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ABSTRACT

ADJOINT BASED SHAPE OPTIMIZATION OF SEMI-SUBMERGED
INLETS AND DEVELOPMENT OF A NOVEL BOUNDARY LAYER
DIVERTER

Kiiciik, Umut Can
Ph.D., Department of Aerospace Engineering

Supervisor: Prof. Dr. Ismail Hakki1 Tuncer

December 2022, pages

In this study, boundary layer ingesting and diverting submerged air inlets are design
optimized with an adjoint-based optimization methodology based on RANS solu-
tions. The opensource SU2 software is employed for both RANS and adjoint solu-
tions and for driving the gradient-based optimization. Total pressure recovery at the
aerodynamic interface plane is taken as the main objective of the optimization, and
the mass flow rate and the momentum distortion are closely monitored. It is first
shown that the shape optimization of an inlet duct for a semi-submerged boundary
layer ingesting inlet provides a limited performance increase since the performance
of the inlet strongly depends on the amount of ingested boundary layer which devel-
ops over the upstream wall. The shape optimization of the upstream wall together
with the inlet duct is next performed and is shown that the performance of the inlet is
improved significantly. The optimum upstream wall obtained now provides a bound-
ary layer diverting inlet. Based on the optimum upstream wall configuration, a novel
boundary layer diverter is then designed and similarly adjoint optimized. The design
optimized novel boundary layer diverter is highly compact, flush to the surface and

has a lower drag compared to the conventional diverter geometries. It provides a 2.4%



increase in total pressure recovery and a 64% decrease in circumferential momentum
distortion. It is also shown that further performance increase is achievable when the

duct and the flush diverter are optimized together.

Keywords: inlet, intake, boundary layer ingestion, flow control
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0z

ADJOINT TABANLI SEKIL OPTIMIZASYONU ILE YARI GOMULU HAVA
ALIGI ENIYILEMESI VE OZGUN SINIR TABAKA IRAKSATICISI
GELISTIRILMESI

Kiiciik, Umut Can
Doktora, Havacilik ve Uzay Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. ismail Hakki Tuncer

Aralik 2022 , sayfa

Bu calismada siir tabakasi emen ve 1raksatan hava aliklart adjoint tabanli yontem-
ler ile eniyilenmistir. Akis ve adjoint analizler icin acik kaynak SU2 yazilimi kulla-
nilmistir. Aerodinamik arayiiz diizleminde elde edilen basin¢ toparlama katsayisinin
yiikseltilmesi temel hedef olarak alinmuis, kiitle akis debisi ve momentum bozuntusu
calisma boyunca takip edilmistir. Calismada oncelikle sadece hava alig1 geometrisi
degistirilerek eniyileme gergeklestirildiginde performans artisinin kisith oldugu go-
rillmiistiir. Bunun nedeni incelenen hava aliginin onemli derecede sinir tabakasina
maruz kalmasidir. Hava alig1 duvarlar ile birlikte, emilen sinir tabakasinin olustugu
hava alig1 girisi oniindeki duvarlarda eniyilendiginde, dnemli mertebede performans
artig1 elde edilebilmistir. Bu eniyilenmis konfigiirasyon sinir tabakasini hava alig1 gi-
risinden 1raksatmaktadir. Burada elde edilen sonucglardan esinlenilerek 6zgiin bir sinir
tabaka 1raksaticisi tasarlanmig ve adjoint tabanl yontem ile eniyilenmistir. Bu 1rak-
satic1 kompakt yapida, yiizeye silme sekilde tasarlanmistir ve bilinen diger 1raksatici

geometrilerine gore daha diisiik siirlikleme kuvveti yaratmaktadir. Bu yiizeye silme

vii



olarak tasarlanmis ve eniyilenmis iraksatici ile hava alig1 basing toparlama katsayi-
sinda %?2.4, cevresel bozuntu katsayisinda ise %64 iyilesme saglanmistir. Bunun yan1
sira hava alig1 ve silme sinir tabaka 1raksaticisi birlikte eniyilendiginde daha yiiksek

performansin elde edilebildigi gosterilmistir.

Anahtar Kelimeler: hava alig1, sinir tabaka, akis kontrol
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CHAPTER 1

INTRODUCTION

As the powered flight history begins, researchers start to focus on obtaining tech-
nologies such that air vehicles be able to travel faster, longer, more goal-oriented
and more efficient. Although the main focus has been mainly on optimizing single
subsystems or single disciplines over the years, research focus needed to be shifted
towards an understanding of the interaction between various subsystems to respond
to today’s technology requirements. The propulsion system including the engine inlet
is obviously one of the key elements in determining an air vehicle’s aerodynamic per-
formance. Affordability, ease of producibility and survivability are also directly con-
nected to the propulsion system and engine inlet design. A concept of submerged air
inlet designs placed in close proximity to the aircraft body emerges as the progress on
the coupling between the propulsion system and the rest of the air vehicle to increase
overall efficiency and/or system survivability. These inlets are generally exposed to a
boundary layer ingestion which is historically tried to be avoided. However, recently
researchers are more focused on the benefits of boundary layer ingestion which has
been theoretically proven that it can be the response for higher efficiency and lower

noise requirements in the commercial aircraft business.

Additionally, submerged inlets exposing a boundary layer ingestion are frequently
used in high-performance military applications because of the benefits they provide.
In many of these applications, low radar cross-section and higher compactness are the

two main considerations rather than the overall propulsion system efficiency.

Boundary layer ingestion in the context used here corresponds to placing an engine
inlet such that it takes all or part of the boundary layer developed on the airframe

or wake of the aircraft. In today’s practical aircraft applications getting an overall



efficiency increase from this concept is rare although its possible benefits are known
and used for many marine applications such as ships and torpedoes for a long time. On
the other hand boundary layer diverters, splitters and bleed methods are widely used
in conventional air vehicle designs to prevent problems associated with the boundary
layer ingesting inlets. These additional components on the airframe create more drag,
more weight and they increase radar cross-sectional area which has high importance

for military applications.

The main challenges of using the boundary layer ingesting engine inlets in air ve-
hicle applications originate from the flow non-uniformity that occurred at the en-
gine face which increases with the ingestion of boundary layer and fan response to
this flow non-uniformity. Therefore, using the embedded engine inlets in air vehicle
applications is only possible with an understanding of the fan behavior under flow
non-uniformity. To eliminate the negative effects of the flow non-uniformity that is
becoming more pronounced with the boundary layer ingestion, coupled design of the
engine and the embedded inlet geometry and/or finding an efficient way to form an

upstream flow ingested by the inlet are required.

If an ingested boundary layer causes low total pressure recovery (PR) and a significant
reduction in the stability margin of a fan or compressor, the quality of ingested flow
must be increased. Although there are many studies on finding distortion-tolerant
fan/compressor blades, this requirement is inevitable, especially for integrated air in-
let designs. In this thesis, adjoint optimization studies are conducted for increasing
the performance of a boundary layer ingesting semi-submerged inlet. In the end, a
new surface shape is proposed to control and modify the ingested boundary layer pro-
file. By being flush, this surface shape provides lower drag compared to the existing
flow control surface shapings. Additionally, if an air vehicle is designed to be stored
or released from tubes/capsules the newly proposed surface shaping is most likely to
be selected by the designers, since it has no external protrusion and provides high

compactness.



1.1 The Need for Treating Incoming Boundary Layer

The main purpose of an engine inlet is simply to capture a sufficient amount of exter-
nal flow and transport it to the engine with the highest uniformity and lowest loss. The
location and orientation of an engine inlet on an air vehicle body play a crucial role in
both aerodynamic performance and survivability of the overall system. In military ap-
plications, it is common to compromise the aerodynamic performance of an air inlet
in exchange for achieving lower radar cross-section and higher compactness. On the
other hand, in the commercial aircraft business, engine inlets are generally placed and
oriented so that the aerodynamic performance of an intake is maximized. Recently,
boundary layer ingesting (BLI) propulsion systems take the attention of commercial
aircraft businesses thanks to their possible benefits in increasing overall propulsion
system efficiency and reducing external drag by embedding inlets into the airframe.
However, placing the engine inlet in a coupled manner with the aircraft body and/or
shielding engine components from radar waves can lead to a significant reduction in

air inlet aerodynamic performance.

In the early jet aircraft engine inlet designs pitot type installations are used. In these
early practical design examples, air inlets and propulsion systems are isolated from
the flow around the fuselage and it is aimed that only high energetic non-disturbed
free stream flow is ingested by the intakes. Some of the examples of such intakes

obtained from reference [1]] is given in Figure [L.1]

Figure 1.1: Early Examples of Air Inlet Designs (from left to right): Gloster E28/39
(1941), MiG-15bis (1947), and F-86A Sabre (1947), Taken From Reference [1].



Interestingly, starting from the end of the first decade of the jet-propelled flight, the
first examples of embedded inlets become visible[[I]. These intakes provide high
compactness and lower drag compared to the pitot-type designs. These early inlet
designs are mainly focused on by the NACA. Examples of embedded engine inlet de-
signs on YF-93A research aircraft are shown in Figureﬂlﬂ, NACA flush intake, seen
right-hand side in this figure, is extremely special for many aerodynamic applications.
These types of air inlet designs are frequently used in aerodynamic applications cov-

ering the low subsonic to supersonic flow.

Figure 1.2: Early Examples of Air Integrated Inlet Designs on YF-93A research air-
craft(from left to right): Scoop and Naca Flush Intake), Taken From Reference [1]]

From the investigations of submerged intakes mainly conducted by NACA, it is im-
mediately understood that integrated air inlet performance is highly dependent on
boundary layer ingestion[2]] and proper handling of incoming flow can increase the
performance of the intakes. Seddon and Goldsmith in their inclusive book[3] also
point out that most of the intake development problems have been associated with the
boundary layer flow encountered with high adverse pressure gradients. Accordingly
starting from the very early engine inlet designs, incoming boundary layer tried to be
controlled or this low momentum flow tried to be diverted or bleed. The historical
evolution of the inlet control technology and practical examples are investigated in a

comprehensive review paper given in reference[4]].

Boundary layer internal or external diverters and splitter designs are common exam-
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ples of boundary layer control hardware used in aircraft applications. Diverters are
mainly used for creating a gap between the fuselage and inlet entrance so that the low
momentum flow is internally sucked and discharged to the external flow or the low
momentum flow is diverted away from the inlet entrance without any suction. The
height of the boundary layer diverters must be at least comparable to the thickness of
incoming low momentum flow. At the same time, splitters are simply designed for
shielding the air inlet entrance from the boundary layer developed on the fuselage. Di-
verters and splitters are still in use due to their simplicity and effectiveness although
they lead to a significant increase in drag and radar cross-sectional area. Additionally,
these designs are increasing the offset distance between the inlet and engine face so
that more turning of flow inside the duct, which leads to higher internal losses, is re-

quired. Some practical examples of boundary layer diverters and splitters are shown

in Figure[I.3|and Figure[1.4]

Figure 1.3: Boundary Layer Diverter on the General Dynamics/Lockheed Martin F-
16BM [1]

Since these conventional designs bring some penalties mentioned before, current de-
signs tend to eliminate the need for these surfaces. Diverterless inlets started to be
seen in the state of art designs like Lockheed Martin’s F-35 and Boeing’s MQ-25
shown in Figure[I.5]and Figure[1.6

Inherently, the requirement for diverterless inlets operating from low subsonic to su-
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Figure 1.4: Splitter Plate on F-102 [4]

Figure 1.5: Diverterless Intake on F-35

personic flows becomes possible with the state of art flow control technologies. Be-
fore going further and investigating flow control methods used for engine inlets in
more detail, the problems associated with inlets exposing the fuselage boundary layer

are discussed in the next section.

1.1.1 Effects of Exposing Low Momentum Flow on Engine Inlet and Engine

Performance

As already discussed, the engine inlet captures free stream flow and conditions it for

the engine. This conditioning must respond to engine mass flow demand with the
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Figure 1.6: Diverterless Intake on MQ-25

highest uniformity. Additionally, free stream total pressure must be transported to the
engine face with minimized losses to increase efficiency. Therefore, the magnitude
and uniformity of the total pressure at the engine face must be maximized. Accord-
ingly, the steady-state performance of the engine inlet is evaluated by two main pa-
rameters namely total pressure recovery which measures losses and distortion which
quantifies uniformity at the engine face. Although it is often the case that, maximiz-
ing total pressure on the engine face leads to a reduction in distortion[3], the designer

must take into account and monitor these two parameters.

Distortion is the main concern in engine-inlet compatibility problems. It was the
1960s when it is fully recognized that total pressure conditions have an effect on
engine performance[5)]. In those years Pearson and McKenzie[l6] came up with the
parallel compressor theory which can be accepted as the first step to qualify and
understand the effect of distortion. After the first introduction of parallel compressor
theory, many researchers worked on this theory and by improving it they prove that
parallel compressor theory is highly reliable, especially for early estimates of the
circumferential distortion effect on the performance of a compressor[7]. One of the
important improvements on parallel compressor theory is explained in Reid’s work[8]]
which discusses that for distortions affecting relatively small circumferential extents
parallel compressor theory is not successful and some critical circumferential extent

exists for the compressor to respond to distortion.
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However, during the period of understanding distortion effects on engine performance
various distortion metrics were used by different engine manufacturers and it was not
possible to make strong communication between them[S]. Accordingly, a commit-
tee was formed from the engine manufacturers and customers under the Society of
Automotive Engineers (SAE). This committee provides recommended practice doc-
ument which has the annotation of ARP-1420 and is titled “Gas Turbines Inlet Flow
Distortion Guidelines" [9]]. In this guideline, it is possible to find several types of
distortion descriptors. Probably DC(60) parameter is one of the best-known distor-
tion descriptors used by many researchers. This parameter simply measures the non-
dimensional pressure difference between the mean total pressure of the engine face
and the lowest total pressure obtained on the critical circumferential extent. Nondi-
mensionalization is performed with the dynamic pressure at the engine face. Since
it is generally accepted that 60 degrees are the minimum satisfactory circumferential
extent for the engine to respond to distortion it is called DC(60). In a boundary layer
ingesting inlets, it is common to obtain the lowest total pressure sector at the engine
face in the area of the inlet where the boundary layer is ingested. A typical total
pressure distribution through the inlet and on the engine face obtained with boundary

layer ingesting inlet obtained from earlier computational study[10] is shown in Figure

L7
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Figure 1.7: Total Pressure Variation Through the Boundary Layer Ingesting Inlet[10]

From Figure it is seen that starting from the inlet entrance lower portion of the
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duct has lower total pressure since a relatively thick boundary layer developed on the
fuselage is ingested. At the engine face characteristic total pressure distribution of
boundary layer ingesting inlets is obtained. The effect of this type of distortion on
engine performance can be well understood with parallel compressor theory. In the
parallel compressor theory, a single compressor is modeled as several circumferential
compressor segments which are regarded as identical, individual compressors work-
ing in a parallel manner[11]. The flow passing through the compressor segments dis-
charges to a common exit such that exit static pressure is the same for the discharging
streams. Figure [I.§] obtained from reference [[12] visualizes the basic function of

parallel compressor theory applied to a typical BLI system.

Free flow sector

Compressor (Fan) ‘ m
/\B\
M ’ — \ i

E] L N E...--—— """ n J.r\’ rh

Inflow velocity Averaged
rofile m operatin
P Distorted sector pEint 9

Figure 1.8: Parallel Compressor Theory Explanation[12]

In Figure [[.§| BLI compressor is modeled as two identical but individually working
compressors at the same corrected speed. The compressor exposed to the lower total
pressure due to boundary layer ingestion operates at a higher pressure ratio compared
to the other compressor which is exposed to the higher total pressure. As the total
pressure further decreases in the spoiled sector, the two operating points move away
from each other and if the spoiled sector reaches the surge line, the stability limit of
the compressor is reached even if the average operating point is still away from the
surge line. This is further visualized in Figure [[.9 where M, L and H indicate mean,

low and high total pressure sectors, respectively.
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Figure 1.9: Parallel Compressor Theory Explanation[13]]

So it can be concluded that distortion is directly related to the engine stability mar-
gin rather than the thrust and fuel consumption rates. On the other hand, obtained
thrust and fuel consumption rates strongly depend on the magnitude of the total pres-
sure carried to the engine face by the engine inlet. Pressure Recovery is simply the
ratio of the engine face total pressure to the free stream total pressure measures the
inlet’s ability to carry free stream energy to the engine. Depending on the engine
itself there is a direct relationship between total pressure recovery and obtained thrust
values. Generally, it can be safely assumed that a 1% reduction in pressure recovery
results in a 1% reduction in thrust and a comparable increase in specific fuel con-
sumption. Losses in thrust increase non-linearly in supersonic flight regimes which
means relatively higher thrust reduction occurs due to poor performance of the intake

in supersonic conditions[1].

Design of submerged air inlets is a challenging task not only due to exposing the
boundary layer and its negative effects on engine performance discussed above. At the
same time, it must be noted that radial and axial pressure gradients originating from
center line curvature and relatively higher diffusion rates in the integrated air inlets
bring further difficulties to the designer. Embedded inlets are generally short and they
have s shape centerline curvature. In this way, the shielding of engine fans from radar
waves and relatively higher compactness are achieved. However, s shape centerline
curvature brings radial pressure gradients, especially at the first bend. Centrifugal

forces at the inner side of the first bend are obviously higher compared to the outer
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side and flow around the inner side of the first bend tends to lift up. However, this
imbalance in centrifugal forces at the first bend creates pressure gradients so that
static pressure increases from the inner to the outer side. Due to high static pressure
around the outer side flow cannot lift up and turns into the inner side. This creates
pair of counter-rotating vortices which leads to high distortion and losses inside s
ducts. Centrifugal forces at the second bend cannot eliminate the vortices formed at
the first bend since the flow has already lost its momentum up to the second bend.
Therefore secondary flow reaches the engine face which brings further challenges for
the integrated inlet designers. If s duct inlet exposes the boundary layer ingestion it
is natural to have more pronounced effects of centrifugal forces since flow around
the inner side already lost its momentum. This flow phenomenon is seen in S ducts

summarized in Figure[I.10}

Pressure -
Rises

-_m e 8 o Upper Side
Fk&- Static '\

1 ====Upper Side

\ Secondary Flows on AIP

\
T lowerside

Lower Side

Figure 1.10: Secondary Flows in an S Duct

Although the negative effects of boundary layer ingestion are well documented and
well understood, there is a significant amount of effort to obtain possible benefits of
boundary layer ingestion. These possible benefits and general effects of boundary

layer ingestion on the propulsion system are analyzed in the next section.

1.2 Submerged Air Inlet Designs and Concept of Boundary Layer Ingestion

Boundary layer ingestion(BLI) refers to the suction of low momentum flow developed
on the airframe by the air inlet. It is widely known that propulsive efficiency can be

increased if wake or boundary layer flow developed on the airframe used as part

11



or all of the propulsive stream [14]. Betz [15] also shows that with the wake or
boundary layer ingestion power expended can be less than a product of drag and
forward velocity. More recent works also show a significant amount of efficiency

increase can be achievable with BLI propulsive systems[16][17].

The benefit of boundary layer ingestion is originating from the re-energizing low mo-
mentum flow developed on the airframe. Plas[18]] explains the possible benefit of BLI
by comparing two propulsion systems; one taking only the high energetic free stream
flow and the other ingesting all of the aircraft wake as a propulsive stream. In the ex-
planation conventional podded engine characterizes the propulsion system exposing
directly to the free stream velocity whereas the engine placed just downstream of the

wake characterizes the BLI engine as shown in Figure [[.11]

Momentum excess to
balance the momentum
deficit : engine thrust

Podded
engines Momentum deficit :
airframe drag
BLI u,,

N

Figure 1.11: Comparison of Conventionally Podded and BLI Engine Designs[18]

For a conventionally podded engine with an ideal nozzle, airframe drag and thrust can

be related as shown in Equation [I.1]

Fopngine = m(U; — Us) = m(Uso — Uy) = Dy (1.1)

Therefore, the addition of mechanical power for non-BLI case (P,,5.;) can be cal-

culated accordingly;
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Prorr = E(sz - Uo20) ==

7(Uj + Uy) (1.2)
At the same time for an BLI engine with and ideal nozzle air frame drag and thrust
can be related as shown in Equation [I.3]in which U,, represents average velocity at

the aircraft wake.

Fepngine = m(U; — Uy) = m(Us, — Uy) = Da (1.3)

Therefore, for a BLI engine mechanical power produced in the engine becomes;

; D

Since U; >> U,, Equations of [I.2] and [T.4] indicate that the power required for the
BLI case is lower compared to the non-BLI case with the assumption of same mass

flow rate and same airframe drag.

NASA/BOEING blended wing body[19], NASA’s N3-X[20] and modified D8 Trans-
port Aircraft[21] are aggressively worked concepts to take advantage of BLI. From
these studies, it is also shown that placing turbo engines through the aft of the fuselage
creates additional benefits by modifying pressure distribution on the airframe favor-
ably. For example, the fuselage of modified D8 Transport Aircraft for boundary layer

ingestion becomes a lifting body as such BLI contributes further to the efficiency.

Although BLI engine applications are highly promising, there are several problems
that need to be encountered to fully take advantage from BLI. Smith[14] has shown
that BLI benefits are highly dependent on the state of ingested boundary layer and
its characteristics such as the ratio of boundary layer thickness to the displacement
thickness, shape factor, energy factor and ratio of ingested drag to the full vehicle
drag. Therefore, the upstream of the engine inlet must be well-shaped. Moreover,
inlet design plays a crucial role since inlet duct walls can create a severe amount of
additional pressure loss and a high level of distortion such that Fan cannot tolerate.
Furthermore, semi-submerged inlets with centerline curvature are generally used to

be able to ingest a sufficient amount of low momentum flow. This kind of inlet brings
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further difficulties for designers and flow characteristics inside the inlet must be well

understood.

Hall [22] explains five major changes in the air vehicle system as the use of BLI.
The first one is related to the increase in propulsive efficiency since the BLI system
reduces velocity at the nozzle to create the same level of thrust as the non-BLI system.
This effect is already characterized by Equation [I.2] and Equation [I.4] The second
change is a reduction in the air vehicle drag since with the use of the BLI system total
wetted area is decreased by eliminating part of the external surfaces of the inlet. The
third change is drag reduction by ingesting part of air vehicle wake which also implies
a reduction in thrust requirement. The fourth change is actually a disadvantage that
needs to be well understood. This change is related to the reduction in propulsion
system efficiency and stability margin due to possible performance loss in fan due to
distortion. The last change is actually the effect of BLI on the external acrodynamics.
Definitely, BLI system is going to modify pressure distribution on the upstream. This

change can be advantageous or disadvantageous depending on the case.

It can be concluded that there is a great opportunity that can be obtained from BLI
propulsion systems. However, researchers are still suspicious about if the possi-
ble advantages of BLI can out weight the disadvantages coming from the need for
distortion-tolerant fan/compressor designs[23]. It is shown that in some BLI cases
optimization methods can fail in reducing distortion levels to acceptable levels so
that fan/compressor health is negatively impacted [24]. Moreover, exposing distor-
tion can lead increase in maintenance costs and a decrease in the life span of critical
engine parts. Therefore ingested velocity profiles may require some modification for
integrated propulsion systems even if the propulsion systems are designed for BLI.
For military applications in which boundary layer ingesting inlets are used solely to
decrease radar cross section and increase compactness, reducing or eliminating the

amount of ingested boundary layer leads to higher overall system success.
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1.3 Embedded and Boundary Layer Ingesting Inlet Design Studies

It is already discussed why the integrated engine inlets are selected at the expense
of increased complexity in aerodynamics. Accordingly, there is an increasing num-
ber of studies related to the design and optimization of the boundary layer ingesting
inlets. Some of these works also include flow control devices to modify the up-
stream boundary layer and/or reshape the flow structure inside the inlet. In such
work[25] on the next generation of unmanned combat aircraft engine inlet, a bump
shape surface is introduced around the inlet entrance to shield the engine face from
radar waves. At the same time, the bump shape provides some level of reduction
in the amount of boundary layer ingestion. At the end of the design study, at least
for a cruise condition, an engine inlet with relatively high performance is obtained.
The bump shape is also used in supersonic air inlets as a compression surface. This
kind of engine inlet is also called a diverterless supersonic inlet (DSI). Researchers
have shown that the bump shape surface can provide an increase in the total pres-
sure recovery and reduction in the distortion compared to the conventional designs,
especially for supersonic conditions[26]]. In a master thesis[27] flow field around a
diverterless supersonic inlet(DSI) is numerically investigated and the shock structure
is demonstrated. However, DSI design is relatively challenging. The ability of the
bump shape for diverting the boundary layer and compressing the flow is inherently
changing from one flight condition to another since the boundary layer thickness up-
stream of the inlet entrance is a strong function of aircraft attitude, flight speed and
altitude. Additionally, there is not much information about the DSI available in the
open literature. Therefore, a highly detailed design process is required[28] for the
DSI. Recently a new aerodynamic surface to create vortex structure and pressure dif-
ference for removing the boundary layer from the inlet entrance is introduced[29]. It
has been numerically shown that this new surface shape provides a higher ability to
divert the incoming boundary layer with significantly reduced drag compared to the
conventional diverters. Writers of the paper[29] call a new aerodynamic shape as a
ridge surface and comment that it has great potential to be combined with external
compression surfaces. Effect of the ridge surface on surface streamlines is shown in

Figure depicted from [29].
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Figure 1.12: Surface Streamlines Around Ridge Surface[29]

In another study[30], a bump shape vortex generator is placed upstream of the fully
submerged inlet and it has been shown that thanks to the guiding effects of the bump
shape and sweeping effects of the vortex pair created by this unique bump shape, the
vortex generator is able to significantly increase the submerged inlet performance.
Unfortunately, the geometrical design of this bump shape vortex generator is not
clearly shared in the reference paper. In another study[31], an adjoint based opti-
mization is performed for increasing the performance of a boundary layer ingesting
inlet. In this study, the inlet floor shape around the inlet entrance is optimized such
that part of the boundary layer is diverted from both sides of the inlet. The Discrete
adjoint optimization results in more than 50% reduction in the flow distortion and a
3% increase in the total pressure recovery. The Optimized inlet floor shape has the

ability to divert the upstream boundary layer.

Basically in these studies surface modifications are passively utilized for diverting or
modifying the upstream boundary layer before it is ingested by the engine inlet. At the
same time, it is also possible to reshape the flow structure inside the inlets. In such
work conducted by Taskinoglu et al.[32] a fin geometry is added into a submerged
inlet duct and fin geometry is optimized in an automated fashion. At the end of the
study, a significant decrease in distortion is obtained. In other earlier work[33]], vortex

generators are added inside a semi-submerged inlet duct and it is numerically shown
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that vortex generator geometries are quite effective in reducing distortion levels with
the exchange of reduction in the pressure recovery. It is also possible to find earlier
studies[34, 35] in which blowing and suction methods are used to take advantage
of active flow control methods. These studies show that suction and blowing are also
effective in reducing the distortion levels. However, active flow control methods bring

complexity since compressed air from the early stages of a compressor is required.

It can be commented that the successful application of integrated air inlets is possible
by introducing a form of a flow control device. However, the inlet duct itself must
be well-designed and carefully located. Accordingly, there are studies discussing the
integrated inlet design. In such study[36], a boundary layer ingesting inlet is para-
metrically designed and an optimum geometry is found. In this study, both distortion
levels and losses were minimized significantly. However, in the study, the inlet length
and the offset distance between the engine face and inlet throat are allowed to change.
So the optimum geometry shows a major reduction in the offset distance and inlet duct
length. This type of reduction may not be possible in today’s practical applications
aiming at high compactness and low radar cross section. In other work[37] boundary
layer ingesting inlet is tried to be optimized within relatively narrow design space.
At the end of the study, it is proved that the distortion levels may not be reduced to
acceptable levels in a narrow design space. Recently, PhD Thesis[38]] applies adjoint
optimization methods on embedded inlet designs. Interestingly, optimization leads to
the form of diverter or step between an inlet entrance and the fuselage boundary layer
which again shows that a highly successful application of integrated inlets is possible
with a form of upstream boundary layer manipulation and/or preventing the high level

of boundary layer ingestion. .

1.4 Motivation and Problem Definition

Semi-submerged inlet design plays a crucial role in reaching goal-oriented and effi-
cient air vehicle designs. Air intakes whether designed for taking advantage of possi-
ble benefits of boundary layer ingestion or for providing low radar cross section and
high compactness must respond to the engine mass flow demand with the minimum

loss and the highest uniformity. Due to the inherent negative effects of the ingested
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boundary layer and/or the high adverse pressure gradients both in radial and axial
directions inside the duct, the design of a semi-submerged air inlet is a challenging
task. Therefore one of the most demanding requirements and the main problem in
the advanced air vehicle design is controlling the boundary layer on the fuselage and
dealing with the high-pressure gradients inside the compact air inlets. In this study,
this demand is tried to be met with the state of art optimization method for a typical
semi-submerged air inlet exposing a significant level of boundary layer ingestion. Ac-
cordingly, the main motivation of this thesis is simply to provide an efficient method

to facilitate the difficulties in the air inlet aerodynamic design.

1.5 Proposed Methods and Models

In this study, it is shown that the performance of a semi-submerged air inlet exposing
a significant level of boundary layer ingestion is low inherently. Modifications aiming
to shape the inlet duct can only have a limited performance increase for such inlets in
general. However, if an upstream wall on which the boundary layer is developed is
shaped so that part and/or all the incoming boundary layer is diverted from the sides
of the inlet entrance, a significant performance increase can be achievable. The ad-
joint optimization study in which the upstream inlet wall surface and the inlet duct
continuously parametrized with a single free form deformation box proves this idea.
Such an optimization study aims at achieving the highest aerodynamic performance
of a semi-submerged inlet with thousands of design variables is the first time ever
attempted. The optimum configuration obtained from the adjoint optimization turns
out to be a boundary layer diverting inlet. It is shown that the novel inlet configuration
obtained has an outstanding performance both on-design and off-design conditions.
However, these modifications on the upstream wall require a significant changes so
that it may not be feasible for every practical applications knowing the geometri-
cal constraints plays a major role in air vehicle designs. Accordingly, a novel flush
boundary layer diverter is introduced so that the upstream boundary layer is diverted
away from the inlet entrance in an efficient and feasible way. This novel flush bound-
ary layer can easily be implemented for practical applications since it is compact and

brings a relatively small amount of drag increase compared to the conventional di-
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verter geometries. For computational investigations and optimizations, open source

SU? software is used.

1.6 Objectives

Main objectives of the study are as follows:

e To perform an adjoint based shape optimization for semi-submerged air inlets

using SU? for both RANS and adjoint solutions
e To assess the effect of the boundary layer ingestion on the inlet performance

e To document the performance of semi-submerged inlets may significantly be
improved by means of adjoint based optimization studies where a large number
of design variables are employed and the design space includes the upstream

inlet surface together with the inlet duct.

e To design optimize a novel flush boundary layer diverter together with a semi-

submerged inlet

1.7 The Outline of the Thesis

This thesis consists of 6 chapters. In the first chapter brief information about sub-
merged air inlets, the concept of boundary layer ingestion and historical approaches
in engine inlet designs with some practical applications are given. In the second chap-
ter, a methodology followed in the computational investigations is given with a brief
information about open source SU? software. The third chapter summarizes the ge-
ometrical properties of the baseline intake and a general flow characteristics around
this intake. In the fourth chapter, results of an adjoint optimization carried out for the
inlet duct only and the inlet duct together with the upstream wall are given. Next,
a novel flush boundary layer diverter is introduced in chapter 5. In the conclusion

section, general comments and findings of the study are discussed.

19



20



CHAPTER 2

METHODOLOGY

2.1 Introduction

In this thesis, adjoint based design optimizations are performed for semi-submerged
engine inlets together with the upstream wall where the boundary layer flow devel-
ops. Turbulent flow and the corresponding adjoint solutions for the optimization are
obtained with the open source CFD software SU2. In this chapter, the tools employed

in the study, their brief theoretical background and their setup are given.

2.2 Open source CFD Software : SU2

SU? is an open source software developed for solving the partial differential equa-
tions on unstructured grids. The core of the software is the Reynolds Averaged Navier
Stokes solver which can be used for simulating a wide range of flow regimes. One
of the key features of the SU? software is related to its capability to perform adjoint
optimizations for aerodynamic shapes. Within the SU? software it is possible to ob-
tain gradient information that can be used for an optimal shape design and it is also

possible to perform mesh deformations and refinements.
Code itself is composed of several modules which are specified for specific goals. At
the time being these modules are;
e SU2_CFD : This is the main PDE solver. Basically it can deal with many
governing equations, including Euler, RANS and Adjoint equations.

e SU2_DEF: This is Mesh Deformation module. It calculates geometrical changes
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in surfaces and surrounding volumetric grid. Geometries can be parametrized
with several techniques including bezier and Hicks-Henne bump functions.
Volumetric grids deformed with the mesh deformation techniques based on the

linear elasticity equations.

e SU2_DOT: This module is for computing the partial derivatives of particular
functions with respect to the geometric variables. Basically, within this module
surface sensitivities at each node on the geometry obtained from the adjoint so-
lution are used to obtain derivatives of objective functions with the dot product

operation.

e SU2_GEO: This module is for defining geometry and setting constraints on
the geometry. Volumes and thickness at specific sections can be given as con-

straints in optimization problems by using this module.

e SU2_MSH: This module is for the grid adaptations. The grid adaptations can

be based on critical flow features that need to be focused on.

e SU2_SOL: This module is for exporting solution results in the desired format.

Variables on surface and volume are exported within this module.

The above modules are written in C++ language. These modules work in a harmony
with the help of python scripts which are also available with SU? setup. More details
about the code structure and main philosophy of the code can be found from the

available references[39) 40].

2.2.1 Governing Equations for Flow Solutions in SU2

In this study, viscous flow computations are carried out with the compressible Reynolds
Averaged Navier Stokes (RANS) calculations. The RANS equations in the differen-

tial vector form are given as

oU - q -
o7 TV FU) = V- (i U) + g F(U) (2.1)

where U is a vector of the flow variables, (p, pv1, pva, pvs, pE)T, p is the density and

E is the energy per unit volume. At the same time, F ¢(U) is the convective fluxes,
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F7’1(U ) and FZQ(U ) are the viscous fluxes so that contribution of the viscous forces
and the heat flux transfer are considered separately. The convective and viscous fluxes

are given below

PY;
pviv1 + Py Til
F:'C: poive + Pdso ¢ szlz Ti2 (> F?QZ . ,oi=1,..3
pvivs + Pd;s Ti3
L p’l)lH ) kUjTij ) L Cp(?lT)

(2.2)
where 9;; is the Kronecker delta function, H is the enthalpy, Cp is the specific heat

constant and 7;; = 0;v; + 0;v; — %%V - .

For a perfect gas, pressure can be found with equation[2.3|where + is the specific heat

ratio.

p p(y —1)

T E—05(7-0) 23)

Similarly specific heat constant and temperature can be determined with Equations

and 2.5 respectively where R is the universal gas constant.

_ R
Cp= G0 (2.4)
P

For the determination of 11{}, and 1% Boussinesq hypothesis is utilized so that Suther-

land’s formula is used for the evaluation of the laminar viscosity (144,,) as a function

of the temperature only as given in Equation [2.6] while the turbulent viscosity (1t;,,s)
vl v2

is obtained from the turbulence model. Accordingly ), and p;7, are calculated as

shown in Equation
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where Pry,,, and Pry,,, are the laminar and turbulent Prandtl number respectively.

2.2.2 Turbulence Model

In this thesis adjoint optimizations and most of the CFD analyses are conducted with
the SA turbulence model. For the verification, CFD analyses are also conducted with
the kw — SST turbulence model to evaluate the relative performance of these two tur-
bulence models in predicting the inlet performance exposing a high level of boundary
layer ingestion. Both turbulence models are based on the Boussinesq hypothesis[41]
which basically explains that increased viscosity can represent the effect of turbu-
lence. According to this hypothesis, total viscosity becomes the summation of lami-
nar and turbulent viscosity components. The laminar viscosity component can easily
be modeled with Sutherland Formulation[42] in which the laminar viscosity is only
a function of Temperature. Therefore, turbulence models are basically modeling the
turbulent viscosity. Since the SA turbulence model is mainly used in this study, a de-
tailed explanation is only given for this turbulence model. For the kw — S'ST" model

reader is referred to a paper written by Menter [43]].

2.2.2.1 Spalart Allmaras Turbulence Model
In the Spalart—Allmaras turbulence model, the turbulent viscosity is expressed as;

3

~ X 0 Hiam
ur — PUJvys v s = —, v = 2.8
ot P f 1 f 1 X3 + Cgl X v 0 ( )

where 0 is a S-A working variable which can be determined by solving a transport

equation composed of convective, viscous, and source terms as shown below;
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where S is the production term expressed as
S=lwl+ ——fo, w=Vxuv, f,=1-—2_ (2.10)

K2d?2 1+ xfa

and d, is the distance to the nearest wall. At the same time, function f,, can be

calculated as;
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Finally the constants for original S-A turbulence model are 0 = %, ¢y, = 0.1355, ¢, =
0.622, 5 = 0.41, ¢, = 0.3, ¢y = 0.2, ¢,y = 7.1 and ¢, = %4 + “%2 It must also
be noted that at the walls o is set to zero which corresponds turbulent eddies do not
exist in the near wall region. More detailed information about the SA model with the

corrections can be found in a study[44] conducted by Allmaras et al.

2.2.3 Boundary Conditions

RANS equations are solved in a domain €2 with a far-field definition I';,¢. Additionally
in this domain surface S which represents the exterior surface of an aerodynamic body

is introduced. Such case is schematically represented with Figure

Basically, for the RANS calculations carried out in this study no slip wall bound-
ary condition which simply ensures velocity on S is equal to zero is given with the
adiabatic wall boundary condition dictating 9,7 = 0 on the wall boundaries. Addi-
tionally, on the far field boundary, characteristic based boundary condition is given so
that flow approaches uniform conditions on the far field. Solving the air inlet requires
one more boundary condition to model the engine face. This boundary condition is
simply taken as a pressure outlet boundary condition and related total temperature

and static pressure values are given in the CFD analyses.
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Figure 2.1: Flow Domain, Boundaries and Surface Normals [39]

2.2.4 Optimization Framework in SU2

It is well proven that open source SU? software is capable of performing optimization
analyses in which design variables and objective functions can be defined. The pro-
cess simply starts with introducing baseline geometry and flow domain discretized
with finite volumes. Additionally, objective function and/or constraint function, J
should be introduced with a vector of design variables ', which simply parameterizes
the aerodynamic shape. Then the adjoint method is utilized to find the sensitivities
of the objective function on the design variables. Accordingly, a gradient-based opti-
mization algorithm is utilized to search for the optimum. Sequential least squares pro-
gramming optimizer is the default method for gradient-based optimization in SU2 and
in this study, this default choice is utilized. The optimization process keeps searching
until the pre-defined number of design iterations are reached or convergence criteria,
the Karush—Kuhn-Tucker (KKT)[46, 47] conditions are satisfied. This whole process

is schematically summarized in Figure [2.2]

2.2.5 Adjoint Optimization Philosophy

Generally, gradient-based optimization algorithms are used with approaches in which

the effect of each and every geometrical design variable on the cost function is calcu-
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Figure 2.2: Shape Optimization in SU2

lated by taking small steps. These small steps require a re-evaluation of the flow field
and it causes an increase in the cost, especially for optimization problems in which
a large number of design variables are required. Obviously modifying axial and ra-
dial pressure gradients in highly compact ducts requires geometrical modifications
in every direction in a continuous manner. Such geometrical modifications are only
possible with comprehensive geometrical variables so conventional gradient-based

optimization algorithms can become extremely costly.

The adjoint-based optimization algorithms provide the ability to efficiently deal with a
large number of design variables. This is originating from the characteristic of adjoint
optimization algorithms so that equations of the flow field become constraints so the
final expression for the gradient does not require reevaluation of the flow-field[45]. A

conceptual explanation of adjoint-based optimization is given below.
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The cost function /, is depending on the vector of design variables, I', the flow field

variable vector U, and grid position vector, X that is
I=I1UX,T)
Similarly, the discrete residual vector, R, can be expressed as
R=RWUX,T)=0

since with the converged RANS solutions, the governing equations of flow must be
satisfied. A chain rule can be applied to express the sensitivity derivatives of the

objective function on the design variables

dl 9l dU 0l dX I

ar ~audr Taxar Tar (2.12)

The term % seen in the above equation can increase the cost of the optimization
problem drastically if a large number of design variables are included. Therefore,
adjoint variables are introduced so that this term can be eliminated. Accordingly, the

discrete Residual is differentiated to obtain the jacobian matrix.

dRiﬁRdeLaRdX_i_aRiO (2.13)
d’  oUdl'  9Xdl' =~ or '
Now, with the adjoint vector, A, and grouping the % term, equations and

can be combined to obtain the below expression.

dl 9l dX 98I AT(a_Rd_X aR> (af ATc‘)R)d_U o1

aC _oxdr ~ar X dr  or ou T o )ar

Adjoint vector A\ is selected so that
(g—é + ATg—g) =0
is satisfied. Accordingly, the sensitivity equation (Equation [2.14)) is greatly simplified
to the following
UL L (X ony
ar - oxX dr ~ or oxX dI' ~ or
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so that sensitivity derivatives can be obtained without dependency on the flow vari-
ables. The sensitivities of the grid nodes with respect to the design variables, d.X/dI’,
is then evaluated by means of the SU2_DOT_AD module, which is based on the dif-
ferentiation of the mesh deformation code with FFD. The adjoint sensitivities with

respect to the mesh coordinates, 0/ /0X are all computed in one adjoint solution.

2.2.6 Free Form Deformation

Free Form Deformation(FFD) is a technique by which any type of solid surface shape
can be modified in a continuous manner with any degree. FFD technique provides
a way to model geometrical deformations rather than the geometry itself[48] so that
designer can intuitively modify the surface to be deformed. FFD is first introduced by
Sederberg and Parry [49]. After that, the capability of the FFD is further understood

and used in many surface modification applications.

The FFD method can only be successful if regions that have an effect on the objective
function are properly determined. After this is achieved, an FFD box covering the
design region can be constructed. Typically, the FFD box is in the form of a cube for

3-dimensional shapes. The FFD box covering the walls of a typical S-Duct is shown

in Figure[2.3]

Figure 2.3: FFD Box Covering S-Duct[50]

In this study, the Bezier curve definition is used as a blending function for the FFD
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box. A Bezier volume can be mathematically represented with Equation [2.T5]

l m
X&) =23 > PusBi€)B (mB(C) (2.15)

Bl(©) = €1 -9
Bj'(n) = (mL_!l)!nj(l —n)" (2.16)
n!
Bj(¢) = m(k(l — )"t

In the above equation [, m, n are the degrees of the bezier functions whereas P ; ;. are
the coordinates of the control points which are basically design variables in the Carte-
sian system whereas &, 7, € [0, 1] are the parametric coordinates. y defines bezier

volume such that for a given &, ), ( Cartesian coordinates of x, ¥, z are obtained.

The FFD deformation is performed in three steps. In the first step, the cartesian
coordinates of the designed object are mapped to the parametric coordinates which
are £, 7, (. In the second step perturbation to the FFD control points is given which
results in the deformations of the designed object and FFD box. Finally, the cartesian

coordinates of the designed object are calculated with Equation[2.13]

After the designed object is deformed volume grid deformation is performed within
the SU2_DEF module. In this module, grids are modeled as an elastic solid with
the help of the linear elasticity equations[S1]. SU2_DEF module provides different
choices for users to define changes in the modulus of elasticity values. In this study,
the modulus of elasticity values of each mesh is defined as inversely proportional
to cell volume which results in less deformation in smaller cells such that the mesh

quality in the region of interest is preserved as much as possible.
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2.2.7 Post Processing

Throughout the study, total pressure, mass flow rate and momentum distortion on
the aerodynamic interface plane for each of the investigated geometry obtained in
the optimization steps are monitored. Additionally, distortion intensity calculation
according to the SAE standart[9] is also performed for optimum geometries. Total
pressure and mass flow rate calculations are based on the surface integrals. Similar to
these two, momentum distortion is also an integral parameter calculated within SUZ.
Momentum distortion may need further explanation since it is not commonly used in
the intake aerodynamics although it can provide a clear indication of the aerodynamic

performance of any type of duct.

In most aerodynamic applications non-uniform flow through the duct is undesirable.
Momentum based distortion parameter[S54] may used to characterize uniformity at

specific cross section with Equation [2.17]

p o Halu-nrdd 2.17)

Q*/A '
where u is the averaged velocity vector, n is the unit vector normal to the cross sec-
tion of interest, Q is the volumetric flow rate and A is the area of the cross section off
interest. Therefore, the momentum distortion parameter given in the Equation [2.17]
is normalized axial momentum on the cross section of interest minus one. Normal-
ization is performed with the momentum for a uniform flow so that the momentum
distortion parameter becomes zero for a uniform flow, 0.02 for a fully developed tur-

bulent flow in a pipe and 1/3 for a laminar pipe flow.

Momentum distortion defined above can be used to evaluate flow characteristics in-
side any type of duct. Performance issues of human airways used for breathing[l55]]
or highly integrated air inlet duct designed for the air-breathing engine can be ba-
sically measured effectively with this parameter. During this study, the momentum
distortion is monitored and its variation at each optimization step is stored to provide
additional information to the reader about how minimizing losses correlated with this

parameter.
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However, intake and engine integration problems are generally assessed with the dis-
tortion metrics defined in the SAE standarts[9]. Although depending on the engine
manufacturer type of the distortion descriptor may change, in this study average cir-
cumferential distortion descriptor D PC'F,,, is used in accordance with the available

experimental data. DPC'P,,, is simply the average of ring intensities given in Equa-

tion 2.18l

Pav T Py avg,t
Intensity; = —% Lavg, (2.18)
In the Equation Uy Povgi» Plavg,: TEPresents ring number, average total pressure
on the ring number 1, average total pressure obtained in the low pressure region on
the ring number i respectively. Accordingly DPCF,,, is calculated by simply taking
the average of intensities at each ring with the help of Equation [2.19]

i=5 .
Intensity;
DPCP,,, = D 2.19
y Zl - (2.19)
For the calculations of D PC' P, , from the CFD solutions, a virtual total pressure rake

is placed on the aerodynamic interface plane (AIP), which generally corresponds to

the engine face, and total pressure values at each of the probe locations are obtained.
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CHAPTER 3

VERIFICATION STUDIES ON A SEMI-SUBMERGED INLET

Semi-submerged inlets are exposed to high level of distorted flow profiles such that
one part of the flow passing through the inlet throat has low momentum of the in-
gested boundary layer and the other part has high momentum comparable to the free
stream. Moreover, if the inlet duct has an S-shape centerline curvature, centrifugal
forces originating from the first bend of the inlet create additional non-uniformities.

Therefore, a computational investigation of submerged inlets is a challenging task.

In this part of the study, a verification study is performed for a semi-submerged air
inlet exposed to a large amount of boundary layer ingestion and the flow character-
istics are investigated with Spalart Allmaras and kw — S ST turbulence models. The
inlet performance parameters are compared with the available experimental data. The
baseline inlet configuration and the experimental data are obtained from the reference

study[S2].

3.1 Baseline Geometry and Experimental Setup

The potential benefits of semi-submerged inlets have been well-recognized by aircraft
manufacturers. However, there is only a limited number of experimental data avail-
able related to the performance of these inlets exposing large amounts of boundary
layer ingestion. Fortunately, in 2005, results of a comprehensive experimental study
conducted[52] with an s duct exposing a large amount of boundary layer ingestion
is published. The study provides experimental information about the performance of
the highly integrated inlets in realistic flight Reynolds numbers. The investigated inlet

geometries and the experimental setup were constructed so that the ingested bound-
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ary layer has a thickness of 30 % of the inlet height. Four different inlet geometries
are designed by the Boeing Company, under contract with NASA. These geometries
are denoted as A, B, C, and D and all these geometries are to represent the highly
integrated inlets on the military fighter applications as well as the blended wing body
concept. The inlet entrance shapes and the lip thickness were the major differences
in the investigated inlet geometries. In this study, the inlet geometry labeled as inlet
A i1s taken as the baseline. General dimension of this geometry is given in Figure
3.1l It must be noted that all the investigated inlet geometries are based on the Ger-
lach shaping methodology[S3] so that in these inlet geometries the secondary flows
are minimized by simply decreasing areas in the regions of low-speed flow and by
increasing areas in regions of the high-speed flow. If this is accomplished ideally,
two main sources of pressure losses will be eliminated in the duct. First, the overall
pressure difference in the radial direction is reduced so that the flow tendency to move
from the high-pressure region to the low total pressure is eliminated. Secondly, the
gradient of the centrifugal forces on the bend is eliminated so that the flow tendency
to move from the high-velocity region to the low-velocity region is eliminated. In this

way, pressure losses inside the duct with bends can be reduced significantly.

Side view Front view

- 3.249 >

— x
= 15.323 { /\

42185

Y

7.534———»

2.448 >

Figure 3.1: NASA’s inlet A Geometry[52], Dimensions are in Inches

The centerline distribution of the baseline geometry starts with the estimated bound-
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ary layer thickness at the inlet entrance and ends at the AIP center. The baseline
geometry has cross sections divided into quadrants that are symmetrical about the
vertical symmetry plane. The quadrant shapes are mathematically defined as the su-
perellipses with a shape parameter e as given in Equation [3.1]and a aspect ratio (AR)

of the quadrants. This inlet duct has a diffusion ratio of approximately 1.07.

|Z’1’e -+ |Zl‘e =1 (31)

Distribution of the centerline curvature, the shape parameter, the aspect ratio and the

cross-sectional areas through the duct are given in Figure [3.2]
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Figure 3.2: Geometrical Definition of Baseline Duct[52]

In this study, most of the computational investigations and optimizations are con-
ducted with an experimentally investigated flow condition. The experimental investi-
gations were conducted at the NASA Langley Research Center 0.3-Meter Transonic
Cryogenic Tunnel. Thanks to the nitrogen used as a working fluid, high Reynolds
numbers were reached at the Transonic flow. Flow conditions of the experimental
data which is used for a CFD verification and optimizations are given in Table [3.1]
Reynolds number is based on the diameter of the aerodynamic interface plane which

15 0.0622m.
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Table 3.1: Flow conditions

Re M Py(Pa) Ts(K) Pue(Pa)
13.66 x 105 0.832 218000 90 285000

Basically, the inlet performance metrics rely on the total pressure measurements taken
at the aerodynamic interface plane. In the reference experimental study, according to
the SAE standarts[9], 8 arms, 5 rings total pressure rake is placed at the aerodynamic
interface plane and total pressure measurements are taken at this location. On this
rake, each arm is located as 45" apart from each other and each rake has 5 total
pressure probes so that the equal area spacing is satisfied. Representation of the total

pressure rake is given in Figure[3.3]

Figure 3.3: Total Pressure Rake on AIP[S2]

In addition to the total pressure measurements on the AIP, the boundary layer thick-
ness and profile around the inlet entrance are obtained experimentally with a boundary
layer rake placed 0.091 inches upstream of the inlet entrance. This boundary layer

rake is also shifted 3.784 inches from the centerline of the duct to not to disturb the
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ingested airflow. Reader is referred to NASA’s study [52] for a detailed geometrical
and experimental explanation of the inlet which is taken as the baseline geometry in

this study.

3.2 Computational Domain

Since, the aim is to represent the experimental condition in the computational domain
for predicting the performance of the boundary layer ingesting inlet, the ingested
boundary layer profile and the boundary layer thickness need to be matched with the
experimental data. Fortunately, the experimentally obtained boundary layer profile

is given just upstream of the inlet throat on a laterally shifted location as shown in

Figure[3.4]

Top View
Inlet “Dim A” “DimB”
A 3.784 -0.091
B 3.784 0.050
C 4.300 -0.038
D 4.300 0.038
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\H “Dim B” / | l Inlet A face
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° l L ? L Fence 1
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° : : — * Fence 2
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Free-stream velocity

Figure 3.4: Location of Boundary Layer Rake Used in Experimental Study[52]

To match the experimental boundary layer characteristics, the flat plate assumption is
done and the required wall length to develop the boundary layer thickness comparable

to the experiment is calculated as 0.960m with Equation [3.2]

) 0.38
© " Rl 2

Accordingly, the computational domain is generated and the obtained mesh distribu-
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tion around the symmetry plane is shown in Figure[3.3] For resolving boundary layer
flow, 25 layers of boundary layer prisms are included in the mesh. The first layer
thickness and the growth ratio of the prism cells are selected such that at least two
layers of the prism cells stay in the viscous sublayer so it is ensured that Y+ value in

the first layer is smaller than 1.
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Figure 3.5: Symmetry Plane

The computationally obtained boundary layer profile from the SA turbulence model
is compared with the experimental data. The result of the comparison is shown in
Figure [3.6] As can be depicted from this figure, obtained boundary layer thickness
values from the computational and the experimental investigations have an excellent
agreement. However, it is seen that the computationally obtained boundary layer

profile is more energetic and carries a relatively higher mass flow rate.
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Figure 3.6: Comparison of Upstream Boundary Layer Profiles, Experimental Data is

Taken From [52]]

3.3 Boundary Conditions

The pressure far field boundary condition is utilized for the outer domain whereas
the duct and the ground walls are modeled as no-slip wall. Additionally, the pressure
outlet boundary condition is given to the aerodynamic interface plane. The boundary

conditions and the flow domain is shown in Figure

Determining the pressure value given to the pressure outlet to match with the exper-
imental corrected mass flow rate requires a calculation of the static pressure at the
AIP. Since the corrected mass flow rate and the experimental free stream conditions
are available, the following procedure may be applied to find the static pressure at the

AIP

Starting with the continuity;

m = pVA (3.3)
Assuming nitrogen is an ideal gas;
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P
=== 34
P =TT G4
Introducing Equation [3.3]to above equations gives;
m PV
o 3.5
A RT (5-3)
where
V=Ma and M =\/yRT
If the above equations are inserted to the Equation [3.5/one can obtain following;
m_ iM VYRT (3.6)
AT RV '

Rearranging the Equation [3.6|and introducing the isentropic relations Equation [3.7)is

obtained.
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M P,
= ,/% LA (3.7)
(1+ 22 = VL

From the available experimental data the corrected mass flow rate is known. There-
fore by simply introducing the corrected mass flow rate given in the Equation [3.8|to
the Equation Equation [3.9]is obtained. As can be seen corrected mass flow rate
is only a function of gas constants, area, reference pressure, reference temperature
and Mach number at the AIP. Therefore one can solve Equation 3.9|for predicting the
Mach number at the AIP.

Ty
. Trey
M, = T~ (3.8)
Pref
M Pre
Mo = (| L el g (3.9)
R (1+ 52 02) 70/ Tres

After obtaining the Mach number at the AIP, isentropic relation given in Equation
3.10| can be used to find the static pressure at the AIP. It must be noted that, for
the calculation of the static pressure, pressure recovery(n) value can be assumed or

experimental data can be used if it is available.

P

I/ —
(1 —+ :2LM2)7_1

(3.10)

3.4 Computational Setup

In the computational analyses, the convective fluxes are based on the second-order
Jameson-Schmidt-Turkel scheme together with the Venkatakrishnan slope limiter.
The gradients are evaluated based on the Green-Gauss theorem and the viscous fluxes
are calculated with the corrected average-gradient formulation. The time integration
is performed with the Euler implicit iterative FGMRES algorithm and a constant CFL
number of 15 is used in all the solutions. In the discrete adjoint solutions, a CFL re-

duction factor of 0.1 is used.
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Figure 3.8: Convergence History

3.5 Mesh Sensitivity Study

A mesh sensitivity analysis is first performed on the baseline configuration. 4 mesh
sizes labeled as coarse, medium, fine and dense are considered. The cell sizes are
doubled starting from the coarse mesh. In all the meshes, 25 layers of boundary
layer prisms with the constant first layer thickness are employed. A typical resid-
ual history for the flow variables and the pressure recovery is given in Figure [3.§
As seen, the convergence for all the flow variables and the pressure recovery value,
which is the performance parameter, is attained. The variations of the performance
parameters computed on all the meshes are given and compared against the true val-
ues obtained based on the Richardson extrapolation in Figure[3.9}a. The variations of
error with respect to the true values are also plotted in a log-log scale in Figure[3.9}b.
As expected the error in the performance parameters decreases in accordance with the
second order accurate solution algorithm. In order to minimize the turnaround time
in the computations without sacrificing the accuracy, the medium mesh is employed

in the remaining verification and optimization studies.
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Figure 3.9: Mesh Sensitivity Analysis

3.6 Performance Analysis

After understanding the computational setup is producing comparable upstream bound-
ary layer thickness and profile to the experimental data, it is accepted that the length of
the wall upstream of the inlet throat is suitable for reaching usable decisions about the
suitability of the computational method. Accordingly, CFD analyses are conducted
with both SA and kw — SST turbulence models. Since the performance of the engine
inlet mainly depends on total the pressure distribution on the AIP, the comparison
is made between the total pressure contours obtained at the aerodynamic interface

plane(AIP) and shown in Figure[3.10]

From this figure, it can be seen that, although little asymmetry exists in the experi-
mental data is not captured by the computational analyses, the predictions conducted
with the two different turbulence models are able to predict both low and high total
pressure regions. Computational analysis obtained with the SA turbulence model has
a wider angular extent of the low total pressure region compared to the prediction per-
formed with the SST turbulence model. It must also be noted that the given constant
static pressure value to the AIP which is calculated from the Equation [3.10|results in

different corrected mass flow rates compared to the experimental condition. Since the
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Figure 3.10: Comparison of Total Pressure Distribution at the AIP Experimental Data
is Taken From [52]]

obtained corrected mass flow rates differ only a limited amount relative to the exper-
imentally obtained corrected mass flow rates no other iteration is made on the static

pressure value given to the AIP and comparisons are made accordingly.

Although the visual inspection of the total pressure distribution on the AIP gives an
intuitive understanding of the relative success of the turbulence models in predicting
the performance of the BLI inlet, a quantified comparison of the extent of the low
total pressure regions and distortion intensities needs to be made. For the quantifi-
cation, the total pressure intensity on the rings defined in the universal standard [9]]
is used. The ring intensity is generally used for the total pressure variation change
in circumferential directions at different radial locations. As already discussed in
the Section [2.2.7] in the experimental study radial and circumferential locations for
the total pressure measurement points are determined by following the guidelines of
the universal standard[9]]. Actually, the ring locations can be seen on the experimental
data shown in Figure[3.10] The total number of the total pressure measurement points
is 40, distributed in 5 rings at 8 different arms located 45 degrees apart. The inner
ring is named ringl and the outer ring is named ring5. Calculation of the ring and
average intensities were given in the Section[2.2.7] Additionally, PR values are also
computed. Comparison of the overall intensity, each ring intensity, the angular extent

of the low total pressure regions on each ring and PR are summarized in Table[3.2]
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Table 3.2: Comparison of Experimental[52]] and Computational Results

Experiment kw — SST Spalart Allmaras
Ring Intensity | Extent | Intensity | Extent Intensity Extent Intensity | Extent Intensity Extent
# Difference % | Difference % Difference % | Difference %
1 0.039 171.3 0.048 1533 24.33 -10.48 0.052 157.5 33.06 -8.05
2 0.055 147.0 0.060 142.8 8.34 -2.87 0.064 146.8 16.18 -0.1
3 0.050 139.5 0.055 136.3 9.84 -2.3 0.059 140.2 18.6 0.48
4 0.044 134.8 0.050 131.2 13.23 -2.65 0.052 132.2 18.25 -1.91
5 0.037 131.3 0.036 103.2 -2.86 -21.39 0.037 104.0 0.68 -20.76
DPCP,,4 =0.045 DPCP,,4 =0.050 DPCP,,4 =0.053
PR = 0.960 PR =0.959 PR =0.954
. = 0.4627 kg/s . = 0.503 kg/s . =0.492 kg/s

From Table [3.2]it is seen that regardless of the turbulence model used, computation-
ally obtained average intensities are higher compared to the experimental data. The
average intensities obtained with the kw — SST" and the SA turbulence models are
0.05 and 0.053 respectively. At the same time predicted PR values are in agreement
with the experimental data and only a negligible difference exists between the pre-
dicted and the experimentally obtained PR values. However, both of the computations
give relatively smaller PR values compared to the experimental data. Simulating the
higher mass flow rates in computations can easily be shown as the reason for predict-
ing lower PR and higher distortion since this is the expected trend in general for the
flow in ducts. If a more detailed comparison is done by comparing the ring by ring
intensities and the extent of the low total pressure region on each ring, it seems that
the kw — SST turbulence model is a little more successful in predicting distortion
intensities on a ring basis whereas the SA turbulence model is little more successful
in predicting the extent of the low-pressure regions. However, their relative successes
are within negligible limits. Therefore, it may be concluded that both of the turbu-
lence models are fairly successful in predicting the overall air inlet performance and
total pressure distribution on the AIP. Since the SA turbulence model is one equa-
tion model, it is advantageous to perform computations with the SA model in terms
of computational time. Additionally in the earlier study[S6] it is commented that the
ease of the convergence of adjoint solutions with the SA turbulence model is superior
compared to the kw — SST turbulence model. It must be also noted that in general,

the kw — SST turbulence model is found more successful in determining air inlet
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performances. However, it seems that in this specific case, there is no significant
difference between the results obtained with the kw — SST and the SA turbulence

models and the SA turbulence model is used for the rest of the study.

3.7 Flow Characteristics of the Inlet

It is also interesting to investigate the flow around the integrated air inlet exposing
boundary layer ingestion. Mach number contours at the symmetry plane explain
flow characteristics around this intake at transonic conditions. Accordingly, the Mach

Number contour of the investigated intake is presented in Figure [3.11]
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Figure 3.11: Mach Number Contour at Symmetry Plane

Figure [3.11 summarizes the characteristic flow features around the highly integrated
inlet exposing boundary layer ingestion at transonic flow conditions. From this figure,
it can be seen that just upstream of the inlet throat boundary layer developed on the
upstream walls tends to thicken because of the adverse pressure gradients. It is also
seen that just above the thickening boundary layer around the inlet throat, there is a

region in which the local Mach number tends to increase. This region is called as the
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"super velocity region" after a study conducted by Amer et al[l62]. The local Mach
number increase is originating from the favorable pressure gradient created by the
centerline curvature of the duct as proven by Amer et al[62]. Additionally, since the
stagnation point on the lip is on the inner side, the flow tends to increase its speed and
reaches the critical Mach number so that there is a pocket of supersonic flow on the
external covers of the lip. This local supersonic region ends with a strong lip shock
which further leads to a thickening boundary layer on the external walls of the inlet.
Since the low momentum fluid flow developed on the upstream wall cannot follow
the curvatures of the inner wall of the inlet, the lift-off region is developed with low

total pressure.

Investigating static pressure distributions around the symmetry plane can provide fur-
ther insights into the flow characteristics of the highly integrated inlet. Accordingly,
static pressure distributions on the symmetry plane is given in Figure [3.12] This fig-
ure basically proves some of the explanations made for the reasoning relatively high
speed flow around the inlet entrance shown in Figure This figure also pro-
vides the effects of centerline curvature on the pressure distribution. As can be seen,
both the second and the first bend of the duct creates low pressure regions and these
low pressure regions basically creates a radial pressure gradient. However, it must
be noted that the investigated intake is designed according to the Gerlach shaping
methodology[53]] so that the radial pressure gradients are well controlled, especially
on the first bend. Generally one can expect higher pressure gradients in the radial

direction for an inlet with a similar amount of vertical offset.
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Figure 3.12: Static Pressure(Pa) Contour at Symmetry Plane
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CHAPTER 4

ADJOINT OPTIMIZATION OF SEMI-SUBMERGED INLET

In this part, the boundary layer ingesting inlet which has available experimental data
in the open literature is optimized for minimizing the total pressure loss. The com-
putational approach and the verification study are already discussed in Chapter 3.
Therefore, in this part, only the adjoint optimization study conducted for this intake
is summarized. This chapter is divided into two parts. In the first part, the results of
the adjoint optimization conducted only for the duct geometry are investigated. In the
second part, the upstream wall on which the boundary layer is developed is included

in the optimization.

4.1 Adjoint Optimization of Inlet Duct

In this part, results of the adjoint optimization aims to reduce the duct losses rather
than changing the upstream wall and the ingested boundary layer characteristics are

summarized.

4.1.1 FFD Box

For the BLI cases, the main goal can be ingesting the boundary layer developed on the
body as much as possible as already been shown that ingesting flow with less energy
may lead to an increase in the overall system efficiency. On the other applications,
because of both space and survivability constraints diverter type of structures may
need to be eliminated so that intakes are exposed to the boundary layer ingestion.

Regardless of these two cases, the PR of the BLI inlets is inherently low. But still,
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there are losses in the intake duct and these losses must be decreased. Accordingly,
the FFD box is constructed so that, only the duct geometry is assigned to be modified
without any upstream part. The FFD Box around the inlet duct is shown in Figure @.1]
The FFD box has 11 planes in the axial direction whereas 5 planes are implemented
both vertically and horizontally. The first plane of the FFD box starts at the inlet
throat whereas the last plane of the FFD Box is placed just upstream of the AIP. The
last and the first planes are kept constant so that the overall diffusion ratio and vertical
offset of the original duct are not modified. Accordingly, the total number of design

variables is 225 for this case.

5 Planes

5 Planes 11 Planes

Figure 4.1: FFD Box Around Inlet Duct with Number of Planes in Each Direction

4.1.2 Optimization Histories

During the adjoint optimization study conducted with SU?, mass flow rate, total pres-
sure and momentum distortion at the AIP is monitored for each of the optimization

steps.

Histories of the mass flow rate, the total pressure and the momentum distortion vari-
ations with optimization steps are shown in Figure d.2] As can be seen from this

figure, in the very early stages of the optimization study, the total pressure loss inside
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the intake is minimized. Additionally, as the total pressure loss inside the intake is
reduced, the mass flow rate is maximized as expected. It is interesting to note that,
the momentum distortion calculated at each time step also shows a decreasing trend
as the optimization step evolves. Therefore, for the case investigated there is a strong
correlation between the corrected mass flow rate, the pressure recovery and the mo-

mentum distortion so that as the losses inside the intake decrease, the momentum

distortion also decreases and the corrected mass flow rate increases.
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4.1.3 Assesment of The Optimum Configuration

It is already discussed that an intake can be designed and placed deliberately for
ingesting the boundary layer flow. On the other hand, it is more common to divert
the incoming boundary layer away from the inlet entrance in the most efficient way.

Regardless of the scenario, the losses inside ducts must be minimized.

In this part, optimization is performed solely for decreasing the losses inside the BLI
intake rather than modifying the upstream flow. However, the upstream wall on which
the ingested boundary layer develops is kept in the computational domain so that

possible interactions between the upstream flow and inlet duct are still simulated.

The total pressure obtained at the inlet throat is related to the quality of the upstream
flow and the amount of boundary layer ingested by the inlet. Since there is no modi-
fications are applied to the upstream parts, it is expected that the modifications to the
duct geometry to have only a limited effect on the quality of the ingested flow. Ac-
cordingly, non-dimensional total pressure distributions on inlet throats obtained with

the baseline and the optimum intake are shown in Figure 4.3

PR
1.000
[}
-0.9725
| -0.9450
Optimum Baseline - 0.9175
PR at throat = 0.966 PR at throat = 0.966 l 0.8900

Figure 4.3: Pressure Recovery Distributions on the Inlet Throats Indicating Total
Pressure Distributions at the Inlet Throats for Baseline and Optimum Configurations

Match Each Other

Figure[d.3|shows that there are no visible differences in the total pressure distribution
on the inlet throats and PR values obtained for the optimum and the baseline geome-
try at this location are practically the same. Accordingly, it may be depicted that the

optimization study performed at the investigated flow condition is only focusing on
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Table 4.1: Comparison of Baseline and Optimum Inlet

Baseline Optimum
PRy, 0.988 0.991
me(kg/s)  0.492 0.498

minimizing losses inside the inlet duct without significantly changing the quality of
the ingested flow. For measuring the losses that occurred inside the inlet, a new pa-
rameter may be defined. This parameter is labeled as P R;;, in the current study and it
is the ratio of the total pressure at the AIP to the total pressure at the inlet throat. The
first comparison of the duct performances is made solely for this parameter which ba-
sically shows the amount of duct losses. The results of this comparison are tabulated
in Table @11

Table [.1] shows that inside the baseline duct geometry, which is designed based on
the Gerlach shaping, only 1.2% total pressure loss occurred. The amount of total
pressure losses inside the duct further reduces to 0.9% with the optimized duct. This
reduction also leads to an increase in the corrected mass flow rate for the same set of

boundary conditions.

After understanding that the optimization leads to a decrease in the losses inside the
intake rather than changing the quality of the ingested flow, it is required to compare
the conventional pressure recovery and the distortion intensities obtained with the
two ducts. This comparison is given in Table 4.2] while total pressure distributions
obtained at the AIP are given in Figure 4.4] As can be seen from this Table 4.2} the
optimized intake duct has only a 0.21% increase in pressure recovery whereas overall
distortion intensity reduces from 0.053 to 0.050 with the optimized duct. A similar

reduction in momentum distortion is also observed from the history of optimization

given in Figure
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Table 4.2: Comparison of Baseline and Optimum Inlet

Geometry PR DPCP,,, me(kg/s)
Baseline 0.954 0.053 0.492
Optimum  0.956 (+%0.21) 0.050 (—%5.66) 0.498 (+%1.22)

PR

1.000
|
- 0.9725

- 0.9175
0.8900

Optimum Baseline

Figure 4.4: Comparison of Pressure Recovery Distributions at AIP

Static pressure distribution on the symmetry plane for the optimized and the baseline
duct is also shared in Figure .5 It is clearly seen that the radial pressure gradients
around the first bend are minimized with the optimization. On the other hand, just
at the second bend more localized, relatively stronger static pressure gradients are
obtained in the radial direction. This effect is simply created by the geometrical

modifications. To visualize these geometrical modifications Figure [4.6]is given.

As can be depicted from Figure 4.6] the optimized geometry has a relatively aggres-
sive centerline curvature so that the flow turning angles are higher both at the first
and second bends. Although the flow turning angle is higher at the first bend, the
optimized geometry is able to reduce the radial pressure gradients by simply increas-
ing the cross-sectional area closer to the inner bend of the duct starting from the very
early stages of the duct geometry. The effect of the aggressive flow turning angles
is more pronounced at the second bend as shown in the static pressure distributions
given in Figure d.5] The low-pressure region on the second bend actually creates a

local favorable pressure gradient in the axial direction just upstream of the AIP.

54



Optimum ‘ Baseline ‘
- ¢
Static [ _— T
Prssure 8.1¢+04 1.5¢ +05 2.1¢ +05 2.8¢+05 3.4¢ +05
d

Figure 4.5: Static Pressure Distributions On Symmetry Plane
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It is already commented that by further increasing the local areas around the inner side
of the first bend, the optimization algorithm was able to decrease the radial pressure
gradients. Additionally, investigating streamwise cross-sectional area changes can
provide further insight to the reader into how diffusion rates in the axial direction are

modified. Accordingly, Figure [4.7]is shown below.
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Figure 4.7: Stream Wise Cross Sectional Area Changes

From Figure 4.7t is seen that cross-sectional areas are aggressively increased around
the first bend with the optimization algorithm. This provides reaching high diffusion
rates where the flow has relatively higher energy inside the duct. After a sudden
increase in the cross-sectional areas around the first bend, the cross-sectional areas
are starting to decrease towards the AIP, so that the axial pressure gradients are well

controlled and most of the diffusion inside the duct is achieved around the first bend.

4.1.4 Off-Design Performance

Although the adjoint optimization is carried out for a single flow condition, the inlet is
designed to perform at various flight conditions at different levels of mass flow rates.
Therefore, the performance of the designed air intake needs to be investigated under

off-design conditions.
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The mass flow rate can be adjusted by modifying the static pressure value given to
the pressure outlet. Higher static pressure values lead to a decrease in the amount of
ingested mass flow. Accordingly, a set of analyses is conducted with different static
pressure levels given to the pressure outlet and performance values of the baseline
and the optimized ducts are compared. This comparison is mainly on the pressure
recovery and the average distortion intensities as shown in Figure 4.8 where large

circles indicate the condition at which the optimization is conducted.
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Figure 4.8: Off Design Performance Comparison

Figure provides an interesting observation that, below some level of mass flow
rate, the pressure recovery obtained from both the baseline and the optimized intake
stalls rapidly. This reduction in pressure recovery is more pronounced in the opti-
mized intake. On the other hand, as the mass flow rate increases, the pressure recov-
eries obtained with the optimized intake show less dependency on the mass flow rate
compared to the baseline geometry. It is further understood that the optimum intake
performance is significantly higher at the high mass flow rates. If a comparison is
made based on the distortion intensities, it can be commented that the optimum in-
take geometry provides less distortion throughout the range of investigated mass flow
rates. Total pressure contours obtained at the AIP for each of the investigated flow

conditions are given in Figure [d.9/to provide further insight to the reader.
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It can be concluded that, by modifying pressure gradients, the optimized duct is able
to increase performance, especially at the high mass flow rate cases. However, the
modifications reducing radial pressure gradients bring difficulties in the low mass
flow rate cases. Since, in the low mass flow rates, the duct creates higher resistance to
the flow, the ingested flow becomes more sensitive to the adverse pressure gradients
and the high diffusion rates create losses that cannot be recovered with the optimized

duct.

4.2 Adjoint Optimization of Inlet Duct Together with the Upstream Wall

Conducting the adjoint optimization solely for minimizing the duct losses provides
insights to the inlet designer about how the pressure gradients affect the overall inlet
performance. However, the investigated inlet is exposed to a high level of bound-
ary layer ingestion and therefore its performance is low inherently. Modifying the
upstream wall as well as the duct itself can provide further advantages since the in-
gested flow characteristics are crucial in determining the inlet behavior. Accordingly,
in this part of the study both the upstream wall where the boundary layer is developed

and the BLI intake shape is modified to increase the pressure recovery characteristics.

4.2.1 FFD Box

The upstream inlet wall surface is also included in the optimization study and the

inlet duct and the wall surface are continuously parametrized with a single free-form
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deformation box. Such an optimization study aims at achieving the highest aerody-
namic performance of a semi-submerged inlet with thousands of design variables is

the first time ever attempted.

Accordingly, the FFD box is created which covers the upstream of the duct. The FFD
box is composed of 31, 21 and 7 planes in X, Y and Z directions respectively. No
movement in the axial direction is allowed for the FFD box and FFD box modifica-
tions in the Y direction are only allowed after the inlet throat. General view of the

FFD box are given in Figure d.10]

Figure 4.10: FFD Box Covering Both Inlet and Upstream Wall with Number of Planes

in Each Direction

4.2.2 Optimization Histories

Pressure recovery, corrected mass flow rate and momentum distortion values obtained
at each of the optimization steps are given in Figure.T1] This figure shows that at the
very early stages of the optimization a significant increase in the inlet performance is
obtained. Additionally, as in the case of the adjoint optimization performed only for
the duct wall, there is a strong correlation between the corrected mass flow rate, the
pressure recovery and the momentum distortion. Obviously, increasing the pressure

recovery leads to an increase in the corrected mass flow rate and a decrease in the
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momentum distortion. It is also seen that, when the upstream wall is included in the
adjoint optimization, obtained pressure recovery values become close to 1, so that

most of the total pressure losses are eliminated and the momentum distortion reduces

significantly.
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Figure 4.11: History of Adjoint Optimization
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4.2.3 Assesment of The Optimum Configuration

From the history of the optimization, it is seen that the performance increase is notice-
able. This performance increase and geometrical variations from the baseline intake
must be investigated. Accordingly, a comparison of the optimized geometry with the

baseline is given in Figure for different axial locations and the symmetry plane.
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Figure 4.12: Surface Modifications for the Optimum (Red) Inlet

Figure 4.12] shows that surface modifications are significant and just on the inlet en-
trance, a bump shape geometry is obtained with a concave surface upstream of it.
Additionally, an enlarged inlet entrance moved away from the wall on which the
boundary layer is developed. The reason for moving the inlet entrance away from the

wall and having a relatively larger inlet entrance is directly related to exposing the
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inlet to the more energetic flow as much as possible. On the other hand, to show the
effect of the upstream shaping on the low momentum flow directing through the inlet

entrance Figure d.13]is given below.

Static
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Figure 4.13: Diverted Streamlines from Boundary Layer Diverting Inlet

Figure {.13| presents the effect of upstream modifications on the boundary layer flow
approaching to the inlet entrance. As can be seen, static pressure on the bump which
is located just on the inlet entrance is increased and the low momentum fluid flow near
to the wall region is diverted from the sides of the inlet entrance. In this way, only the
highly energetic flow is ingested by the intake. Further investigation of PR contours
given in Figure {.14] and Figure [4.15] along the axial directions and symmetry plane
of the optimized duct provides further insight to the reader into how the surface mod-
ifications affect the flow characteristics. As can be seen, the concave region obtained
upstream of the inlet entrance creates a low total pressure, and low momentum flow
so that, diverting it by the increased static pressure region obtained with the bump
placed on the inlet entrance becomes more effective. From Figure .14 it is also seen
that only the flow having total pressure comparable to the free stream conditions is
ingested and the low momentum fluid flow is diverted away from the two sides of the
intake. Figure 4.16]is given to further visualize the local velocity vector directions

and recirculation zone created at the upstream of the inlet.
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Figure 4.14: Pressure Recovery Distribution Around Optimum Configuration
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Table 4.3: Comparison of Baseline and Optimum Duct

Geometry PR DPCP,,, me(kg/s)
Baseline 0.954 0.053 0.492
Optimum  0.995 (+%4.30) 0.002 (—%96.23) 0.537 (+%9.15)

It is already discussed that including the upstream surface modification leads to a
significant increase in the inlet performance so that the pressure recovery of the opti-
mized geometry is closer to the one. Still, it is required to compare pressure recovery
contours obtained with the baseline and the optimized intake on the AIP. This com-
parison is given in Figure [4.17] This comparison shows that the optimized intake is

close to the ideal one with a negligible amount of distortion.

Optimum Baseline

Figure 4.17: Comparison of Pressure Recovery Distribution at AIP

A quantitative comparison of the baseline and the optimized intake is also shown in
Table[d.3] This table summarizes that the distortion intensities decreased significantly.
It must be also noted that the total pressure losses are minimized so that the optimized

intake has a PR value of 0.995.
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4.2.4 Off-Design Performance

Previously, the off-design performance of the inlet duct obtained from the optimiza-
tion study conducted only for finding the optimum duct without changing the up-
stream wall was investigated. This investigation showed that the optimum geometry
has higher performance at the high mass flow rates and lower performance at the low
mass flow rate cases. Additionally, it is understood that the performance of both the
baseline and the optimum geometries stall at the low mass flow rates so a sudden

reduction in the PR value is observed with a decrease in mass flow.

In this part, results of a similar investigation are presented for the optimization per-
formed including both upstream and the duct walls. Off-design conditions are rep-
resented with the corrected mass flow rate. Accordingly set of CFD analyses is con-
ducted for the different levels of static pressure values given to the pressure outlet
boundary and obtained performance values are compared with the baseline inlet per-

formance as shown in Figure [4.18§]
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Figure 4.18: Off Design Performance Comparison

The comparison given in Figure 4.18] clearly shows that when the upstream wall is
optimized with the inlet duct, a significant level of performance increase is obtained

regardless of the mass flow rate. Additionally, although the performance of the op-
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timized geometry shows dependency on the mass flow rate such that increasing the
mass flow rate decreases the PR and increases the distortion, this dependency is rel-
atively low compared to the baseline intake. It must be also noted that the optimized
geometry has no stall characteristics as the mass flow rate decreases in other words,
as expected, its performance increases as the mass flow rate decreases. Total pressure

distributions on the AIP are also given in Figure {.19|to provide further insight to the

reader.
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Figure 4.19: Pressure Recovery Contours Obtained at AIP, MFR is Decreasing from
Left-to-Right

66



CHAPTER 5

DESIGN OPTIMIZATION OF A NOVEL BOUNDARY LAYER DIVERTER

It is shown that, when the characteristics of the ingested flow are improved, the per-
formance increase of a typical semi-submerged inlet becomes significant. Improving
the characteristics of the upstream flow is possible with a surface shaping that condi-
tions the upstream flow so that a more uniform and more energetic flow is ingested.
This type of surface shaping must be performed such that, the overall system effi-
ciency and characteristics are not negatively impacted. Since, the semi-submerged
inlets are generally used to provide high compactness, low drag and low radar cross-
section, the upstream flow must be modified with these requirements in mind. On
the other hand, if the air inlet is designed to ingest the boundary layer deliberately,
determining the amount of ingested boundary layer in the most efficient way may
reduce negative effects associated with the compressor stability margin reduction and
the maintenance cost increase. In this part, efforts through finding and optimizing

such flow-controlling surface shapes are summarized.

5.1 Baseline Configuration and Design Process

The adjoint optimization conducted for maximizing the total pressure recovery of
the highly integrated inlet results in a significant performance increase when the up-
stream wall modification is included as previously discussed. However, the obtained
surface shape modifications are extreme and difficult to apply in real-world appli-
cations. Therefore, an alternative way of diverting the boundary layer flow coming
to the air inlet is investigated. This investigation results in a flush boundary layer

diverter.
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This novel form of boundary layer diverter simply diverts the incoming boundary
layer and prevents a high level of boundary layer ingestion. According to the authors’
best knowledge, this surface shape does not exist in the open literature. This form of
the boundary layer diverter requires a surface modification only in a limited region
and by being flush this boundary layer diverter provides advantages to the designers.
This diverter is more compact and provides less drag and low radar cross-section

compared to the same-purpose surface modifications.

The general view and geometrical parameters of the novel form of boundary layer

diverter are given in Figure[5.1]
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Figure 5.1: Geometrical Properties of Flush Boundary Layer Diverter

Geometrical parameters shown in Figure [5.1] have their own contributions for divert-
ing the boundary layer flow. The ramp angle provides an opportunity for flow to trap
into the cavity created by the surface modification. The second angle creates a local
high static pressure region so that flow tends to go through the two arms of the flush
diverter. With the help of the side ramp angle and two arms from which flow tends
to discharge away from the cavity, the diverting effect is created. This effect can be

clearly seen from the streamline comparison shared in Figure[5.2]
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(a) Baseline (b) Baseline Inlet with Flush Diverter

Figure 5.2: Streamlines Released 3.0 mm Above From the Wall

In Figure [5.2] it can be seen that part of the streamlines which are released from 3.0
mm above the wall is ingested by the baseline intake. On the other hand, when the
flush diverter is applied, the streamlines are redirected away from the inlet entrance. A
closer view of the flush diverter given in Figure[5.3]also shows that the flush boundary
layer diverter has also a sweeping effect such that it is able to redirect the streamlines

that are not trapped by the cavity.

Figure 5.3: Closer View of Flush Diverter
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The depth and length of the flush diverter seen in Figure[5.1]are related to the amount
of mass flow that is trapped in the cavity. If the depth is high, more flow can be trapped
but since more depth also means a higher ramp angle careful design is required. High
ramp angles may lead to flow separation so the flow cannot follow the surface and
only a limited amount of flow is trapped in the cavity. The ratio of the maximum
width to the minimum width of the flush diverter actually determines the divergence
ratio of the geometry. It is expected to have a higher flow-diverting ability with an
increase in the divergence ratio. In addition to the design parameters seen in Figure
[5.1] the location of the flush diverter relative to the inlet entrance is another design
variable that needs to be carefully selected. If the flush diverter is placed too far away
from the inlet entrance, a new low total pressure region may be developed downstream
of the diverter or the diverted streamlines may become aligned to the global velocity
direction and the effect of the diverter may reduce. The diverter geometry has some
common characteristics with the NACA inlet. The ramp angle and side ramp angle are

similarly used with the well-known geometrical parameters of the NACA inlet[S7]].

The above discussions are given to briefly summarize how the flush diverter is ex-
pected to have an effect on the flow characteristics. However, further investigation of
the design variables is required to fully judge the benefits of the flush boundary layer
diverter. Accordingly, response surface-based optimization is carried out first. Then,
the result of the response surface optimization is attained as a baseline geometry and

adjoint optimization is performed.

5.2 Response Surface Design and Optimization

For understanding the general effects of the flush boundary layer diverter on the inlet
performance with the interaction levels of the design variables, parametrization of
the diverter geometry is performed with 7 parameters. These parameters are ramp
angle, depth, second angle, side ramp angle, divergence ratio, discharge thickness
ratio and distance between the inlet entrance and the leading edge of the diverter. The
divergence ratio is simply the ratio of the minimum and the maximum width of the
diverter whereas the discharge thickness ratio is the discharge thickness divided by

the maximum width. It must be also noted that the depth and the distance between the
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leading edge of the diverter and the inlet entrance shown in Figure [5.4] are normalized
with the ingested boundary layer thickness by the baseline intake at the investigated

flow condition.

Distance

< | >

Figure 5.4: Distance as a Design Variable

The investigated design space is generated with the face-centered composite design
and 79 different flush diverter geometries are obtained. After the computational inves-
tigation of these 79 geometries, the pressure recovery values are stored and a second-
order polynomial response surface is constructed with the Minitab software[38]. The

second-order response surface is in the form of Equation5.1]

k k k
?J:ﬁo+25il’i+25ii$?+ Z Bijrir; + € (5.1)
i=1 i=1

i<j=2

In the above equation, y represents observations obtained from experimental data
while z; and z; represent the design variables. Coefficients of first and second-order
interaction terms are labeled as [3;, 5i¢ and (57j. The Intercept term, [y, is resulting
from the overall mean effect of the design variables. Minimizing the residual term
labeled as ¢ is the main goal of the least square estimation method. In the response
surface model approach, it is assumed that the residual term is normally and indepen-
dently distributed. To have a statistically valid and reliable response surfaces these
assumptions must be checked. The residual distribution plot and the plot of residu-
als versus predicted response values can be used to check whether the residuals are
normally and independently distributed or not[60]. It must also be noted that for eval-

uating normality and independency assumptions, standardized residuals are generally
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used since they give more information compared to ordinary residuals [61]]. The nor-
mal distribution of the standardized residuals is shown in Figure[5.5] As can be seen

from this figure, residuals are normally distributed and there is no outlier.

Residual Plots for Total Pressure Loss
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Figure 5.5: Summary of the Residuals

The plot of residuals with respect to the predicted values must also be checked to see
if the independent distribution of the residuals is satisfied or not. Accordingly, the plot
of predicted values vs standardized residuals is also shown in Figure[5.5] As can be
seen from this figure, residuals have homogeneous distribution through the predicted

values. Therefore it is concluded that the constructed response surface model is valid.

After reaching a statistically valid response surface model, the performance of the
constructed mathematical expressions must be checked. One of the widely used per-
formance indicators is the coefficient of determination (R?). R? is always between 0
and 1, 1 indicating the highest prediction capability. However, the coefficient of de-
termination always increases as the number of variables added to the model increases
regardless of the significance level of the new variable. This may lead to constructing

models with high values of coefficient of determination but only limited prediction

2

capability. Therefore, the adjusted coefficient of determination ([2;,

) is generally

preferred since it does not usually increase as the number of variables increases. In
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fact, Ridj generally decreases if non-significant terms are added to the model[61].

The 2nd order response surface model constructed to relate total pressure loss with

the flush diverter shape has R? and Rfldj values of 0.88 and 0.84 respectively. There-

fore, it can be concluded that constructed response surface is statistically valid and it

has a relatively high prediction capability.

It is also possible to measure the relative importance of design variables and their
interactions with the response. Accordingly, the P-Value approach[61] is used and its
results are summarized in Figure[5.6) which indicates individual and interaction terms

of the design variables have a significant effect on the response.
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Figure 5.6: P Values of the Design Variables and Their Interactions

5.2.1 Desirability Function Optimization

The desirability function approach is relatively simple but quite successful to find
the optimum. In this approach, depending on the optimization criterion, different
functions are employed to obtain individual desirability for each of the responses[61),
60]. If U and L are upper and lower acceptable bounds of the response y and the goal

is to maximize the response y, Equation[5.2]is utilized for determining the desirability
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value.

0 y<L
d={E =Ly <y<v (5.2)
U—1L =YY=
1 y>U

For minimization of the response y Equation [5.3] is used to define the desirability

value.

1 y <L
a={ 7Yy pey<u (5.3)
U-L -7
0 y>U

It is also possible to find an optimum if T being a specific response value is tried to
be matched. Equation can be used for determining the desirability value in such

conditions.

0 y<L
y—L
oL T
(=7 <y<
d=1{1 y=T (5.4)
U—-y,,,
T
(U—T) <y<U
0 y>U

In the desirability function optimization, it is also possible to assign the relative im-
portance of the optimization goals. The factor r seen in the above equations is simply
adjusting the relative importance of the optimization goals. If specific optimization

goals have higher priority, higher values of r should be used.

In a multi-objective optimization problem, the desirability values of each of the re-
sponses are determined. Accordingly, the overall composite desirability value is cal-

culated by taking the geometric mean of individual desirability values as given in

Equation[5.5]

74



D = /dydy...dy (5.5)

where d; 5 _j are indicating the individual desirability values and D is the overall

desirability value of the multi-objective optimization problem.

In this part of the study, a single objective is given as reducing the total pressure
loss and the optimum geometry is found from the desirability function optimization.
The predicted Pressure Recovery value of the optimized geometry obtained from the
desirability function optimization is 0.975 whereas the computationally obtained PR

of the optimum geometry is 0.969.

Results of the desirability optimization are shown in Figure This figure simply
shows the geometrical properties of the flush diverter which leads to minimum total
pressure loss. The numbers given at the top of each column indicate the minimum
and maximum values of the parameter (in black) included in the design space with
the selected parameter value (in red) for the highest desirability value (d). The inter-
sections of the horizontal dashed line in blue and the vertical lines in red show the

location of the selected variable in the design space.
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Figure 5.7: Results of the Desirability Function Optimization

From Figure it is also understood that the optimum geometry is on the edge of
investigated design space and enlarging the design space may provide better flush
diverter geometries. Since the response surface investigation is solely made for un-
derstanding the general effects of the geometrical properties of the flush diverter on
the inlet performance and providing the baseline geometry for an adjoint optimiza-

tion, further investigations are conducted only with the adjoint method. Optimum
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Table 5.1: Performance of the Inlet with and without Diverter

Geometry PR DPCP,,, me(kg/s)
Diverterless Inlet 0.954 0.053 0.492
Inlet with Baseline Diverter 0.969 (+%1.57) 0.041 (—%22.64) 0.518 (+%5.28)

geometry obtained from the desirability function optimization provides higher per-
formance in terms of both the total pressure uniformity and the pressure recovery.

The performance comparison is given in Table[5.1]

Additionally, total pressure distributions at the AIP obtained from the baseline inlet
and the inlet with the diverter are compared in Figure [5.8] As seen, the low total

pressure region is shrunk with the effect of the diverter.

PR

1.000
»
-0.9725

- 0.9450
-0.9175

0.8900

Baseline Diverter Diverterless

Figure 5.8: Total Pressure Distribution Comparison

5.3 Adjoint Optimization of The Boundary Layer Diverter

Results of the response surface optimization study show that obtained geometry is
on the edge of the design space and a further increase in the performance can be
obtained with further investigations. Accordingly, the optimum geometry obtained
from the response surface approach is taken as a baseline and an adjoint optimization

1s conducted.
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5.3.1 FFD Box

FFD box constructed to define the region where geometrical changes are to be per-
formed is shown in Figure [5.9] FFD box around the flush boundary layer diverter
composed of 11, 5 and 5 planes in X, Y and Z directions respectively. Each of the
control points in the FFD box is allowed to move in three directions. The total number

of design variables is 275 for this case.

\,}&'

5 Planes

5 Planes

Figure 5.9: FFD Box Around Flush Boundary Layer Diverter with Number of Planes

in Each Direction

5.3.2 Optimization Histories

As in the earlier adjoint optimization cases summarized previously, the corrected
mass flow, the pressure recovery and the momentum distortion metrics are moni-
tored at each of the optimization steps. Variation in these metrics with the increase in
optimization steps is given in Figure This figure clearly shows that again there
is a strong correlation between these three performance metrics such that increasing
the total pressure recovery leads to an increase in the corrected mass flow and a de-
crease in the momentum distortion for the same boundary conditions. It can also be

commented that in the very early stages of the optimization most of the performance
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increase is achieved then relatively smaller changes in the performance metrics are

obtained.
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Figure 5.10: History of Adjoint Optimization

5.3.3 Assesment of The Optimum Boundary Layer Diverter

It is already shown that the flush boundary layer diverter increases the inlet perfor-

mance by simply redirecting the boundary layer away from the inlet entrance so that a
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relatively higher momentum fluid flow is ingested. Results of the adjoint optimization
indicate that the ability of the flush boundary layer to divert boundary layer flow is
increased. General geometric characteristics of the optimum boundary layer diverter
and its effect on the upstream flow are discussed in this part. One of the most en-
thralling outcomes of the adjoint optimization is finding that, although no constraint
is given, the optimum geometry is still being flush after the optimization as shown
in Figure This figure simply compares the baseline and the optimum boundary
layer diverter geometries on the symmetry plane and three different axial locations
showing that while the ramp angle and the depth are increased the optimum geometry

stays flush to the outer surface.
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Figure 5.11: Surface Modifications for Optimized (Red) Boundary Layer Diverter
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(a) No Diverter (b) Baseline Diverter (c) Optimum Diverter

Figure 5.12: Comparison of Streamlines Released From 3.0 mm Above From Wall

(a) No Diverter (b) Baseline Diverter (c) Optimum Diverter

Figure 5.13: Comparison of Streamlines Released From 6.0 mm Above From Wall

(a) No Diverter (b) Baseline Diverter (c) Optimum Diverter

Figure 5.14: Comparison of Streamlines Released From 9.0 mm Above From Wall

Comparing the streamlines directed to the inlet released from the different heights
can visualize the relative abilities of the optimum and the baseline diverter geome-
tries. Accordingly Figure [5.12] Figure [5.13| and Figure [5.14] are given. Most of the

streamlines released from 3 mm and 6 mm above from the wall and part of the stream-
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lines released 9 mm above from the wall are diverted by the optimum diverter. At the
same time, the baseline diverter is only able to divert streamlines up to 9 mm and part
of the streamlines released 6.0 mm above from the wall is ingested with the baseline
geometry. If no boundary layer diverter is placed, with the relative static pressure in-
crease on the lips coinciding with the wall, part of the boundary layer is also diverted.
However, the amount of streamlines diverted with the natural pressure increase on
the inlet lips is low and most of the upcoming boundary layer is ingested when no

diverter is placed.

To further visualize the relative effectiveness of the boundary layer diverters, total
pressure contours around the baseline and the optimum diverter geometries on the
symmetry plane are compared with the diverterless inlet as shown in Figure [5.15]
From this Figure, it can be depicted that, a larger portion of the low total pressure flow
is captured and a relatively thinner low total pressure region is created at downstream

with optimum boundary layer diverter.
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Figure 5.15: Symmetry Plane Total Pressure Distribution Comparison
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Comparing the boundary layer profiles downstream and upstream of the diverters can
provide valuable information about the effectiveness of the two geometries. Accord-
ingly, in Figure[5.16] boundary layer profiles obtained at the downstream (X =-0.36 )
of the diverters are compared with the boundary layer profile obtained at the upstream

location (X = -0.45 m).
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Figure 5.16: Boundary Layer Profiles at Upstream (X=-0.45m) and Downstream (X=-

0.36m) Locations

The Figure[S.16|indicates that both of the diverters are able to modify the downstream
boundary layer so that flow near the wall becomes more energetic and carries higher
mass flow. At the same time, the optimum diverter shows relatively higher perfor-
mance in having a more energetic downstream flow compared to the baseline diverter
which is directly reflected in the obtained inlet performance metrics compared in Ta-
ble [5.2] given below. This table shows that with the introduction of the flush diverter

significant reduction in the distortion intensities is also obtained.
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Figure 5.17: Total Pressure Distribution Comparison

Table 5.2: Performance of the Inlet with and without Diverter

Geometry PR DPCP,,, me(kg/s)
Diverterless Inlet 0.954 0.053 0.492
Inlet with Baseline Diverter  0.969 (+%1.57) 0.041 (—%22.64) 0.518 (+%5.28)
Inlet with Optimum Diverter 0.977 (+%2.41) 0.019 (—%64.15) 0.531 (+%7.93)

Additionally, total pressure distributions on the AIP are compared for the inlet with no
diverter, inlet with the baseline diverter and inlet with the optimum diverter in Figure
[5.17] This comparison clearly shows that with the introduction of the flush baseline
diverter low total pressure region on the AIP shrinks and with the optimum diverter,

the effect of the diverter increases significantly.

5.3.4 Off-Design Performance

In the previous chapter, the off-design performances of the optimized intakes are
given as functions of the mass flow rate. In this part of the study similar type of
comparison is given for the inlet with the optimum flush boundary layer diverter.
In addition to presenting the inlet performance as a function of the mass flow rate,
the effect of the side slip angle on the effectiveness of the flush boundary layer diverter

is also investigated.

First, obtained PR and DPCP values of the baseline inlet with no diverter and baseline

83



inlet with the optimum flush boundary layer diverter at different mass flow rates are
given in Figure[5.18| where large circles indicate the condition at which the optimiza-

tion is conducted.
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Figure 5.18: Off Design Performance Comparison

Figure [5.18]indicates that, when the flush boundary layer diverter is introduced, sud-
den pressure recovery decrease obtained with a decrease in mass flow is totally elimi-
nated so that performance of the inlet with boundary layer diverter further increases as
the mass flow decreases. This characteristic is expected from a duct exposing only en-
ergetic upstream flow. A relatively strong negative slope of the PR curve is related to
the geometrical features of the baseline intake and as shown earlier, this characteristic
can be minimized when duct shaping is optimized to control the pressure gradients

both in radial and axial directions.
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If a similar comparison is made for overall distortion intensities it is seen that the
flush boundary layer significantly reduces the amount of distortion regardless of the
mass flow rate investigated. There is also an interesting trend in the overall distortion
intensities obtained inlet with flush boundary layer diverter so that on the middle
of investigated mass flow rates increasing trend of the distortion is corrupted and
distortion suddenly decreases although mass flow rate is increased. The reason behind
this can be visualized in the PR contours given in Figure As can be seen, there
is a strong change in characteristics of the total pressure distribution on the AIP from
fourth to fifth(left to right) obtained distributions from the inlet with the diverter. The
fourth distribution given in this figure shows only a small amount of distortion in
the core region which mainly coincides with ring 1, ring 2 and ring 3. On the other
hand, the fifth distribution has some level of distortion on the core region while the
lowest total pressure value obtained at the AIP is increased. This is because obtained
distortion values between these points show different trends compared to the general

trend of distortion as a function of mass flow rate.
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Figure 5.20: Comparison of Inlet Performances with and without Flush Diverter
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Figure 5.21: Comparison of Inlet Performances with and without Flush Diverter
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After understanding the flush diverter is able to increase the performance of the in-
vestigated intake through the range of investigated mass flow rates, the results of the
investigation regarding the effect of side slip angle on the effectiveness of the flush
diverter are also presented in this part of the study. Accordingly, the performance met-
rics of the intake with and without flush diverter are given in Figure [5.20]as functions

of side slip angle.

Figure [5.20[ shows that, the effect of the flush diverter decreases as the side slip angle
increases. The inlet with the flush diverter has relatively higher performance up to
the side slip angle of 10 ° which is extremely large for aircraft concepts such as the
blended wing body at which deliberate boundary layer ingestion is aimed. In such
concepts, air inlets are placed through the aft of the fuselage so that local flow angles
are straightened. Even for the most of the military applications having a side slip
angle of 10 ° at the transonic Mach numbers is not seen often. From the Figure [5.20]
it is also seen that characteristics of corrected mass flow rates and pressure recoveries
obtained at the investigated side slip angles show a very similar trend since the de-
crease in pressure recovery for the same set of boundary conditions indicates higher
resistance to the flow so lower mass flow rate. It must also be commented that intro-
ducing the flush diverter leads to a decrease in distortion intensities in the range of
investigated side slip angles. To further visualize and present the effect of increasing

side slip angle on the AIP Figure[5.21]is given.

Figure [5.21] shows that low total pressure at the AIP is relatively narrow when the
flush boundary layer diverter is used up to the side slip angle of 10°. Both quanti-
tative and qualitative investigation of the total pressure distribution obtained at the
AIP reveals that using a flush diverter leads to performance increase up to the side
slip angle of 10° which is relatively high for both deliberate boundary layer ingesting
and military applications, especially for the transonic flows. However, the decrease
in the effectiveness of the flush diverter as the increase in side slip angle must be ex-
plained. Accordingly, stream lines released from 3 mm above from wall for each of

the investigated side slip angles are shown in Figure through Figure
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(a) Baseline Inlet without Diverter (b) Baseline Inlet with Diverter

Figure 5.22: Streamlines Released 3 mm Above from Wall at SSA of 2.5°

(a) Baseline Inlet without Diverter (b) Baseline Inlet with Diverter

Figure 5.23: Streamlines Released 3 mm Above from Wall at SSA of 5.0°
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(a) Baseline Inlet without Diverter (b) Baseline Inlet with Diverter

Figure 5.24: Streamlines Released 3 mm Above from Wall at SSA of 7.5°

(a) Baseline Inlet without Diverter (b) Baseline Inlet with Diverter

Figure 5.25: Streamlines Released 3 mm Above from Wall at SSA of 10°

The above figures basically show that the diverter is able to divert most of the low
momentum flow away from the inlet entrance for side slip angles of 2.5° and 5°.
However, as the side slip angle increases part of the low momentum flow which is
interacted with the diverter is ingested by the intake which is the main reason for the

decrease in the diverter effectiveness as the side slip angle increases.
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5.4 Optimization with Multiple FFD Covering Diverter and Duct

The early investigations given in this study show that improving the ingested bound-
ary layer profile provides a significant performance increase. It is also shown that
optimizing the inlet duct without changing the upstream flow quality can still provide
some level of performance increase. Accordingly, in this part of the study, results of
optimization studies in which multiple FFD boxes are used to modify both the flush
boundary layer diverter and the inlet duct simultaneously are summarized. Similar
to the early investigations given in this study, the vertical offset between the AIP and
the inlet throat as well as the total length of the inlet is kept constant. Three different
optimizations are conducted. In two of these single objective is assigned as maxi-
mizing total pressure and maximizing mass flow rate. The third optimization aims to

maximize total pressure and mass flow rate simultaneously.

5.4.0.1 FFD Boxes

The FFD boxes used in this part of the study are basically replicates of the FFD boxes
used in the optimization studies which are carried out for optimizing the flush bound-
ary layer diverter and the inlet duct individually. Therefore each of the FFD boxes
are composed of 11 axial, 5 vertical and 5 lateral planes. For the FFD box around the
flush boundary layer diverter, all planes are allowed to be modified whereas the first
and the last planes of the FFD box covering the duct are kept constant. In this way,
the vertical offset, throat area and total length of the duct are kept constant. Nodes
of the FFD box around the flush boundary layer diverter are allowed to move in three
directions. At the same time, axial movement of the control points of the FFD box
around the inlet duct is not allowed. Both of the FFD boxes covering the inlet duct
and the flush boundary layer diverter are shown in Figure [5.26] with the number of

planes in each direction. For this case, the total number of design variables is 500.
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Figure 5.26: FFD Boxes Around Duct and Flush Boundary Layer Diverter with Num-

ber of Planes in Each Direction

5.4.0.2 Optimization Histories

The change in the pressure recovery corrected mass flow rate and momentum dis-
tortion at each of the optimization steps is shown in Figure[5.27] This figure shows
that starting from the early stages of the optimizations, pressure recovery and cor-
rected mass flow rate starts to increase whereas momentum distortion decreases. Ad-
ditionally, an interesting observation can be made from this figure for single objective
optimization conducted for maximizing total pressure. As seen, after some optimiza-
tion steps, the corrected mass flow rate shows a decreasing trend in the exchange of
increase in pressure recovery. As it will be discussed later in Section [5.4.0.5] this
negative correlation is attributed to the duct characteristics so that decreasing mass

flow rate thus dynamic pressure inside the duct decreases the total pressure losses.
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Figure 5.27: History of Adjoint Optimization

5.4.0.3 Assessment of the Optimum Configurations

It is expected to have further performance increase when the adjoint optimization is

conducted simultaneously for the duct and the flush boundary layer diverter compared

to the individual optimizations already performed and discussed. Accordingly, in

this part of the study obtained performances from the optimization studies conducted
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Table 5.3: Performance Comparison

Geometry PR DPCP,y, me(kg/s)
Baseline 0.954 0.053 0.492
Maximize PT - Inlet Only 0.956 (+%0.21)  0.050 (—%5.66)  0.498 (+%1.22)
Maximize PT - Diverter Only 0.977 (+%2.41) 0.019 (—%64.15)  0.531 (+%7.93)

Maximize PT - Diverter and Inlet 0.983 (+%3.04) 0.024 (=%54.72)  0.523 (+%6.30)
Maximize MFR - Diverter and Inlet 0.981 (+%2.83) 0.025 (=%52.83)  0.541 (+%9.96)
Maximize PT & MFR - Diverter and Inlet  0.981(+%2.83) 0.021 (—%60.38) 0.543 (+%10.37)

solely for the flush boundary layer diverter, solely for the inlet and the simultaneous
optimization of the duct and the flush boundary layer diverter are compared with each

other and with the baseline geometry. Results of the comparison are given in Table

53

Table [5.3|shows that, regardless of the optimization goal, the multiple FFD optimiza-
tions result in higher performance in terms of PR. The highest PR is obtained from
the simultaneous optimization performed for maximization of total pressure only. On
the other hand, the maximum mass flow rate is obtained from the optimization con-
ducted with multiple FFD and with multiple objectives. It is also interesting to note
that the lowest distortion is obtained from the optimization of the diverter only. This
is attributed to the fact that, although distortion is a strong function of PR, it is directly

related to the total pressure distribution only.

ea
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Figure 5.28: Comparison of Pressure Recovery Distribution at the AIP

Total pressure distributions on the AIP for the baseline and the optimum configura-
tions qualitatively compared in Table [5.3]is visualized in Figure [5.28] This figure
clearly shows that the minimum level of the total pressure on the AIP is reduced

significantly when simultaneous optimizations are performed.

93



The relative performance increase with the simultaneous optimizations is obtained
with the geometrical modifications both on the duct and on the flush boundary layer
diverter. The optimum flush boundary layer diverter and duct geometries obtained
from the simultaneous and the individual optimizations are given in Figure [5.29] and
Figure [5.30] respectively. If the optimum flush boundary layer geometries are com-
pared, it is seen that, the optimum flush boundary layer diverters are quite similar and
only a limited amount of geometrical change is observable. This result is expected
since the purpose of the flush boundary layer diverter is to provide the ability to divert
the incoming boundary layer flow away from the inlet entrance rather than modifying

pressure distributions inside the intake.

In Figure [5.30] the optimum duct geometries from the simultaneous optimization
studies are compared with each other as well as with the baseline geometry. As seen,
in contrast to the optimum diverters, the differences are significant for the inlets.
However, the egg-shaped cross-sectional shapes of the baseline geometry originating
from the "Gerlach" shaping are preserved at each of the optimization studies. The op-
timum duct geometry obtained from the multi-objective optimization has interesting
geometrical feature such that an "m" shaped surface is obtained at the first bend. This
shape gradually vanishes and converges into the circle at the AIP. A three-dimensional
view of this duct especially focused on the inner bend is given in Figure [5.31] The
effect of the m-shaped surface is pronounced in the streamline comparison given in
Figure As seen, with this shape, lateral and vertical velocity components of the

ingested streamlines inside the boundary layer are reduced.

94



0.04

0.03 A

0.02 -

0.01 A

0.00 -

Y Axis

—0.01 A

—0.02 4

—0.03 A

—0.04

—0.44 —0.42 —0.40 -0.38

X Axis

-0.36

0.045 A
2
% 0.040
N
0.035 A
T T T T T T T
—0.45 -0.44 -0.43 =0.42 -0.41 ~0.40 -0.39 —0.38 -0.37
X Axis
% 0010 ] \ / = =
% 0,040 —o
N 0.035 4
-0.04 -0.02 0.00 0.02 0.04 -0.04 -0.02 0.00 0.02 0.04 -0.04 -0.02 0.00 0.02 0.04
Y Axis Y Axis Y Axis
—— Baseline = Maximize PT - Diverter and Inlet

= Maximize PT - Diverter Only

—— Maximize PT&MFR - Diverter and Inlet

=—— Maximize MFR - Diverter and Inlet

Figure 5.29: Comparison of the Diverter Geometries

95




Z Axis

0.12 A
0.10 A
0.08 -
0.06 -
2
é 0.04 -
N
0.02 A
0.00 A
—0.02 1
X Axis
—-0.04 T T T T
-0.20 =0715 -0.10 -0.05 0.00
0.12
0.08 -
0.06 -
0.10 A
0.06 -
0.04
0081 2 0.04 2
i Z 002+
N N
0.06 -
0.02 A
0.00 A
0.04 4
0.00 A
—0.02 4
0.02 *— T T T T T T T T T T T T T T
-0.04 —-0.02 0.00 0.02 0.04 -0.04 —-0.02 0.00 0.02 0.04 -0.04 —-0.02 0.00 0.02 0.04
Y Axis Y Axis Y Axis
—— Baseline —— Maximize PT - Diverter and Inlet
= Maximize PT - Inlet Only —— Maximize MFR - Diverter and Inlet

—— Maximize PT&MFR - Diverter and Inlet

Figure 5.30: Comparison of the Duct Geometries

Figure 5.31: Inlet Lower Surface Shape from the Multi-Objective Optimization
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(a) Baseline Inlet with Optimum Diverter
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Figure 5.32: Ingested Streamlines in Near Wall Region
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It is already discussed that when only the duct geometry is optimized without the flush
boundary layer diverter, the cross-sectional areas start to increase at the early stages
of the duct and the maximum cross-sectional area is located upstream of the AIP
opposite to the baseline geometry at which AIP has the maximum cross-sectional
area. The cross-sectional area increase in the streamwise direction becomes even
more aggressive when the flush boundary layer diverter is introduced as can be seen
from Figure As seen, the cross-sectional areas obtained from the multiple FFD
optimizations are extremely close to each other up to half of the duct. After this point,
the cross-sectional area increase continues when the objective is the maximization of
total pressure. On the other hand, if the goal is assigned as maximization of mass flow
rate the cross-sectional areas start to decrease after this point. If the multi-objective is
given, the rate of the cross-sectional area increase after half length of the duct is just

between the optimum inlets obtained with single objectives.

The aggressive cross-sectional area increase introduces relatively strong adverse pres-
sure gradients at the early stages of the duct. It is also seen that, through the AIP, a
sudden decrease in the cross-sectional area is obtained which modifies pressure gra-
dients in a favorable fashion. The effect of the cross-sectional area distribution with
the modified centerline curvature on the static pressure distribution at the symmetry

plane of the ducts can be seen in Figure [5.34]

Skin friction coefficients at the mid-plane of the optimum ducts obtained from multi-
ple FFD and single FFD optimizations are compared with each other in Figure [5.35]
As seen, introducing the boundary layer diverter on the baseline duct has only a lim-
ited effect on the skin friction coefficients obtained at the outer wall. On the other
hand, the boundary layer diverter increases skin friction coefficients on the inner wall.
If skin friction coefficients obtained from the multiple FFD optimizations are com-
pared with the baseline geometry with the diverter, it is seen that, in accordance with
the cross-sectional area increase, the decrease in the skin friction coefficients at the
first sections of the ducts is more pronounced. On the other hand, skin friction coeffi-
cients are increased through the end of the optimum ducts which indicates favorable
pressure gradients obtained with the sudden cross-sectional area reduction. Investiga-
tion of the skin friction coefficients also reveals that even in the baseline configuration,

flow separation is not observed at the mid-plane.
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Ingested flow profiles at the mid-plane are also compared with each of the ducts as
given in Figure[5.36] As seen, introducing the diverter significantly improves the in-
gested velocity profiles so that flow with considerably higher momentum is ingested.
On the other hand, when optimization is conducted only for the duct walls, only neg-

ligible change in the ingested velocity profile is observed.
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Figure 5.36: Ingested Velocity Profiles

5.4.0.4 Off Design Conditions

The performance of the inlets which are obtained from the multiple FFD optimiza-
tions is compared in this part. Similar to the earlier discussions, the comparison is
based on Pressure Recovery and circumferential distortion at different levels of cor-
rected mass flow rates. The comparisons are shown in Figure [5.37 where transparent

red circles indicate the condition at which the optimization is conducted.

101



0,99 T T T T T T T T T T
0,08 0
0,98 : o
o’
K
‘/
0.97f 1 0,06} yd
e~ 3} s
& =
= =] _.0”
0,96 o
/'/
P — 0,04 o
3 e
0,95 e .
o o ]
0,04 s ! ‘ i 0,02 ._W ]
70,3 0,35 0,4 0,45 0,5 0,55 0,6 0,65 0,3 0,35 0,4 0,45 0,5 0,55 0,6 0,65
Mass Flow Rate (kg/s) Mass Flow Rate (kg/s)
-8~ Maximize PT - Diverter and Inlet -8~ Maximize PT - Diverter and Inlet
-~ Maximize MFR - Diverter and Inlet -8~ Maximize MFR - Diverter and Inlet
-8~ Maximize PT & MFR - Diverter and Inlet -8~ Maximize PT & MFR - Diverter and Inlet
-o- Baseline -o- Baseline
(a) Pressure Recovery Change (b) Distortion Intensity Change

Figure 5.37: Off Design Performance Comparison

From Figure it is seen that, independent of the mass flow rate the optimum
geometries provide significantly higher Pressure recovery with reduced distortion.
Furthermore, it can also be concluded that the optimum geometries have a similar re-
sponse to the changing mass flow rate and their performance are close to each other.
If a closer look is given to the Pressure Recovery values, it is seen that when maxi-
mization of mass flow rate is given as a single objective, obtained geometry provides
relatively higher performance at the low mass flow rates. On the other hand, multi-
objective optimization results in relatively higher performance at the highest mass
flow rate investigated. However, it can be noted that the optimum geometries have
close performance metrics in the range of investigated flow conditions. The total
pressure distributions obtained at the investigated flow conditions are further com-
pared in Figure [5.38] As seen, all of the optimization studies lead to a significant
reduction in the magnitude and size of the low total pressure sector compared to the

baseline inlet.
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5.4.0.5 An Explanation for the Inverse Correlation Between PR and Mass Flow
Rate

The negative correlation between the pressure recovery and the corrected mass flow
rate is only seen in the optimization study in which the inlet duct and the flush bound-
ary layer diverter are optimized simultaneously with the goal of maximization of total
pressure. This finding is actually opposite to the expectations because in general, de-
creasing losses results in an increase in mass flow rate for the same set of boundary
conditions. How this unexpected trend is obtained with the optimization study can be
explained by the characteristics of the optimized duct. As shown in Figure [5.39] in
the mass flow ranges at which the optimization is conducted, PR shows a decreasing
trend with the increasing mass flow rate. If the gradient-based optimization algorithm
can find a direction in which the mass flow is reduced without creating an additional
total pressure loss, this direction is selected by the algorithm to further minimize the
total pressure losses. This reduction in mass flow rate can simply be achieved by

increasing the static pressure on the inlet entrance.

However, the explanation given above brings up another question, why a similar trend

is not seen in the previous optimization study in which only the duct is optimized?
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Figure 5.39: Pressure Recovery Change Obtained From the Simultaneous Optimiza-

tion of the Duct and the Flush Diverter

To answer this question Figure [5.40]is given. As can be seen from this figure, on the
mass flow rate ranges that the optimization is performed, duct losses increase with
decreasing mass flow rate. Therefore, the optimization algorithm can only select the
direction through the increasing mass flow rate for the same set of boundary condi-

tions to further decrease the total pressure losses.

5.5 General Assessment of the Novel Flush Boundary Layer Diverter

It is shown that the flush boundary layer diverter introduced in this study is able to
redirect the boundary layer flow away from the inlet entrance. This redirection leads
to a performance increase for the semi-submerged inlet. On the other hand, introduc-
ing new surfaces and creating a cavity on the upstream wall introduces additional drag
components. In other words, a performance increase for the semi-submerged air inlet
is achieved at the expense of a drag increase. Since the introduced diverter is flush,
it is expected to have a relatively smaller increase in drag compared to conventional

diverters. On the other hand, the ridge surface concept[29] introduced recently also
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Figure 5.40: Pressure Recovery Change Obtained From the Optimization of the Duct
without the Flush Diverter

provides an efficient way of redirecting the boundary layer flow so that the highly
integrated air inlet performance can be increased. In this part of the study drag coeffi-
cients of the conventional diverter, the ridge surface and the flush diverter introduced
in this study are compared. Accordingly, Table [5.4]is given. In this table drag co-
efficients of the conventional diverter[39] and the ridge surface[29] are taken from

reference studies.

Table 5.4: Drag Coefficients for Diverters at Transonic Conditions

Diverter Type  Drag Coefficient
Conventional 0.25-0.32

Ridge 0.12
Baseline Flush 0.025
Optimum Flush 0.052

Table [5.4] shows that in its most basic form the flush boundary layer diverter is able
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to redirect the boundary layer flow at the expense of a significantly smaller drag in-
crease. If diverting abilities of the flush diverter are optimized, drag due to this device
increases however it stays lower compared to the conventional and the ridge type
diverters. It can be concluded that the introduced type of boundary layer diverter pro-
vides the ability to redirect the boundary layer flow with a smaller increase in drag

compared to the conventional and ridge type of diverters.

It is also possible to investigate the effect of introducing the novel flush boundary
layer diverter on the range of typical air vehicles. The Breguet Range Equation can
be used for determining the range of an air vehicle cruising steadily at level flight.
The Breguet Range Equation is given in Equation[5.6] In this equation V, W, L and D
indicate velocity, weight, lift and drag respectively whereas SF'C' stands for specific

fuel consumption.

V 1 L 1 Winitial

L.z 5.6
9 SFCD " Wiina (5-6)

Range =
It is already discussed that the novel flush boundary layer diverter increases the Pres-
sure Recovery at the expense of drag increase. Although relative drag increase de-
pends on the air vehicle type and application, it is expected to bring a 1% increase
in overall drag by introducing the novel flush boundary layer diverter. On the other
hand, the obtained Pressure recovery increase obtained with the novel flush boundary
layer diverter is 2.4% as given in Table Increasing pressure recovery leads to a
decrease in specific fuel consumption and an increase in thrust. Although this depen-
dency is related to the engine specifications it is safe to assume that, a 1% increase in
PR leads to a 1% decrease in specific fuel consumption and a 1% increase in available
thrust. Accordingly, if Equation [5.6]is applied for cases with and without the effect
of novel flush boundary layer diverter and divided side by side with the assumptions
of drag is equal to thrust and the effect of flush boundary layer diverter on the lift is
negligible, Equation is obtained. In this equation, subscript nbld indicates a case

with the novel flush boundary layer diverter.

Range  SFCyuya Dnpia
Rangenng ~ SFC D

(5.7)
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Equation can easily be used to determine possible range increase for a typical
scenario defined above (flush boundary layer diverter leads to 2.4% increase in PR,
2.4% decrease in SFC and 1% increase in drag). In such case, introducing the flush
boundary layer diverter provides a 1.4% increase in range. Although this is a rough
approximation and numbers mostly rely on intuitive judgments, this shows a possible
increase in the range can be expected for a cruising air vehicle with an air-breathing
engine if a flush boundary layer diverter is used to increase the total pressure recovery

of an inlet.

It must be also noted that the introduced diverter is submerged and it provides com-
pactness which can be critical in specific design studies. These include applications
in which designed airvehicle is stored and/or released from capsules so that external
protuberances are not possible due to space constraints. Ease of manufacturing and
application is another important aspect of the flush diverter. In its most basic form sur-
face shape can be constructed with the simplest manufacturing processes. If surfaces
are introduced with some level of curvature to increase their diverting ability man-
ufacturing process stays as straightforward. Additionally, intuitively it is expected
to have significantly reduced radar cross-section compared to the conventional and

ridge-type diverters thanks to the submerged surfaces of the flush diverter.
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CHAPTER 6

CONCLUSION

In this study flow characteristics of a typical semi-submerged air inlet exposing a
significant amount of boundary layer ingestion are computationally investigated. In
addition to these investigations, discrete adjoint optimizations are performed to in-
crease the performance of the inlet. Computational investigations and adjoint opti-
mizations are carried out with the open source SU? software. Results of the adjoint
optimizations indicate that when only the inlet duct is allowed to change, obtained
performance increase at the investigated flow condition is relatively small and most
of the performance deficiency is originating from the quality of the ingested flow.
However, if the upstream wall on which the boundary layer is developed is included
in the optimization, the obtained performance increase is so significant that optimum
geometry has only a negligible amount of pressure loss. Through the study, it is also
shown that momentum distortion and corrected mass flow rate have a strong correla-
tion with pressure recovery so increasing pressure recovery also means an increase in

corrected mass flow rate and a decrease in momentum distortion.

The optimization study conducted for shaping both upstream and duct walls together
with thousands of design variables results in a boundary layer diverting inlet which
clearly shows that diverting the incoming boundary layer away from the sides of
the inlet entrance leads to a significant performance increase. However, obtained
wall modifications with this optimization were significant. In accordance with the
idea of diverting the developed boundary layer away from the sides of the inlet, the
novel flush boundary layer diverter is introduced. It is shown that with the intro-
duced boundary layer diverter, it is possible to divert part of the incoming boundary

layer away from the inlet entrance efficiently. Additionally, an adjoint optimization
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Table 6.1: Summary of the Optimization Studies

Geometry PR DPCP,,, me(kg/s)
Baseline 0.954 0.053 0.492
Maximize PT - Inlet Only 0.956 (+%0.21)  0.050 (—%5.66)  0.498 (+%1.22)

Maximize PT - Inlet and Upstream
Maximize PT - Diverter Only
Maximize PT - Diverter and Inlet
Maximize MFR - Diverter and Inlet
Maximize PT & MFR - Diverter and Inlet

0.995 (+%4.30)
0.977 (+%2.41)
0.983 (+%3.04)
0.981 (+%2.83)
0.981(+%2.83)

0.002 (—%96.23)
0.019 (—%64.15)
0.024 (—%54.72)
0.025 (—%52.83)
0.021 (—%60.38)

0.537 (+%9.15)
0.531 (+%7.93)
0.523 (+%6.30)
0.541 (+%9.96)
0.543 (+%10.37)

is conducted for this boundary layer diverter so its ability to divert incoming bound-
ary layer diverter is optimized. The optimum flush boundary layer diverter provides
a 2.4% pressure recovery increase with a 64% decrease in circumferential distortion
compared to the baseline inlet. It is also shown that when the duct and the flush
boundary layer diverter are optimized together, further performance increase can be

obtained. To summarize all of the optimization studies in this study Table[6.1]is given.

The off-design investigations indicate that the performance increase obtained with the
flush boundary layer diverter shows a decreasing trend with the increase in side slip
angles. However, up to 10° of side slip angle, the novel diverter is able to provide
a significant performance increase at the off-design conditions. At the same time,
the boundary layer diverter is able to provide a significant performance increase in
the wide range of investigated mass flow rates. The introduced flush boundary layer
diverter also provides high compactness, low drag and low radar cross-section since

it is buried into the external surface without any protuberance.

It may also be possible to modify the introduced flush boundary layer diverter for
providing an isentropic compression surface by simply adding a bump shape surface
as a part of the diverter. This type of modification can also serve as an efficient
way of redirecting the boundary layer and decreasing shock losses which are crucial
for supersonic inlets. It must also be noted that the introduced flush boundary layer
diverter can easily be used in other applications in which modifying the upstream

boundary layer in an efficient way is crucial.
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