterization and
performance calculations for S-Duct inlet, which is of vital use to the current thesis project.
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Parameterization, Numerical
Modelling and Approach

This chapter focuses mainly on the design approach, parameterisation and numerical
modelling of the inlet configurations tested in the thesis. The first part of this chapter sheds
light on the criteria for S-Duct inlet design followed by the geometrical parameters that
affect the S-Duct design. After this, the parameters relevant to this thesis are chosen for
testing the influence of their geometrical variations on pressure recovery, distortion, etc.
results at the AIP. The combinations of these geometrical variations are formulated in the
form of a flowchart to show the number and type of tests performed to obtain the final
design. Also included in this chapter is an insight into the numerical modelling, mesh setup
and the parameters affecting the mesh topology. This is followed by a description of the
stages of testing performed. In addition to this, a section on validation is also provided to
present a verification for the results.

5.1 Criteria for S-Duct Design

While designing the embedded engine inlet, there are certain criteria that need to be kept in
mind. The inlet should be able to produce the following:

a) Low total pressure distortion at the AIP

b) High total pressure recovery at the AIP

c) High BLI for high wake recovery

d) Acceptable velocity at the engine fan-face for high pressure rise across compressor
e) Minimal secondary flow formation inside the S-duct

f) Low overall drag

As stated before, low total pressure distortion and high total pressure recovery are the major
success criteria for this thesis. In addition to these, it is important for the inlet to ingest as
much of the fuselage boundary layer as possible in order to minimize wake dissipation.
However, ingesting a large amount of boundary layer also implies a large pressure distortion
level at the AIP. These alternating pressure fields at the AIP cause non-uniform load
distribution over the fan and reduce the fatigue life of the blades. This means even though
ingesting a large amount of boundary layer can reduce wake dissipation and hence reduce fuel
consumption, it can also significantly affect inlet performance, which can in turn reduce the
potential benefits associated with BLI.
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One of the major functions of an inlet requires it to bring the airflow at an acceptable velocity
and angle at the fan face. A high inlet velocity implies an increase in ram drag, whereas a very
low velocity implies lower pressure rise across the fan. Because of the shape of the S-Duct,
another important factor to keep in mind is the formation of secondary flow inside the duct,
which affect inlet performance, so the design has to be such that it minimizes the formation of
these flows.

5.2 Parameters Affecting Duct Design

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

a) Inlet duct offset

b) Curvature of the two bends (spline shape)

c) Area Ratio (Fan area/Inlet throat area)

d) Aspect ratio of inlet (width of inlet face/height of inlet face)
e) Length of duct

f) Height of duct

g) 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 thesis is limited to testing by geometrical variations in length,
height and aspect ratio of the duct.

5.3 Parameterization of S-Duct

As a starting point for testing, major parameters that affect the geometry of an inlet are
discussed in the following section.

5.3.1 Main Geometrical Parameters for Inlet Design

The main geometrical variables for the design of the S-Duct are chosen as follows:

1. Aspect Ratio of inlet face (AR = a/b)

2. Length of duct (L)

3. Height of duct (H)

4. Contraction Ratio (CR = Anl/Aw)
5. Lip semi major-to-minor axis ratio  (m/n)

a) Aspect Ratio of inlet face

Aspect ratio directly relates to the shape of the inlet face. The percentage of boundary layer
ingested by the inlet is directly related to the aspect ratio of the inlet face. The testing in the
current thesis is conducted on semi-elliptical inlets. Hence, the aspect ratio of the inlet face
is defined as the ratio of the length of major axis of the inlet face to the length of semi-minor
axis of the inlet face as shown in Fig 36 and equation (3.7):
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Figure 36: Major axis length (‘a’) and semi-minor axis length (‘b’) for inlet face

a
AR = b 3.7)

Here, ‘a’ is the major axis length and ‘b’ is the semi-minor axis length of the inlet face.

This means, as the aspect ratio is increased, the inlet face becomes more elliptically wider
than higher and vice versa. Increasing the aspect ratio to a high value will mean a very wide
inlet with less height, which signifies a high distortion at the AIP due to very large amount
of BLI. On the other hand, a low aspect ratio would mean less distortion at the AIP, but also
less amount of BLI, which reduces the benefits associated with BLI. Therefore, an optimum
value for aspect ratio has to be selected keeping in mind a balance between the values of
these parameters.

b) Length of Duct

In addition to inlet aspect ratio, the length of the inlet is also a critical factor that affects inlet
performance. Hence, optimised selection of a value for length requires careful consideration
as well. For the same height, a longer length would mean that the boundary layer entering
the inlet will experience lesser adverse pressure gradient due to reduced slope of the lower
spline of the inlet. However, a shorter length would indicate a higher adverse pressure
gradient, which would create larger secondary flow formation at the second bend of the S-
Duct directly affecting total pressure recovery and distortion at fan face. On the other hand,
a higher length value implies a higher internal surface area, which will induce more losses
inside the boundary layer due to wall friction as compared to a shorter length duct. So, duct
length is a major design parameter in the selection of a high performance inlet configuration.

Fig 37 shows the definition of the length and height of an inlet configuration tested in this
thesis. Length (L) is the horizontal distance between the throat and the fan face. Height (H)
is the vertical distance between the center of the inlet face and center of the fan face.
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Figure 37: Definition of length and height of an inlet configuration

c) Height of Duct

As can be seen from Fig 37, the height of the inlet is parameterized from center of inlet face
to center of the engine fan-face. This means height of the duct would directly control the
formation of secondary flows inside the duct. Increasing the height will cause the ingested
low momentum boundary layer to separate more quickly due to higher adverse pressure
gradient at the bottom wall of the S-Duct. A lower height will make the separation more
gradual. Hence a lower height value is preferred for this case.

d) Contraction Ratio

Contraction Ratio is defined as the ratio of the area at the highlight (An) to area at the throat
(Awm) of the inlet. Contraction ratio affects pressure recovery. An optimum value of
contraction ratio helps avoid flow separation at the entry of the inlet. Fig 38 shows the

highlight and throat areas of the inlet.

Contraction Ratio (CR) is given by the following relation:

cr A

h
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Figure 38: Highlight area and throat area at upstream inlet

e) Lip semi major-to-minor axis ratio

Lip sizing is critical in improving pressure recovery and reducing spillage drag. This is
controlled by the ratio of the semi-major axis of lip ellipse, m, and the semi-minor axis of
the lip ellipse, n. A correct value of m/n will ensure no separation upstream of the throat and
hence a higher pressure recovery. Moreover, it is essential in accommodating a wide range
of inflow angles. Fig 39 shows the geometry of the nacelle lip and geometrical parameters
‘m’ and ‘n’.

m

Figure 39: Nacelle lip construction
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5.3.2 Calculation of Area Ratio
Equation (3.8) shows the relation for area of a semi-ellipse:

1
A=—rxX
27f y (3.8)

Here, ‘x” and ‘y” are the semi-major and semi-minor axes of the ellipse, respectively.

The calculations for finding out the area ratio of the S-Duct are carried out using Freuler’s
approach [2]. To do this, the 1-D isentropic Area-Mach relation is used, shown in equation

(3.9):
A, 1,2 1 ,\G
()= (= @+ L=m?) (39)
A M y+1 2
Assuming a fan Mach number of 0.6, ::E =1.188
And for a throat Mach number of 0.72, ﬁr =1.081
A _ 1.099~1.1
Therefore, =1.099~ L. (4.0)
A,
This means, Fan Area=1.1* Inlet area
”Dfanz
Now, Area of fan = 4

Engine dimensions are given and their values are as follows:

1. Diameter of engine fan =3.23m
2. Length of engine =4.75m

Using fan diameter value of 3.23m, area of fan is calculated to be 8.194 m?.

So, from equation (4.0), area of inlet throat is calculated to be 7.45m?.

Following this, based on the area ratio calculations, values for ‘a’ and ‘b’ for different aspect
ratios are obtained as shown in Table 1:
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Table 1: ‘a’ and ‘b’ values for different aspect ratios for area ratio = 1.1

Aspect Ratio, AR ‘a’ (in meters) ‘b’ (in meters)
1 3.08 3.08
1.25 3.443 2.754
1.5 3.772 2.514
1.75 4.074 2.328
2 4.356 2.178
2.5 4.87 1.948

Based on the values for ‘a’ and ‘b’ shown in Table 1, their corresponding aspect ratios are
tested to understand the effect of variation of aspect ratio, and hence percentage of BLI, on
the total pressure distortion and total pressure recovery at the engine fan face. An optimum
value of inlet aspect ratio will be an instrumental factor in improving inlet performance.

Table 2 shows all the values of aspect ratio, length and height of duct tested in this thesis. A
combination of these values will determine the most optimum S-Duct inlet configuration.
Afterwards, some more inlet configurations are tested to further improve results.

Table 2: Values of geometrical parameters for testing

Aspect Ratio (AR) Height of Duct (H) Length of Duct (L)
1 1.5m 4.85m
1.25 1.052m 5.65m
15 0.7m 6.46m
1.75 0.3m 7.27Tm
2
2.5

5.4 Operating Conditions

Table 3 shows the operating conditions that were used for the simulations:

Table 3: Operating Conditions

Flight Regime Cruise
Altitude 10000 m
Mach Number 0.82
Free-stream Velocity 279 m/s
Density of Air 0.41 kg/m"3
Dynamic Viscosity of Air 0.0000147 Pa-sec
Heat Transfer None
Molar Mass of Air 29 kg/kmol
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5.5 Numerical Modelling: Governing Equations

The software used for solving the equations governing the flow and the subsequent analysis
was ANSYS CFX. The underlying numerical algorithms are solved for a number of
boundary conditions to capture the flow physics inside the inlet. The following section
provides an elaboration on the description of flow equations and turbulence modelling.

5.5.1 Reynolds Averaged Navier-Stokes (RANS) equations

The flow of air through the inlet is governed by the 3 fundamental laws of conservation:
a) Conservation of Mass: Mass can neither be created nor destroyed during the process

b) Conservation of Momentum: For two objects in a closed system, interacting with each
other, the total momentum is constant. From Newton’s third law perspective, the
momentum lost by one object is equal to the momentum gained by the other.

c) Conservation of Energy: Energy cannot be created nor destroyed in an isolated system.
This means that the total energy of an isolated system remains constant.

The mathematical manifestation of these laws is given by the Continuity equation,
Momentum equation and the Energy equation. More commonly known as the Navier-Stokes
equations, they require discretization for smaller volumes and cannot be solved directly.
This discretization method is known as the Finite Volume Method, which is also the
underlying discretization approach in the CFX software package. Different types of
elements such as hexahedrals, prisms, tetrahedrals, wedges are used to create the
unstructured domain [46]. The Navier-Stokes equations are shown in equation 4.01
(Continuity Equation), equation 4.02, 4.03 and 4.04 (Momentum Equations) and equation

4.05 (Energy Equation).
op
E+V.(pbfV)=0 (4.01)
a(/Ou) +V(puv):_@+pfx (402)
ot OX
%W_(pvv):_%pwfy (4.03)
W) v (pwivy=-L 4 ot (4.04)
0 0z
d V? Ve . 0(up) _o(vp) _o(wp)
o L +v. —W]=pg- - - fVv 4.05
at[,0(9+ > )1+ V.[o(e+ 2) 1=p¢ x oy 5 P (4.05)

In the equations shown above, t is time p is the density of air, u velocity in x-direction, v is

velocity in y-direction, w is velocity in z-direction, f is body force, V is the velocity vector
and p is the pressure.
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5.5.2 Turbulence Modelling

Various kinds of turbulence models are available for accurate approximation of the complex
flow phenomenon namely Spalart-Allmaras model, k-¢ model, k-® model and the Shear
Stress Transport (SST) model. k-¢ model is a more widely used turbulence model that
relatively accurately captures the boundary layer flow, accounts for compressible and
viscous effects. Standard k-¢ model was used for modelling the turbulence for the inlet
testing.

The k-& model consists of 2 transport equations which describe the turbulence:

e Turbulent Kinetic Energy (k)  : determines the energy in the turbulence
e Turbulence Dissipation Rate (¢): determines the rate of dissipation of the turbulent
kinetic energy

5.6 Mesh Topology

In the first phase of the thesis, the geometry and grids were created using Reinier’s code
written in ParaPy language [50], since a large number of geometries and grids were required
to test the influence of geometrical parameters on results and study the flow physics inside
the ducts. In the second phase of the thesis, geometries were created using splines in CATIA
and the unstructured meshes were created in ICEM CFD. Varying combinations of length,
height and aspect ratio cases were tested to analyse the influence of these geometrical
parameters on the results at the AIP. The following sections will elaborate on the general
factors that affect mesh topology, the mesh topology of the inlet configurations and
boundary conditions.

5.6.1 Factors Affecting Mesh Topology

There are a number of parameters that affect the topology of a grid. Based on variations in
the values of these parameters, factors like grid size, number of elements, quality of a mesh,
etc. are affected. These parameters are described as follows:

1. y-plus (y*): It is known as the non-dimensional wall distance and is described by
equation (4.1):

y =
MU
Here, 4 is the dynamic viscosity of air, 7, is shear stress and p is the density of air.

It is physically the distance in the boundary layer from the wall to the end of the layer
closest to the wall. The main reason for using the wall function is because there are lack
of mesh points near the wall region. A smaller value of y-plus signifies a finer mesh in
the region. If y-plus value is increased, the nodes in the layer closest to the wall increase
in thickness and hence make the mesh coarser, which makes it difficult to capture the
flow characteristics accurately in the boundary layer region.
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2. Local edge length: It is the length of the mesh cells at the walls. Decreasing the local
length increases the number of elements in the mesh as the wall region is now divided
into more number of nodes and each node increases from wall region to core region
through a growth rate (described in the next point). Similarly, increasing the local length
makes the mesh coarser and decreases the number of elements in the mesh.

3. Growth rate: It is the rate by which the element thicknesses grow from the wall to the
core region (in the s-duct in this case). The S-Ducts tested in this thesis are meshed fine
near the walls and coarser in the central core region. The smaller nodes at the walls grow
by a certain rate in thickness towards the core region. Growth rate affects the number of
elements in the mesh like the local edge length. Decreasing the growth rate signifies
higher number of elements. A low value of growth rate implies very fine mesh near the
walls and very coarse mesh in the core region. This growth of cell sizes from wall region
to central core region can be seen in Fig 40:

Figure 40: Mesh topology at the inlet face

4. Fineness: This is the growth rate of the unstructured core region. The mesh in the S-
Ducts is structured at the walls and divided into a number of layers and the core region
in the center has an unstructured mesh. Increasing the fineness increases the number of
elements in the core region. However, increasing the fineness in the core region can also
increase the skewness of the first tetrahedral elements closest to the layer farthest from
the wall. This might affect mesh quality and hence the accuracy of the results.

5. Number of layers: The structured wall region is divided into a number of layers to
capture the thick boundary layer being ingested into the intake. Most cases tested in this
thesis consist of 17 layers near the wall region. This is an important factor when the flow
characteristics at the wall region are significant. In this case, a thick boundary layer is
ingested inside the inlet and to accurately capture the boundary layer ingestion, a certain
number of layers are created in the structured wall region. These layers are shown in Fig
41.
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Figure 41: Layers in the structured wall region at the bottom part of the inlet face

5.6.2 Mesh Topology of the Tested Inlet Configurations

The mesh used in this thesis is a hybrid mesh with structured wall region and unstructured
core region containing approximately 600,000 elements for the smallest duct and as the
length, height and aspect ratio increased, the size of the domain also increased, thereby
increasing the total number of elements. It can be seen from figures 40 and 41 in previous
section and also Figure 42 that the wall region of the inlet is meshed using prismatic layers
containing tetrahedral elements and the core region is an unstructured region with triangular
cells. This was mainly done in order to capture the boundary layer ingestion as accurately as
possible. Since there is significant ingestion of fuselage boundary layer through the inlet, a
structured wall region would accurately describe the flow inside the S-Duct.

Figure 42: Mesh topology for an inlet configuration

In addition to creating the mesh, checking the mesh quality provides vital information about
the sensitivity of a mesh to divergence. An unstructured mesh is good for handling complex
configurations, whereas a structured mesh is generally better in terms of quality. When the
grid lines are aligned with the flow, the accuracy of the solution is enhanced.
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Mesh quality is mainly described by 3 factors:
e Aspect ratio
e Skewness
e Smoothness
ICEM CFD provides some options to smoothen the mesh for better mesh quality. A number

of smoothing iterations were given to every mesh to improve the quality. The 3 factors
affecting mesh quality are shown in Fig 43 for clarity.

smooth change large jump in
in cell size cell size

a) Smoothness

optimal (equilateral) cell

circumcircle

actual cell

b) Skewness

aspect ratio = 1 high-aspect-ratio quad
aspect ratio = 1 high-aspect-ratio triangle

c) Aspect ratio

Figure 43: Factors defining mesh quality [47]

50




5.6.3 Boundary Conditions

The boundary conditions for the inlet configurations are defined as follows:

a) Inlet: The entry of the S-Duct at the semi-elliptical face (shown in Fig 42) 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 and applied as inlet to the
semi-elliptical entry face of the inlet.

b) 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.

c) 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
boundary condition assumed is a no-slip conditions. This means that the fluid velocity at
the boundary, will be zero. In other words, it dictates the presence of boundary layer.
Hence the velocity increases from zero at wall region to a finite value at core region.
Also, there is no normal flow at the boundaries (Neumann boundary condition).

5.6.4 Geometry and Mesh Generation using ParaPy

As mentioned in the introduction of Section 5.6, the first phase of the thesis required
generation of a number of geometries and meshes to be tested, which was not possible using
CATIA or ICEM CFD. Codes were written in ParaPy language by Reinier [50] [Appendix
F] to generate these geometries and grids.

The ParaPy language is a high level form of Python programming language, which serves as
the knowledge based engineering framework for Python. ParaPy makes easy the
development of software tools for automation of routine engineering tasks, which otherwise
require large amount of time like CAD modelling, grid generation, CAE pre-processing and
multi-disciplinary design optimization (MDO). However, these are only some of the many
applications of ParaPy. ParaPy makes it straightforward to codify generic, parametric
engineering models and succeeds in capturing the engineering intent behind these models.
Since ParaPy is being built on top of Python, it uses a number of Python’s intrinsic features
like readability, a large community, a vast range of built-in and 3rd-party libraries and
online resources. ParaPy replaces the manual drafting in CAD softwares by using the
industrial grade open source OpenCascade geometry kernel, which allows the automations
of the generation of 3D geometries by coding. In addition to this, integration with the
Salome meshing suite provides the automatic generation of grids for the created geometries
to be fed into solvers for analysis. Any changes in the geometry or grid are automatically
updated by intelligent caching and dependency tracking algorithms. ParaPy provides a high
level of flexibility and generalization to the geometries and grids it generates. This allows it
to serve as the central design representation that is used by other discipline-specific
simulation tools to retrieve information from during MDO studies [50].

51




Figure A shows a standard S-Duct model created in ParaPy using only 134 lines of code

[See Appendix F]. The duct shown in this figure has a length of 4.85m, height of 0.3m and
an inlet aspect ratio of 1.75.

Figure B shows the hybrid grid generated using ParaPy for the model shown in Figure A
using only 53 lines of code [See Appendix F]. The grid comprises nearly half a million cells,
a structured boundary layer region with 17 layers to accurately capture the boundary layer
ingestion effect and an unstructured core region.
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Figura A: S-Duct model generated using ParaPy [50] ‘
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Figure B: Grid gené-rgted using ParaPy [50]

5.7 Testing Procedure

The entire testing procedure is divided into 2 stages. The first stage concerns the CFD
analysis of a 3D BWB aircraft and the second stage comprises of inlet configuration testing.
These 2 stages are described in detail in the following sub-sections.
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5.7.1 First Stage

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 ducts tested in Stage 2 of testing.

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 44 and 45 show
the BWB aircraft in clean configuration and applied velocity profiles at the inlets of the
ducts, respectively.

Figure 44: BWB in clean configuration (without engines)

Figure 45: Velacity profile applied as inlet to S-Duct
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5.7.2 Second Stage

A large number of simulations were carried out based on combinations of varying aspect
ratio, height and length of the inlet to accurately determine the effect of these parameters on
the results. Initially, the tests were only carried out specifically for S-Duct inlets. However, as
the testing progressed, new configurations were investigated

First, the tests were carried out for the shortest duct length (4.85m) and a given height value
(1.052m) and changes were only made in the value of aspect ratio so that the influence on
results would be only due to the sole effect of aspect ratio. As shown in Table 2 in Section
5.3.2, 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 boundary layer ingestion
increased. Variation in aspect ratio is critical in understanding the actual effect of increasing
percentage of BLI. Furthermore, as discussed before, increasing the aspect ratio also reduces
wake dissipation as larger amount of the aircraft wake is being ingested.

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

5.7.3 Other Configurations Used For Testing

In addition to S-Ducts, 3 other configurations were investigated to understand the flow
physics inside the inlet to a higher level and also to understand if the results improve as a
consequence of these configuration changes. The standard S-Duct and the 3 new
configurations are shown in Figure 46.
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Standard S-Duct Reverse S-duct

Zero Height S-duct Duct with adverse gradient for both free-
stream and BL

Duct with zero gradient for BL
Figure 46: Different configurations used for testing

The standard S-Duct is a configuration that came as a result of the testing in second stage
(described in Section 5.7.2). The other configurations included reverse S-Duct (to check the
effect of accelerating boundary layer), zero height S-Duct (with centers of the inlet and outlet
on the same horizontal location), an inlet with fan directly in front of the inlet so there is
adverse pressure gradient both for the boundary layer and freestream and finally, a duct with
no gradient for the ingested boundary layer. The reason for doing this is elaborated in detail in
the next chapter (Results). Some final changes were made to these configurations at the end to
obtain the final design. The analysis of the final design is also presented in the next chapter.

To compile all the stages of testing for a better understanding, Fig 47a shows the overall
framework of the testing procedure.
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Figure 47(a): Framework for testing
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5.8 Validation

There have been a number of studies conducted in the field of BLI on a BWB as is described
in detail in the previous chapters. The research work carried out for this thesis is focussed
only on the computational analysis of the effects of BLI on inlet performance on a BWB.
Since no experimental simulations were conducted, it is not possible to validate the results
for the same geometry used in this thesis. However, research work carried out in the past
presents a number of results that can be used to validate the results of the current thesis
work. The 2 major parameters that are chosen as criteria to judge inlet performance are total
pressure recovery and total pressure distortion.

A.P. Plas [8] presented a paper on the performance of an embedded propulsion system with
BLI. At similar operating conditions as in this thesis and using an S-Duct inlet, following
results were obtained from the analysis shown in Figures 47b and 47c.

BLI | PR | DC(60) | Contours of P,
'lb
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20% | 0.955 | 0324
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59% | 0915 | 0512
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Figure 47(b): Effect of %BLI on PR and DC(60) [8]
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From Figure 47b and the plots of pressure recovery and distortion coefficient variation with
%BLI, it can be seen that the pressure recovery and distortion coefficient results for this thesis
show comparable values to those of A.P. Plas [8].

HEE E |
Figure A2. Total pressure contours at different sections (left) and fan face (right), PR = 0.946.

Figure 47(c): Flow Development inside the S-Duct [8]

Figure 47b shows the effect of increasing BLI on inlet performance. It is seen that increasing
the BLI decreases total pressure recovery for a constant duct height, inlet aspect ratio and
duct length and the distortion coefficient value increases significantly.

A similar study conducted at NASA by B.L. Berrier [17] produced the following plots for
total pressure recovery and the circumferential distortion descriptor DPCPavg.
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Figure 47(d): Variation of Pressure Recovery with M [17]
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Figure 47(e): Variation of Circumferential Distortion Descriptor with M [17]

Figures above show that the pressure recovery vary from 95.5% to 99.5% approximately as
the Mach number is varied from 0.25 to 0.85. The Mach number used in the current thesis
work is 0.82 for the free-stream. Judging from the plots above, a pressure recovery value of
nearly 96.5% is achieved by B.L. Berrier for M=0.82, which is comparable to the results of
the current thesis. For different duct configurations, the present thesis work produced results
of pressure recovery ranging from 95% to 98%.

B.H. Anderson [49] came up with the results shown in the following figures for total
pressure recovery and DC(60) at 0 angle of attack and a throat Mach number of 0.7. These
figures clearly show the value of DC(60) reaches around 45% for Mt=0.7 and AOA=0
degrees.
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Figure 47(f): Variation of DC(60) with angle of incidence [49]
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The plot above shows the results for the current thesis. It is seen that the inlet with AR=1.75
has a DC(60) value of approx. 43%, which is comparable to Anderson’s DC(60) value of
45% for O degree angle of attack and throat Mach number of 0.7, which is also seen in
Figure 47g.
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Figure 47(g): Variation of DC(60) with throat M [49]

These results in addition to the ones provided in the first four chapters provide a basis for
validation of the results obtained in the current thesis work. However, accurate validation
can only be performed if experimental tests are conducted on the scaled model of the BWB
used in this research work.
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Results

This chapter focuses on the results obtained from the various simulations conducted as
described in the previous chapter. First part of this chapter deals with the results of the
testing conducted in Stage 1 as described in Section 5.7.1. The second part of this chapter
provides an analysis of the results of the testing conducted in Stage 2 as described in Section
5.7.2. Following this, discussion of the results of testing on other configurations and nacelle
lip is presented. After analysing these results, some variations are made in the geometry of
the inlet to further minimize losses and obtain a final design.

6.1 Clean Blended Wing Body

As shown in Fig 44, Stage 1 of testing comprised of flow analysis of a BWB in clean
configuration in order to obtain 3D velocity profile over aft fuselage, where the inlets will be
embedded. This was mainly done to shorten the computational time and the required
computational power. The length of the BWB fuselage is approximately 46m. Since four
length cases were tested (L = 4.85m, 5.65m, 6.46m and 7.27m), four velocity profiles were
required from the BWB results. The location of the engine was fixed at the end of the
fuselage based on the dimensions of the engine provided. This meant that the semi-elliptical
entry face of the inlet with L=4.85m will be more aft on the fuselage upper surface as
compared to the entry face of the inlet with larger length, L=7.27m. So, the velocity profiles
at different x-locations were different in magnitude. This also means that the Mach number
at the entry of the inlet with L=7.27m will be larger as compared to the one with L=4.85m
because of higher skin friction losses in the latter case since the flow traverses a larger
distance over the fuselage in the case of L=4.85m.

Since the model of BWB is symmetric about the length of the fuselage (roll-axis), only half
the geometry was meshed using a symmetry plane. The BWB model was meshed using an
unstructured grid containing approximately 2.5 million elements with fine meshing near the
wall of the BWB to capture the boundary layer flow accurately. Figures 48 and 49 show the
3D computational domain around the BWB and the zoomed in view of the BWB near the
symmetry plane, respectively.
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Figure 48: 3D computational domain around the BWB with unstructured mesh
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After the meshing was complete, boundary conditions were defined in the setup cell of
ANSYS CFX Workbench. The BWB shown in Fig 49 was defined as wall with no-slip
condition, symmetry was defined for the symmetry plane also visible in Fig 49 and inlet
condition was defined for the rest of the boundary shown in green colour in Fig 48.
Operating conditions for cruise were also inputted taking into account that the BWB will
operate at cruise conditions (shown in Table 3 in Section 5.4). Following this, the solution
was run. No convergence criteria was given and the solver was run until the residuals of
mass and momentum stopped varying. The solver ran up till approximately 1600 iterations.
This is shown in Fig 50.
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Figure 50: Mass and momentum residual history for clean BWB

Following this, results were obtained in the post-processor. The main objective of this
simulation was to obtain the velocity profiles over aft fuselage. Fig 51 shows the velocity
distribution over the BWB at the symmetry plane.

Figure 51: Velocity distribution over BWB
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It can be seen from Fig 51 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 (wake) becomes thicker.
Fig 52 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.
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Figure 52: Velocity profile over aft fuselage of clean BWB

6.2 Influence of Inlet Aspect Ratio and BLI

First, the inlet aspect ratio was varied keeping the length and height of duct constant at
L=4.85m and H=1.052m. The shortest length duct was chosen for the initial testing in order
to save computational time for tests that required understanding of the effects of aspect ratio
and height on results. The inlet aspect ratio has a critical influence on the results as it
dictates the amount of boundary layer ingested, which affects pressure recovery and
distortion. As described in Section 5.3.1, a high aspect ratio indicates a wider and less high
inlet, which means higher boundary layer is ingested into the intake. Consequently,
distortion at the AIP increase due to higher low momentum flow being ingested. These
effects are described in detail in this section.

These velocity profiles obtained from the clean BWB results were applied to the inlets with
varying length, height and aspect ratios. Fig 53 shows the velocity distribution at the inlet
faces for ducts with different aspect ratios.
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Figure 53: S-Duct inlet faces for different aspect ratios showing BLI

It is evident from Figure 53 that the higher the aspect ratio, the higher is the percentage of
BLI as compared to free-stream. Figure 54 shows the variation of %BLI with increasing
aspect ratio. The method for calculating %BL1 is adapted from Lemmens [7].
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Figure 54: Variation of %BLI with increasing AR
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6.2.1 Total pressure and x-Velocity Results at AIP

The testing was carried out on the S-Ducts for varying aspect ratios starting from AR=1. Fig
55 shows the results of total pressure and x-velocity obtained at the engine fan-face or AIP
for AR=1.

AR=1

Figure 55: Total pressure and x-velocity contours at AIP for AR=1

Fig 55 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 mometum boundary layer,
which easily separates and causes a region of recirculation. Since the freestream flow on the
upper part of the S-Duct experience a favorable pressure gradient, it accelerates and a low
static pressure region is created on the upper part. This low static pressure region 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 56. The distorted total pressure distribution at the AIP
will cause non-uniform loading of the fan, which can lead to vibrations of the blade and
blade stall. Therefore, it is important to understand the cause of these secondary flows and
make design improvements to minimize their formation.

Figure 56: Tangential flow at the AIP
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Fig 56 shows the negative velocity in the region of recirculation going as low as 2.07 m/s 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 accelerates at this part, Fig 57 depicts the streamlines over
the x-velocity contours to show flow acceleration and point of separation.

Figure 57: 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 Figure 53). 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 boundary layer ingestion. 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 58 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 Figure 58 can be reduced
with careful selection of the aspect ratio value, by reducing height of duct, etc. which will be
discussed in this chapter.
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Figure 58: Mid-plane view of S-Duct (AR=1) showing recirculation region

To show the difference in upper spline curvature of S-Duct, Figure 59 shows the mid-plane
view of the S-Duct with AR=2.5 (widest inlet with shortest semi-minor axis length).

Figure 59: Mid-plane view of S-Duct with AR=2.5 showing recirculation region

It can be seen from Figure 59 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 for AR=2.5 duct is not as low as for AR=1 duct. Therefore, the
lowest value in the recirculation region in Figure 59 (-16 m/s) is less than in Figure 58 (-28
m/s) because the static pressure in the duct with AR=2.5 is not low enough to lift the
boundary layer on the bottom wall to a considerable amount. However, aspect ratios as large
as 2.5 are not desirable due to high pressure loss because of large ingestion of fuselage
boundary layer and hence %BLI.
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Total pressure and x-velocity results at the AIP for other inlet aspect ratios are shown in
Figure 60 (a). It is evident that with increasing aspect ratio, the upper limit of x-velocity
reduces due to reduced duct upper spline curvature, which in turn causes lower negative
velocity on the bottom region of the s-duct as explained before.
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AR=2.5

Figure 60(a): Total pressure and x-velocity contours at AIP for different inlet aspect ratios

Figure 60(b) displays the variation of mass averaged Mach number at the AIP for different
aspect ratios.
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Figure 60(b): Variation of Mach number at AIP for different aspect ratios
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6.2.2 Total Pressure Recovery at AIP

Pressure recovery is an important criteria 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 for the flow, formation of secondary flows in the duct due to flow
separation, high vorticity in the boundary layer, increased turbulence, etc. Pressure recovery
is defined in equation (1.8) in Section 1.2.3. Pressure recovery factors for general aviation is
expected to be between 90% and 98% [23]. This is mainly because general aviation aircraft
mostly fly at transonic Mach numbers, which can cause high pressure loss in the duct.

Figure 61 shows the variation of total pressure recovery with increasing BLI. The difference
in the 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, 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).
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Figure 61: Variation of Pressure Recovery with %BLI

Large amount of low momentum boundary layer is more turbulent than the free-stream and
separates quickly inside the S-Duct and causes larger secondary flows affecting pressure
recovery at the fan-face.
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6.2.3 Distortion at AIP

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 Figure 62, where the
distortion coefficient, DC(60), increases with increasing aspect ratio till AR=1.75. After this,
the DC(60) value starts to decrease. This is mainly attributed to the fact that at very high
aspect ratios, very large part of the engine fan-face is covered with the vortex pair.
Therefore, the pressure loss is now spread over a major part of the AIP and not just at the
bottom of the duct.

For AR=2 and AR=2.5, the pressure loss between the top and bottom part of the S-Duct is
very small because of which, the distortion value reduces but the pressure recovery reduces
as well since large part of the AIP is covered with the vortex pair, which reduces total
pressure at the AIP and hence pressure recovery.
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Figure 62: Variation of DC(60) with aspect ratio

Although the distortion value is high, design changes in the later sections will significantly
improve the results. The pressure recovery for AR=1.75 was the highest at 97.01% with a
poor DC(60) value of 41%. The distortion levels of other aspect ratios are not very
significantly lower. Hence, the gain in pressure recovery is prioritized over high distortion
value.

In addition to this, Fig 60 (b) shows that the mass averaged Mach number obtained at the
AIP for AR=1.75 is nearly 0.6, which is more acceptable than lower aspect ratios that reach
up to a Mach number of 0.66. Therefore, AR=1.75 is chosen for further testing of the inlets
for variation in height and length.

72




6.3 Influence of Duct Height

As described in Section 5.3.1, the duct height is parameterized from center of the inlet face
to center of the fan-face or AIP. This means that as the duct height increases, the formation
of secondary flows will be magnified. This can be attributed to the adverse pressure gradient
at the bottom wall of the duct causing flow separation and also due to the flow acceleration
on the upper wall of the duct due to higher curvature of the spline caused by increased
height, which in turn causes vortex pair formation due to low static pressure region at the
upper wall. For constant inlet aspect ratio and length, an increase in the value of height will
most certainly reduce pressure recovery and increase distortion at the AIP. Fig 63 shows the
total pressure and x-velocity contours at AIP for variation in height.

The contour plots make it evident that for highest value of height (1.5m), the region of
recirculation is the largest and as the height is decreased, the blue region becomes smaller.
This is mainly because with decreasing height, the adverse pressure gradient of the bottom
wall of the S-Duct reduces and separation becomes more gradual than sudden. Hence
separation is delayed and pressure recovery increases, which is seen in Fig 64.

H=1.5m




H=0.7m

Figure 63: Total pressure and x-velocity contours at AIP for variation on duct height

Fig 64 shows the variation of pressure recovery with increasing height. The trend predicted
above is seen in Fig 64. The pressure recovery value reduces from 97.7% to 96.4%.
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Figure 64: Variation of pressure recovery with duct height
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The effect of variation in duct height also influence 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. Fig 65 shows that there is approximately a 15% increase in the value of
DC(60) as the height increases from 0.3m to 1.5m. Naturally, the lowest height value is
preferred for further testing. Hence, H=0.3m is chosen as the preferred height value for
further testing with variation in duct length.
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Figure 65: Variation of DC(60) with duct height

6.4 Influence of Duct Length

Length of the duct plays a crucial role in the overall performance of the inlet. 4 different
duct lengths were tested ranging from 4.85m to 7.27m. It becomes clear that the non-
uniformity in flow will be larger for lower duct length. This is because in this case, the flow
traverses a larger distance over the fuselage before entering the inlet and hence suffers more
losses as compared to when it enters a longer length duct. However, for a long duct length,
the pressure losses will be more than for a shorter duct length due to higher wetted surface
area of the duct for the former case. Fig 66 shows the total pressure and x-velocity contours
at the AIP for variation in duct length.

It is quite clear from Fig 66 that the total pressure on outlet decreases as the duct length
increases. As discussed before, this is mainly due to pressure losses because of higher
wetted surface area for longer lengths. This in turn means that the pressure recovery will get
reduced as the length of duct is increased. Fig 67 shows how the wetted area of the duct
increases with increasing duct length.
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Figure 66: Total pressure and x-velocity contours at AIP for variation in duct length
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Figure 67: Variation of duct wetted area with duct length

The variation of pressure recovery with increasing duct length is shown in Fig 68. As
described before, the decreasing pressure recovery is attributed to increased wall friction due
to higher wetted surface area of the longer ducts. The shortest duct with L=4.85m performs
best with a pressure recovery value of 97.7%, which means that the pressure loss in this duct
is only 2.3%.
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Figure 68: Variation of pressure recovery with duct length

Fig 69 shows the mid-plane views of the different length cases to show the separation areas
and the values of the negative velocities.

L=4.85m L=5.65m

L=6.46m L=7.27m

Figure 69: Mid plane views for increasing duct lengths
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Fig 69 shows that the separation inside the S-Duct becomes more gradual and decreases
quite signinficantly for the largest length duct. However, the value of negative velocity is
also quite high for this case due to high in the boundary layer caused by wall friction. So,
even though a smaller area of the fan is affected by the recirculation region for the larger
length case, the value of x-velocity and total pressure significantly less and causes high
pressure difference between the upper and lower part of the AIP.

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 mometum
boundary layer imparts low pressure. This difference in pressures gives rise to a large
distortion value for the longer ducts.

From Fig 70(a), it is evident that the shortest duct gives the best performance with a DC(60)
value of 28%. This will be further reduced in later sections after design improvements.

4 4.5 5 5.5 6 6.5 7 7.5

L (in m)

Figure 70(a): Variation of DC(60) with duct length

From the conclusions on length, height and inlet aspect ratio results, so far the inlet with best
performance (PR = 97.7% and DC(60) = 28.45%) has the following dimensions:

1. H =0.3m
2. L =4.85m
3. AR=1.75

Figures 70(b) and 70(c) show the flow development and streamlines inside the s-duct
obtained from testing, respectively.
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Figure 70(b): Flow development inside the S-duct obtained from testing of geometrical parameters

Figure 70(c): Streamlines inside the S-duct obtained from testing of geometrical parameters

6.5 Influence of Other Configurations

So far, a high value of pressure recovery has been achieved. However, the distortion levels
can be further reduced if the recirculation region in the duct is eradicated. Therefore, further
design improvements are required. Fig 46 in Section 5.7.3 shows the configurations that
were tested to check if there is an improvement in the results. The description of these new
configurations is also given in the same section. The main requirement is to improve
distortion levels and minimize secondary flow formation. Keeping this in mind, Fig 71
shows the total pressure and x-velocity contours at the AIP for different configurations.
Figures 72 and 73 shows the pressure recovery and distortion values for the same.
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Figure 71: Total pressure and x-velocity contours at AIP for different configurations
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Figure 72: Pressure recovery for different inlet configurations
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Figure 73: DC(60) for different inlet configurations

In Figure 71, the first case (standard S-Duct) is the most case that is most optimum based
on the previous results of length, height and aspect ratio testing. After this, reverse s-duct
case was tested in order to see if pressure recovery and distortion levels improve, when
ingested boundary layer in accelerated instead of the freestream. It is interesting to note
that this method reduces the distortion levels by as much as 4% as shown in Fig73.
However, since the freestream air entering inside the upper part of the inlet is at a much
higher velocity than the boundary layer, it separates quickly even for a low adverse
pressure gradient on the upper wall of the reverse s-duct. This causes some pressure l0ss on
the upper half of the AIP as is seen in the second case in Figure 71. As seen in Figure 72,
there is almost a 1% pressure loss in the reverse s-duct case as compared to the standard s-
duct.

The mid-plane views for all configurations is shown in Figure 74 to visualise the areas of
separation.

The next case is the one with zero center-to-center height of the s-duct. This is bound to
improve results as a reduction in height reduces secondary flow formation. As a result of
this, although the pressure recovery improved only very slightly, but the value of DC(60)
reduced by 2%. The next case was with the adverse pressure gradient for both boundary
layer and freestream, which means that the fan-face is almost symmetrically in front of the
inlet. This case was tested in order to reduce the boundary layer separation on the lower
wall without increasing freestream separation on the upper wall of the s-duct. This can be
seen for a better understanding in Figure 74. Promising results were obtained as shown in
Figures 72 and 73. Pressure recovery of 97.96% and DC(60) value of 22.11% was
achieved.

Finally, the last case was the one with zero pressure gradient for the ingested boundary
layer. In, this case the bottom wall is completely flat, which means that the decelration in
the boundary layer flow in only due to wetted surface area and not because of pressure
gradient. This also completely eradicates secondary flows or any areas of separation inside
the S-Duct. The zero-gradient case provides the best results with a pressure recovery value
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of 98.04% and a DC(60) value of 20.55%. Further reduction in the DC(60) values can be
achieved by the use of flow control techniques using vortex generators or gas jets to re-
energize the boundary layer flow. The current thesis project does not focus on flow control

techniques.

Standard S-Duct Reverse S-duct

S-duct with adverse gradient for both free-stream and BL Zero-gradient

Zero height S-duct

Figure 74: Mid-plane views for different configurations to show separation regions

Figure 74 clearly shows the benefit of a flat bottom wall for an inlet configuration as there
are no separation regions inside the inlet with zero pressure gradient for the bottom wall.
Furthermore, the adverse pressure gradient for the freestream slows down the velocities on
the upper half of the AIP and hence creates a more uniform pressure distribution at the AIP,
thereby reducing pressure distortion.
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For a final comparison, Figure 75 shows the mass averaged Mach numbers at the AIP for all
the inlet configurations shown in Figure 74. Based on Mach number at the AIP, double-
gradient duct provides the best performance since the desired Mach number at the AIP is
nearly 0.5. However, since the pressure recovery and DC(60) values are both better for the
zero-gradient case, and the Mach number at the AIP (M=0.538) is only slightly higher than
the lowest value (0.516) it is chosen as the duct with the most optimum performance,
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Figure 75: Mach number at the AIP for different configurations

6.6 Results for Nacelle Lip

As described in Section 5.3.1, the design of the internal nacelle lip depends on contraction
ratio and semi major-to-minor axis ratio of the lip ellipse. Based on existing literature results
[45] [48], 3 different contraction ratios were tested using a semi major-to-minor lip ellipse
ratio of 2, widely used for transonic Mach numbers. These tests were carried out initially for
the double-gradient case because at the time, the case with zero-gradient (flat bottom wall)
had not been investigated yet. The change in contraction ratio has its main effect on pressure
recovery value. Table 4 shows the pressure recovery values for the 3 different contraction
ratios.

Table 4: Pressure Recovery Results for Different Contraction Ratios for double gradient case

Contraction  Lip ellipse axis FI: gnggf
Ratio (CR) ratio (m/n) (PR) Y
1.01 2 97%
1.04 2 98.3%
1.07 2 95%
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Based on the results shown in Table 4, contraction ratio 1.04 was chosen for further testing
with the zero-gradient duct case, which in Section 6.5 showed most promising results. The
length of the zero-gradient case was 4.85m. The testing for the contraction ratio 1.04 on this
duct was done for both L=4.85m and L=4.03m. The lower length case was investigated in
order to reduce wetted surface area. Figure 76 shows the results for these 2 cases.

L=4.03m, CR=1.04, m/n=2

Figure 76: Total pressure and x-velocity contours at AIP for CR=1.04, m/n=2 and L=4.03m and 4.85m

Table 5: Pressure recovery and Mach number results for zero-gradient duct with lip CR=1.04, L=4.03m

and 4.85m
Mass averaged Mach
L PR Number (M) at AIP Wetted Area
4.03m 99.69% 0.61 34.741 m?
4.85m 98.04% 0.54 44.067m?

From Table 5, it can be seen that a lower length has a lower wetted area and hence a higher
pressure recovery value as compared to the duct with L=4.85m. However, the mass
averaged Mach number at the AIP for the shorter duct is higher as compared to the longer
duct. Table 4 shows that the pressure recovery increases slightly for the double-gradient case
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(98.3% up from 97.96%). However for the zero-gradient case, which shows more promising
results as compared to the double gradient case, the pressure recovery does not really vary.
Even then, the zero-gradient case (flat bottom wall for duct) with L=4.85m, AR=1.75 and
H=1.615m is preferred because of its overall performance in terms of Mach number
obtained at the outlet, distortion levels at the AIP and pressure recovery.

It has been observed from literature study [45] [46] [48] that NACA-1 series airfoils produce
good performance for external nacelle design. External cowl design is out of the scope of the
current thesis and it focuses only on the internal nacelle and inlet design and analysis. A
NACA-1 series airfoil NACA16-021 is chosen to construct the cowl of the final inlet design
based on the wide acceptance of NACA-1 series airfoils for providing near constant
velocities along the cowl [46]. However, only aerodynamic testing and analysis of a
complete BWB with integrated inlet consisting of the external nacelle can provide sufficient
understanding of its performance.

6.6.1 Final Inlet Design

Figure 77 shows the final inlet design after testing and analysis of different inlet
configurations, geometrical parameters and nacelle lip parameter variations.

Figure 77: Final inlet design AR=1.75, L=4.85m, H=1.615m, CR=1.04, m/n=2, zero-pressure gradient for
boundary layer, PR=98.04%, DCe=20.55%

6.6.2 Final Inlet Design using ParaPy

The geometry obtained as final design (shown in Figure 77) was also created using ParaPy
to compare the results. For this, a hybrid grid was generated using 800000 cells and 17
layers of prismatic boundary layer with an unstructured core region. This grid is shown in
Figure C.
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Figure C: Final design grid generated using ParaPy [50]

The ParaPy grid presented a better mesh quality based on aspect ratio of elements, prism
thickness distribution, orthogonality and minimum angle (See Appendix G for Mesh Quality
Comparison). The inlet face meshes for the grids generated using ICEM and ParaPy are
shown in the following figures for comparison.
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Figure D: Comparison of inlet face mesh; ParaPy and ICEM CFD

The irregularities (crevasses on the circumference) are evident in the ICEM grid as shown in
Figure D. Boundary conditions were applied to the ParaPy grid and the solution presented
the results shown in the following figures.
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Figure E: Total Pressure and x-velocity contours at the AIP for the ParaPy model (PR=98.3% and
DC60=20.14%0)
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As shown in the previous figure, the results improved slightly. The pressure recovery
obtained using CFX was 98.04%, which increased to 98.3% and the DCego value for CFX
was 20.55%, which reduced to 20.14%. The change in Mach number at AIP was not very
significant (M=0.539). The ParaPy grid provides smoother curvature near the nacelle lip and
hence allows for improved flow characteristics in this region. Because of this improvement,
the pressure loss gets slightly reduced, which is why the pressure recovery value increases
for the ParaPy model. In addition to this, the ParaPy grid provides more accuracy in the
boundary layer region and is able to capture the boundary layer effect in higher detail (See
Appendix G).

6.7 Results for Podded Inlet Configuration

Podded inlet configurations were tested in order to study and compare the results with the
embedded inlet results and also to verify if BLI indeed makes sense. A number of podded
inlets were tested with different geometrical variations. For a fair comparison, the idea was
to determine a podded inlet area ratio that allows similar inlet mass flow rate and fan-face
Mach number for the podded inlet as that of the embedded inlet. For the embedded inlet
design shown in Figure 77 in Section 6.6.1, the inlet mass flow rate is 754.377 kg/s with an
area ratio of 1.1 and a fan-face Mach number of 0.54. After a few tests, it was determined
that an area ratio of 1.37 and a length of 6.46m for the podded case produces a similar mass
flow rate (753.64 kg/s) and fan-face Mach number as that of embedded inlet. Similar
contraction ratio was used for podded inlet (1.04) like the embedded case for internal nacelle
lip construction and NACA 0012 airfoil was used to construct the external nacelle.

Hence a podded inlet configuration was created in CATIA with an area ratio of 1.37 and a
length of 6.46m, with a pylon height of 0.8m above the fuselage surface to avoid any
boundary layer being ingested. This is shown in Figure F.

Figure F: Podded Inlet Configuration (L=6.46m, area-ratio = 1.37)

This model was meshed in ICEM CFD and solved in ANSYS CFX. The inlet Mach number
for this case was 0.87. The results obtained from the analysis are shown in Figure G.
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L=6.46m, Area-ratio=1.37, PR=90.2%, DCe0=2.6% approx., M at AIP=0.545

[Pal TS [m s*-1]
Figure G: Total Pressure and x-velocity contours at AIP for podded inlet with L=6.46m, area-ratio=1.37

Figure G shows that the DCeo value improves significantly as expected, since the flow
entering the podded inlet is mostly uniform. However, there is approximately a 10% loss in
pressure recovery, which is still high. In addition to this, the wetted area for the podded inlet
is 67.583 m? (as shown in Table 6), which is quite large and will cause larger drag than the
embedded inlet.

These results show that for a similar inlet mass flow rate and fan-face Mach number, an
embedded inlet produces more promising results in terms of pressure recovery and Mach
number at the AIP. The podded inlet requires longer length to achieve the same fan-face
Mach number as that of the embedded engine. However for the embedded inlet, the
distortion needs to be lowered quite a bit.

Table 6 shows the results of the embedded and the podded inlets.

Table 6: Comparison of Embedded and Podded Inlets

Pressure Distortion Mach number
Configuration Recovery Coefficient at AIP (M) Wetted Area
(PR) (DCe0)
Embedded 98.3% 20.14% 0.54 44.067m?
Podded 90.2% 2.6% 0.545 67.583m?
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6.8 Effect of BLI on Engine Performance

To understand the effect of BLI and compare it with a podded engine configuration, few
simulations were carried out on a GE90 engine model using GSP (Gas Turbine Simulation
software). The simulations produced some results which were used to understand the effect
of BLI as compared to a podded engine on the engine efficiency.

3 major parameters were chosen for comparison:

e Specific Thrust
e Thrust Specific Fuel Consumption (TSFC)
e Ram Drag

a) Specific Thrust

Specific thrust is mathematically the ratio of thrust force and inlet mass flow rate and is
given by equation (4.2):

F

m

Specific Thrust = (4.2)

Here, F is the thrust force in Newton and m is the inlet mass flow rate. Specific thrust is an
indicator of engine efficiency. If we consider 2 engines with different values of specific
thrust, then the engine with a higher value is more efficient. This is because the higher
specific thrust engine produces more thrust for the same amount of airflow. Furthermore, a
low specific thrust engine requires a larger engine diameter to net thrust it produces. Figure
H shows the variation of Specific Thrust with varying inlet Mach number obtained from
GSP simulation of a GE90 engine model.
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Figure H: Variation of Specific Thrust with inlet Mach number
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From Figure H, it can be noticed that for the embedded engine (inlet M=0.79), the Specific
Thrust value is higher (approx. 116 N-s/kg), whereas for the podded engine (inlet M=0.87),
the Specific Thrust value is lower (approx. 109 N-s/kg). Therefore, the engine with BLI
proves to be more efficient based on specific thrust since a BLI engine produces more thrust
for the same mass flow.
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One of the drawbacks of BLI is high pressure loss due to secondary flows. However, the
benefit of BLI can be observed from Figures | and J, which show that for an embedded
engine, specific thrust is higher for the same value of pressure loss as compared to a podded
engine. This is a direct indication of higher engine efficiency of a BLI engine.

b) Thrust Specific Fuel Consumption (TSFC)

Another parameter to measure the effect of BLI on engine performance is the TSFC. The
fuel consumption of TSFC indicates how much fuel the engine burns each hour. Hence
TSFC is an indicator of fuel efficiency of the engine. A low TSFC signifies high fuel
efficiency and vice versa. This can also be seen through equation (4.3):

mf
TSFC =—" (4.3)
F

Here, m, is the fuel mass flow rate and F is the thrust force.

Figure K shows that for the embedded engine (inlet M=0.79), the TSFC (or ‘sfc’) is also low
(approx. 15.5 g/kN-s). Whereas, for the podded engine (inlet M=0.87), the TSFC is slightly
higher (approx. 16.5 g/kN-s). Even though the difference in TSFC between the embedded
and podded engine is 1 g/kN-s, the embedded engine proves to be more fuel efficient based
on the trend shown in Figure K that TSFC is increasing with increasing inlet Mach number.
Since the inlet Mach number for an embedded engine is lower because of ingestion of slow
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moving boundary layer, the TSFC is always lower as compared to a podded engine (with
same mass flow rate and a uniform inlet velocity profile).
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Based on pressure loss, it can be seen from Figures L and M that decreasing pressure loss
decreases TSFC. However, the value of TSFC for a BLI engine is lesser for the same
amount of pressure loss. Although the difference is small, but it shows that BLI achieves
higher efficiency as compared to no-BLI for same pressure loss value.
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16.0

Sa
o
=1

19 =TT

T~
~

/

18.5

/

18.0

17.5

SFC

—~—

"l-q.-“-_

\

17.0

]

0.92 0.94 0.96 0.98 1.00
PR
Figure M: Variation of TSFC with pressure recovery for a podded engine

16.5

Sa
o
=1

93




c) Ram Drag

Ram drag is created due to the incoming free-stream flow in the inlet. It is mathematically
the product of the inlet mass flow rate and the inlet velocity and is shown in equation (4.4).
For embedded inlets, the inlet velocity is quite low as compared to the podded inlets, mainly
due to the presence of a thick fuselage boundary layer, which is a low momentum flow. This
low momentum boundary layer decreases the overall velocity at the entry of the inlet. In
podded inlets however, the incoming flow is undisturbed uniform flow, which is higher in
velocity.

Ram Drag = MV (4.9)

Since ram drag is the product of mass flow rate and inlet velocity, for a similar mass flow
rate for both podded and embedded inlets, an embedded inlet will produce a lower ram drag
because of lower inlet velocity.

For the embedded engine, the inlet velocity in this thesis is 268.82 m/s (M=0.79) and for
podded engine, the inlet velocity is 296.04 m/s (M=0.87). Since the mass flow rate is same
in both cases (approx. 754 kg/s) for a valid comparison, the ram drag can be calculated using
equation (4.4). The ram drag for the embedded engine is 202.69 kN and that for the podded
engine is 223.214 kN. The podded engine produces a ram drag that is 20.52 kN more than
that of the embedded engine. Hence BLI lowers ram drag and in turn increases fuel
efficiency. This is because the engine has to burn lesser amount of fuel to produce the same
amount of thrust. This is a direct benefit of BLI. A lower inlet velocity is also beneficial in
terms of Mach number obtained at the fan. BLI inlets produce a much lower Mach number
at the fan-face as compared to podded inlets. This was seen in Table 6, where the final
design of the embedded inlet produced a fan Mach number of 0.54, whereas a podded inlet
produced a fan Mach number of 0.66, which is detrimental to engine operability.
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Conclusions and Recommendations

The main goal of the thesis was to understand the effects of Boundary Layer Ingestion (BL1I)
on the inlet performance on a Blended Wing Body (BWB) aircraft and obtain an inlet design
that produces minimum total pressure distortion and maximum total pressure recovery at the
Aerodynamic Interface Plane (AIP) or the engine fan-face. The thesis focussed on the
internal duct performance of the inlet configurations tested for BLI. Past literature has
shown that BLI has significant benefits in terms of wake recovery, fuel burnt and drag
reduction. However, ingesting low momentum fuselage boundary causes losses inside the
duct due to secondary flow formation, wall friction, etc., which results in increased
distortion and reduced pressure recovery at the fan-face. Hence, an inlet design that
effectively curtails these losses was required. Based on the geometrical parameterization of
the duct, variations in the values of parameters like inlet aspect ratio, duct length, duct
height, contraction ratio and nacelle lip major-to-minor axis ratio were chosen for testing
different inlet configurations and understand their effects on the results.

7.1 BLI Effect on Inlet Performance

One of the major benefits of BLI is high wake recovery. In other words, ingesting larger
portion of the airframe wake causes lesser wake dissipation as the ingested wake gets re-
energized by the propulsor and converted into thrust. This means a high inlet aspect ratio is
desired to ingest a larger percentage of boundary layer. However, too high an aspect ratio
would cause high distortion at the fan-face. So, a balance between pressure recovery and
distortion has to be met.

The results of the testing on different inlet aspect ratios showed that increasing the aspect
ratio till AR=1.75 increased pressure recovery. For higher aspect ratios, the pressure
recovery started to decrease. The inlet with AR=1.75 produced a pressure recovery value of
97.01% but a DC(60) value of 41.59%, which was quite high for the engine to handle. The
lowest DC(60) 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. For AR=1.75, this value was
0.6. Furthermore, a higher value of aspect ratio produced lesser adverse pressure gradient on
the upper wall of the duct due to smaller semi-major axis length of the inlet face (inlet wider
and less high). Therefore, the inlet with AR=1.75 was chosen as the one with optimum
aspect ratio value and selected for further testing.
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7.2 Duct Height Effect on Inlet Performance

Duct height was defined as the vertical distance from center of the inlet face to center of the
AIP. This meant increasing the duct height increased adverse pressure gradient for the
bottom wall and favourable pressure gradient for the upper wall of the inlet. Results showed
that increasing the duct height increased distortion at the AIP and decreased 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 DC(60) value of 28.45%. Further investigation of
other configurations was required to minimize the losses.

7.3 Duct Length Effect on Inlet Performance

Tests were conducted to find out the effect of increasing duct length on inlet performance.
Increasing the length of the duct makes the flow more uniform inside the duct, however it
causes pressure losses due to higher wetted area. It was noticed that increasing the duct
length reduced the total pressure recovery value from 97.7% to 95.58%. It also increased the
DC(60) value from 28.45% to 61.37% which is very significantly high and very unlikely for
the engine to handle. Hence the inlet with the shortest length tested (4.85m) with PR=97.7%
and DC(60)=28.45% was selected as the one with most optimal performance.

7.4 Effect of Other Configurations and Internal Nacelle Lip

Following the testing varying geometrical parameters, a conclusion on the aspect ratio,
length and height was 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 were tested to understand their effects on
inlet performance. Among all the configurations tested, the zero-gradient configuration (flat
bottom wall) eradicated all separation regions and produced most optimum results with
PR=98.04% and DC(60)=20.55%. This duct has a height of 1.615m, where the center of the
fan face is vertically above the center of the inlet face. Length of duct is 4.85m and aspect
ratio is 1.75. Even though the pressure recovery value obtained is quite high, the DC(60)
value can be further reduced by the use of active or passive flow control techniques.

For the design of the internal nacelle lip, 3 different contraction ratio values were tested on
the double-gradient duct geometry and a contraction ratio of 1.04 showed improvements in
pressure recovery value (increased from 97.96% to 98.3%). This contraction ratio was also
tested with the zero-gradient duct case (which is the most optimum duct configuration based
on earlier parametric analysis). No major variations in pressure recovery or distortion was
noticed with the added lip geometry for this inlet. Higher contraction ratios seemed to
decrease pressure recovery values. Hence the final inlet design was obtained as the one with
the following values for geometrical parameters: L=4.85m, AR=1.75, H=1.615m (flat
bottom wall), CR=1.04, m/n=2. It produced a pressure recovery value of 98.04% and
DC(60)=20.55%. The same model was also created using ParaPy and resulted in the
following values: PR=98.3% and DCeg0=20.14% and was chosen as the final design.
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7.5 Podded Inlet Configuration

Podded inlets were also tested for comparison with the embedded case. Same mass flow rate
(approx. 754 kg/s) and fan-face Mach number for both podded and embedded inlets were
simulated. The results showed a pressure recovery value of 90.2% and DCeo value of 2.6% for
the podded case. The wetted area for the podded case was also higher than that of the
embedded case. The results indicated that for the same mass flow rate and AIP Mach number,
the embedded inlet produced more promising results as compared to the podded inlet,
however the distortion value is still significantly higher for the embedded inlet case.

7.6 Limitations and Future Scope

The research performed in this thesis shows the effects of BLI on inlet performance. It gives
a detailed understanding of the effects of variations in geometrical parameters, other
configurations and flow physics inside the inlet. However, there are certain limitations to the
work carried out in the thesis (techniques used to evaluate the results and accuracy of the
results).

Firstly, all of the CFD simulations were carried out using the RANS CFD package of
ANSYS CFX. No studies were carried out to check the sensitivity of the solver algorithm in
CFX. Some studies regarding error estimation can be conducted to verify the error range in
the numerical results. Secondly, the validation of results in this thesis is based on the results
of previous scientific studies carried out in the domain of BLI on a BWB in high subsonic
conditions. For complete verification of the accuracy of results, a full 3D model of the BWB
needs to be tested in a wind tunnel. This will help understand the magnitude of error
between the CFD results and the experimental data. The current thesis does not focus on
external nacelle design, so studies regarding design of the external nacelle and selection of
appropriate airfoil for the cowl can be carried out based on full CFD analysis of the
integrated engine on the BWB.

In addition to the requirement for sensitivity analysis and experimental studies, an
investigation into the construction of the inlet geometries can further improve the results and
make the total pressure and x-velocity contours at the AIP more symmetric about the
vertical axis. The velocity profiles used as inlet for the ducts tested, were obtained from the
CFD analysis of the BWB configuration. The velocity profiles chosen from aft fuselage
locations were selected at locations with flattest boundary layer profiles in order to ingest as
symmetric a boundary layer as possible. However, no studies have been performed to
investigate the possible locations for engine integration on the fuselage. Follow-up studies
regarding engine integration can be conducted, which will verify the accuracy of the
ingested boundary layer topology.

Calculation of the distortion coefficient, DCeo, requires the values for area averaged total
pressure on the entire fan-face, dynamic pressure over the entire fan-face and area averaged
total pressure over the worst affected 60 degree sector on the fan face. The total pressure and
dynamic pressure over the entire fan-face can be easily obtained from the post processor.
However, area averaged pressure on the 60 degree sector cannot be calculated directly.

In this research, the worst affected 60 degree sector was usually at the bottom of the duct
due to symmetry of contours about the vertical axis. To find out the area averaged pressure
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at this sector, various lines were constructed in CFX-Post inside the sector and values of
total pressures were calculated on these lines and then finally averaged to find Ptsomin. This
method is a very crude way of calculating Pteomin and may not produce accurate results.
However, this research uses the DCgo values based on the explained method. An
investigation into calculation of DCeo is required, possibly using coding in order to extract
cell info from the post processor and writing a script to calculate exact value of Pteomin,
which might differ from the values in this thesis.

Lastly, follow-up studies regarding effects of flow control on inlet performance can be
carried out. Flow control has been shown to improve results significantly. It is therefore,
important to investigate these effects. More number of different inlet configurations can also
be tested, which might be better than the final design obtained in the current thesis work.
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APPENDIX - A

Operating Conditions

The Blended Wing Body (BWB) aircraft in this research is considered to operate at cruise
conditions at a transonic Mach number of 0.82. Table 6 represents the operating conditions
that the BWB operates at in this research work. These conditions were essential input
parameters in the CFX setup.

Table 7: Operating Conditions

Flight Regime Cruise

Mach Number 0.82
Free-stream Velocity 279 m/s

O 2508 o)

Density of Air 0.41 kg/m"3
Temperature of Air 223.15 K (or - 50 °C)

Air Pressure 0.2615 atm or 26496.49 Pa

Dynamic Viscosity of Air 0.0000147 Pa-s
Heat Transfer None

Molar Mass of Air 29 kg/kmol







APPENDIX - B

Calculation of ‘a’ and ‘b’ for Aspect Ratio

After the calculation of area ratio was complete, inlet area for an area ratio of 1.1 was found
to be 7.45 m2. Based on this area the dimensions of the inlet semi-elliptical face needed to be
calculated. As explained in Section 5.3.1 and shown in Fig 36, ‘a’ is the major axis length of
the ellipse and ‘b’ is the semi-minor axis length. Figure 78 shows the semi-elliptical inlet
face with dimensions.

— a ]

Figure 78: Semi-elliptical inlet face dimensions

The area of a semi-ellipse is given as:

1
A=—rXx
> y

Here, ‘x’ is the semi-major axis length of the ellipse and ‘y’ is the semi-minor axis length of
the ellipse. The area of the inlet is substituted on the left hand side of the equation shown
above. On the right hand side, based on the aspect ratio desired, x and y is substituted
accordingly. The following calculation shows an example of the calculation of ‘a’ and ‘b’
values for an aspect ratio of 1.75.

1
7.45=—7X
5 y

To get an aspect ratio of 1.75, x=0.875y




7.45= %ﬂx0.875yx y

Hence, y = 2.328m and x = 2.037m

Since x is the semi-major axis length and ‘a’ is the major axis length, ‘a’ will be twice the
value of ‘x’. Also, ‘y’ and ‘b’ are both semi-minor axis lengths.

Therefore, a =4.074m and b = 2.328m

Similarly, values for ‘a’ and ‘b’ are calculated for all other aspect ratios.
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APPENDIX - C

Separation Areas for Ducts with Varying AR and H

This appendix shows the figures containing the separation areas inside the S-Ducts for
variations in aspect ratio and height. The similar figures for variation in length and other
configurations are shown in Fig 69 and Fig 74 in Sections 6.4 and 6.5, respectively.

Figure 79 shows the separation region inside the S-Ducts with constant length (4.85m) and
height (1.052m) and variation in inlet aspect ratio.

AR=1 AR=1.25

AR=2 AR=2.5

Figure 79: Separation areas inside S-Ducts with varying inlet aspect ratio




Figure 80 shows the separation region inside the S-Ducts with constant length (4.85m) and
aspect ratio (1.75) and variation in duct height.

H=0.3m H=0.7m

H=1.052m H=1.5m

Figure 80: Separation areas inside S-Ducts with varying height
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APPENDIX - D

Calculation of Distortion Coefficient

The calculation of the distortion coefficient, DCeo, requires the calculation of area-averaged
total pressure over the entire fan face, the dynamic pressure over the entire fan face and the
area-averaged total pressure over the worst affected 60 degree sector on the fan face
(Ptsomin). The formula for distortion coefficient and its description is shown in Figure 6 in
Section 1.2.1. The calculation of the area-averaged total and dynamic pressures over the
entire fan face can be easily obtained from post processing in FLUENT or CFX. So, the only
parameter that requires calculation is Pteomin. Area-averaging essentially means the
summation of the product of total pressures on each cell in the 60 degree sector and the
corresponding cell area divided by the total area of the 60 degree sector.

It is not possible to export area of each cell in the 60 degree sector from CFX. Moreover,
since the mesh is unstructured, if the 60 degree sector is created, some of the cells will lie on
the boundary of the 60 degree sector not completely inside it. So, the values of the total
pressure on these cells will be inaccurate. Some accurate ways to calculate Ptsomin are
meshing the geometry containing 60 degree sectors already created at the outlet or writing a
script to evaluate the same. However, since majority of the tests were already complete by
the time distortion calculation was required, the method of meshing again around 60 degree
sectors was ruled out. Due to time constraints and the complexity of writing the script to
evaluate Ptsomin, this method was ruled out too.

At the end, a crude method of DCeso calculation was used. Since, the contours of total
pressure are almost symmetric about the vertical axis on the outlet, the worst affected 60
degree sector was determined to be at the bottom of the outlet. This sector was created using
line construction in CFX. A number of lines were constructed inside the 60 degree sector as
this was possible in CFX. Then the total pressure were calculated on these lines and
exported in .csv format to Excel. Then the average of these pressures was taken as Ptsomin
and DCego was calculated from the formula shown in Figure 6 in Section 1.2.1. The 60 degree
sector is shown in Fig 81.

1.651e+004
1.460e+004
1.269e+004
1.078e+004
8.867e+003
6.955e+003
5.044e+003
3.132e+003
1.220e+003
-6.911e+002

[Pal

Figure 81: Total pressure contours and the 60 degree sector with lines at AIP
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APPENDIX - E

General Modelling Approach

Figure 82 shows the general approach for modelling of a CFD case.

Model Construction Meshing Setup Parameters Solving Post-Processing

Construction of

Duct geometries

using splines in
CATIA

xport geometry
to ICEM CFD

Create
unstructured mesh
for imported
geometry

»

Export to
ANSYS CFX

1. Import velocity
profile from BWB

2. Apply boundary
conditions

3. Setup operating
conditions

A 4

4. Set number of
iterations and
monitor parameters

Run the
solution

» View results

Figure 82: General approach for modelling of a CFD case
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APPENDIX - F

ParaPy codes for S-Duct Geometry and Grid

General S-Duct Model

Effective Lines of Code (without annotation and blank lines): 81

001 from __future__ import division

002 from math import pi, radians

003 from parapy.core import *

004 from parapy.geom import *

005 from parapy.exchange import STEPWriter
006 from apps.sduct.mesh import SDuctMesh

007

008

009 class SDuct(GeomBase):

010

011

012

013

014 L = Input(4850, "length of the duct™)
015 H = Input(300, "the height measured between center points of start and end profile™)

016 anglel = Input(180, "The top angle of the first cross section.")
017 angle2 = Input(270, "The top angle of the second cross section. Cannot be < 180.",
018 validator = val.Range(180, float("inf"), min_incl=True))
019 minor_radius = Input(4074/2, "'semi-minor axis of inlet (horizontal)")
020 major_radius = Input(2328, “semi-major axis of inlet (vertical)")
021 diameter = Input(3230, "diameter of outlet")

022

023

024

025

026 @Attribute

027 def ellipse_inverted(self):

028 return self.major_radius < self.minor_radius

029

030 @Attribute

031 def ellipse_limits(self):

032 angle = radians(self.anglel)

033 ul =0 if self.ellipse_inverted else 0.5*pi

034 limitl = ul-(angle-pi)/2

035 limit2 = limitl + angle

036 return [limitd, limit2]

037

038 @Attribute

039 def circle_limits(self):

040 angle = radians(self.angle2)

041 ul =0 if self.ellipse_inverted else 0.5*pi

042 limitl = ul-(angle-pi)/2

043 limit2 = limitl + angle

044 return [limit1, limit2, limit1]

045

046 @Attribute

047 def orientation_sections(self):

048 if self.ellipse_inverted:

049 return Orientation(Vector(0,0,1), Vector(0,1,0))

050 else:

051 return Orientation(Vector(0,-1,0), Vector(0,0,1))

052

053

Xl




054
055

056
057
058
059
060
061
062
063
064
065
066
067
068
069
070
071
072
073

074
075

076
077
078
079
080
081
082
083
084
085
086
087
088
089
090
091
092

093
094

095
096
097
098
099
100
101
102
103
104
105
106
107

108
109

110
111
112
113
114
115
116
117
118

@Part
def path(self):
return InterpolatedCurve([self.position, self.position(x=self.L, y=-self.H)],
initial_tangent=Vector(0.1, 0, 0),
final_tangent=Vector(0.1, 0, 0))

@Part
def ellipse(self):
return Ellipse(self.minor_radius if self.ellipse_inverted else self.major_radius,
self.major_radius if self.ellipse_inverted else self.minor_radius,
position=Position(self.center, self.orientation_sections))

@Part
def circle(self):
return Circle(self.diameter/2,
position=self.position(x=self.L, y=-self.H).rotate_to(self.orientation_sections))

@Part
def ellipse_trim(self):
return TrimmedCurve(self.ellipse, self.ellipse_limits[0], self.ellipse_limits[1])

@Part
def ellipse_line(self):
return LineSegment(self.ellipse_trim.end, self.ellipse_trim.start, color="RED")

@Part
def circle_trim1(self):
return TrimmedCurve(self.circle, self.circle_limits[0], self.circle_limits[1])

@Part
def circle_trim2(self):
return TrimmedCurve(self.circle, self.circle_limits[1], self.circle_limits[2])

@Part
def sectionl(self):
return Wire([self.ellipse_trim, self.ellipse_line])

@Part
def section2(self):
return Wire([self.circle_trim1, self.circle_trim2])

@Part
def solid(self):
return MultiSectionSolid(self.path, [self.sectionl, self.section2])

@Part
def salome(self):
return Salome(shape_to_mesh=self.solid, inlet=self.solid.bottom_face, outlet=self.solid.top_face)

@Part
def step_writer(self):
return STEPWriter(nodes=self.solid,
default_directory=full_path("'output"),
filename=full_path("output/sduct.step"))

Xl




General S-Duct Mesh Model

Effective Lines of Code (without annotation and blank lines): 53

001 from parapy.core import *

002 from parapy.mesh import Controls, FaceGroups

003 from parapy.mesh.salome import Mesh, TriSimple, Tri, TetraViscous
004

005

006 class SDuctMesh(Base):

007

008 shape_to_mesh = Input()

009 inlet = Input()

010 outlet = Input()

011

012 @Attribute

013 def walls(self):

014 return list(set(self.shape_to_mesh.faces)-set([sclf.inlet, self.outlet]))
015

016 @Part

017 def controls(self):

018 return SDuctMeshControls()

019

020 @Part

021 def groups(self):

022 return FaceGroups({"inlet": {"shape™: self.inlet,

023 "color" : "green"},

024 “outlet": {"shape": self.outlet,

025 “color" : "red"},

026 “walls™: {"shape": self.walls,

027 “color" : "blue"}})

028

029 @Part

030 def writer(self):

031 return Mesh(pass_down="controls, groups",

032 default_directory=full_path("output"),

033 filename=full_path(“output/mesh.unv"))

034

035

036 class SDuctMeshControls(Controls):

037

038 local_length = Input(60, "length of edge segments™)

039 yl = Input(1, "length of initial boundary layer element™)
040 g Input(1.2, "growth rate of boundary layer elements™)

041 N Input(17, "number of BL layer elements™)
042 fineness = Input(“Fine")

043

044 @Attribute

045 def t_BL(sel):

046 a, g, N =self.yl, self.g, self.N

047 returna * (g**N-1)/(g- 1)

048

049

050

051

052 @Part

053 def faces_walls(self):

054 return TriSimple(shape=self.parent.walls,

055 local_length = self.local_length,

056 only_2d=False)

057

058 @Part

059 def faces_inlet_outlet(self):

060 return Tri(shape=[self.parent.inlet, self.parent.outlet],
061 fineness = self.fineness)

062

063 @Part

064 def volume(self):

065 return TetraViscous(faces_to_include=self.parent.walls,
066 t=self.t_BL,

067 no_layers = self.N,

068 stretch_factor = self.g,

069 fineness = self.fineness)
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APPENDIX - G

Mesh Quality Comparison: ParaPy and ICEM CFD

Mesh quality depends on a number of factors. 3 most important and relevant factors in this
case are:

Orthogonality

o Aspect Ratio

Minimum angle

1. Quiality assessment based on “Orthogonality”

The ParaPy grid was loaded into ICEM CFD to obtain the values for the factors that
determine mesh quality. Various sources of available literature on CFD provide acceptable
range of values, which determine the quality of a mesh to be ‘good’ or ‘bad’. The first of
these factors is the orthogonality. In ICEM CFD, the measure of orthogonality is the
dihedral angle. This angle should generally be greater than a minimum of 10 degrees and
less than a maximum of 170 degrees. Figures 83 and 84 show the histograms obtained from
ICEM CFD that display the range of dihedral angles on the x-axis and the number of
elements on the y-axis for ParaPy grid and ICEM grid, respectively.
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It can be seen from Figures 83 and 84 that the mesh quality based on orthogonality is similar
for both the grids. The minimum angle for the ParaPy grid is 71.615 degrees and for the
ICEM grid is 72.071 degrees. The maximum angle for the ParaPy grid is 157.941 degrees
and for the ICEM grid is 144.301 degrees. Hence, based on orthogonality, the mesh quality
is similar for both the meshes, although maximum dihedral angle is a little better for the
ICEM grid since it is much less closer to the upper limit 170 degrees as mentioned before.

2. Quality assessment based on “Aspect Ratio”

The acceptable range of values for the aspect ratio suggests aspect ratio < 100. Figures 85
and 86 show the aspect ratio values on the x-axis and the number of elements on the y-axis
for ParaPy and ICEM grids, respectively.
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Figure 85: Histogram showing aspect ratio values for ParaPy Grid
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Figure 86: Histogram showing aspect ratio values for ICEM Grid
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It is evident from Figure 85 that the maximum aspect ratio value for the ParaPy grid reaches
up to a value of 100.775, whereas for the ICEM qgrid, this value reaches 137.191. Based on
aspect ratio, the ICEM grid shows poor mesh quality as compared to the ParaPy grid. Hence,
ParaPy grid clearly has a better mesh quality in terms of aspect ratio.

3. Quality assessment based on “Minimum angle”

The angle between the adjacent elements is found by determining the internal angle
deviation from 90 degrees for each element as shown in Figure 87. If elements are distorted
and internal angles are small, the accuracy of the solution will decrease.
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Figure 87: Minimum angle determination

For an acceptable mesh quality, the minimum angle value should be preferably greater than
18 degrees (definitely greater than 9 degrees).

Figures 88 and 89 show the minimum angle values on the x-axis and the number of elements
on the y-axis for ParaPy and ICEM grids, respectively.
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Figure 88: Histogram showing minimum angle values for ParaPy Grid
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Figure 89: Histogram showing minimum angle values for ICEM Grid

=)

[ [ | [ [
108 126 144 162 180

Hiztagram of Min angle values =] 8224
855 -» 90.0: 1708 [0.279%]
1.0 -» 855 806 [0.132%)
FE5 - 81.0: 717 0.117%)
720> 765 1097 [0.179%)]
E7.5-» 720 273 (0.045%) E168—

E3.0-> 67.5: 106 [0.017%)
58.5 -» B3.0: 3537 [0.578%)
54.0 - 6.5 139296 [22771%]

435> 64.0: 217318 [36.5258%)
45.0 > 43.5: 123168 [20.135%) 1112

40.5 > 45.0: 53635 (3.781%)
36.0-> 40.5: 29397 [4.806%)
31.5-» 36.0: 23403 [3.826%) | —
270 31.5: 12883 [2.107%)
225> 27.0: 3993 [0.663%)
=

18.0 > 225: 469 [0.077%) 2056
13.5 - 18.0: 13 [0.002%)

It can be seen from Figures 88 and 89 that the minimum angle for the ParaPy grid is 13.138
degrees, whereas for the ICEM grid, the minimum angle is 15.123 degrees. The maximum
angles are similar in both cases (89.35 degrees for ParaPy and 90 degrees for ICEM). It is
evident that the ICEM grid shows somewhat better mesh quality in terms of minimum angle
requirement (preferable above 18 degrees) since its value is closer to 18 degrees. However,
the difference is not that significant. The distribution of angles is more uniform in the
ParaPy grid.
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4. Prism thickness and other details about ICEM grid

The ICEM mesh was created with 17 prism layers, an exponential growth law with growth
factor of 1.2 and an initial wall spacing of 1 mm. Figures 90 and 91 show the distribution of
“prism thickness” for ParaPy and ICEM grid, respectively. It can be noticed that the
maximum prism thickness for the ICEM grid reaches a value of 0.036m, however the
number of elements in this category are very few. Whereas for the ParaPy grid, a maximum
prism thickness of 0.026m exists.
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Figure 90: Prism thickness distribution for ParaPy grid
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Figure 91: Prism thickness distribution for ICEM grid

The ParaPy grid allows more uniform distribution of prism thickness in the layers as
compared to the ICEM grid, which also has some elements in the 0.03m prism thickness
value. However again, the number of elements in this region are very less.

Figures 92 and 93 show the y-plus coverage on the walls for the ParaPy grid and the ICEM
grid, respectively.
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Figure 92: y-plus distribution on the walls (ParaPy)

Figure 93: y-plus distribution on the walls (ICEM)
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