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AN EXPERIMENTAL STUDY OF SHOCK WAVE/BOUNDARY LAYER
INTERACTIONS IN SUPERSONIC INLETS

SUMMARY

Air breathing engines use the jet flow of exhaust gases formed by combustion of air
that enters the engine from the inlet. In order to operate the engine at high efficiency,
the inlet design is of vital importance to supply the desired flow conditions. General
requirements expected from inlets can be listed as; to capture the sufficient volume of
air required by the engine, to provide low total pressure loss by efficiently compressing
the airflow, to have low external drag, to operate over the designed range of Mach
numbers and angles of attack, to have a good starting and stability characteristics, to
produce uniform subsonic flow field after the required compression and to have a
small, simple and lightweight design. Experimental and computational investigations
with analytical calculations were performed for this purpose.

In a typical gas turbine, air velocity at compressor entrance ranges from Mach 0.4 to
0.5. Inlets are basically used to achieve desired flow conditions at gas turbine entrance
and are classified as subsonic and supersonic inlets. Supersonic inlets can be
categorized as internal compression inlets, external compression inlets and mixed
compression inlets.

Inlets are one of the most crucial components for air breathing engines and
experimental investigation of inlets is indispensable for engine performance where
SBLI is an essential issue for all types of inlets. Since this interaction creates complex
and unsteady flow fields commonly experimental investigation is the most appropriate
way to understand the underlying physics. The primary purpose of this study is to
obtain a proper shock system for internal compression inlets where one or more
oblique shock reflections are formed followed by a terminating normal shock. After
completing the preliminary design with the help of CFD analyses and analytical
calculations, experiments were performed and the results showed the unstable
characteristics of internal compression inlets, which were hard to control. Therefore,
external compression inlets are more preferable on the basis of shock stability and inlet
performance. This thesis is, in part, a follow-up study of the previously carried out
national industrial subproject related to the conceptual preliminary design of the
simplified external compression inlet model of TX/FX National Training/Fighter
Aircraft. By using the experience coming from this previous project, a complementary
analytical study was carried out related to the optimization of total pressure recovery
for external compression inlets which were more feasible than internal compression
inlets in reality.

The experiments were performed at supersonic wind tunnel of Trisonic Researh
Laboratory in Istanbul Technical University. The wind tunnel is a blowdown type and
has a test section with a cross section of 15x15 cm and a length of 40 cm. Mach number
in the test section can be adjusted between 0.4 — 2.2. Side walls of the test section
consist of quartz windows for optical access and top and bottom walls are equipped
with perforated plates to supply suction/blow. Some modifications were made on the
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bottom wall by replacing the suction/blow mechanism and the perforated plate with a
plain wall piece designed to be able to mount the inlet model on the test section floor.
Two high pressure air tanks each of which has a volume of 40 m? supply air for the
experiments. The ambient air is pressurized and stored in the tanks by a two-stage
screw-type compressor system up to 40 bars. Filters and a chemical dryer are used to
eliminate the oil, dust and humidity. An isolation valve separates the high pressure
tanks from the rest of the system. During experiments, isolation valve is opened and
the air is sent to the regulation valve in order to adjust the pressure in the settling
chamber to a desired value. Supersonic flow is obtained by a convergent-divergent
nozzle with a variable throat and a diffuser is used at the exit of the test section to slow
down the flow to subsonic speeds.

An internal compression inlet was designed and manufactured. For optical access, side
walls of the model were made of acrylic and the rest of the components machined from
brass to withstand the aerodynamic loads. Moreover, a support was manufactured to
keep the inlet model away from the relatively thick boundary layer on the bottom
surface of the test section. Since acrylic side walls of the inlet model produced a second
focal point in the schlieren visualization apart from the main flow outside the inlet,
shadowgraph visualization system was used instead of schlieren system to obtain more
distinct contrast on the recorded image of shock waves. Because of their good static
and dynamic characteristics, fast-response Kulite transducers were used for pressure
measurements. Pressure data were obtained up to 100 kHz for FFT analyses. In
addition, surface oil flow visualization method was used to reveal the
separation/reattachment lines formed by SBLIs.

At first, an analytical study was carried out in order to understand the limits of inlet
geometry and to determine primary performance characteristics for external
compression inlets. For this purpose, a MATLAB code was written by using shock
wave and isentropic flow properties under inviscid approach. Total pressure recovery
at various Mach numbers ranging from 1.3 to 5 was obtained for five different shock
systems. Secondly, the ramp angle was chosen as 4° for a symmetrical internal
compression inlet. Another code calculating shock-shock and shock-expansion
interactions analytically was written to calculate the properties of the shock structure
within the inlet. The inlet model designed firstly remained in the not-started condition
in the experiments due to the high captured area to throat area ratio. Therefore, a
second model was formed by enlarging the throat height of the first model. 2D CFD
analyses of both models were performed for both inviscid and viscous cases and the
results appeared to be compatible with the analytical results. On the other hand, even
though the first model was analyzed and calculated as a started inlet, experiments
showed the opposite. In the experiments, Mach number was set to about 2. The purpose
was to obtain one or more oblique shocks followed by a normal shock. To obtain this
condition, various block shapes and sizes were tested but non of the runs illustrated
this condition. The inlet model either remained started or not-started. Pressure
measurements in the experiments showed a good agreement with the calculated results.
RMS values were observed to be higher near SBLI regions. In addition, the inlet was
modified by extending the length but results from pressure measurements and
shadowgraph images were nearly the same as the shorter model. The primary purpose
was to make FFT analyses and obtain SPL values to find a dominant frequency related
to the duct length of the subsonic portion of the inlet after the normal shock. Since no
normal shock structure was obtained inside the inlet, no normal shock/boundary layer
interaction occurred. No dominant frequency was observed for the unstarted inlet
condition where the normal shock stayed at the tip of the inlet. Finally, surface oil flow
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visualization method was used to see the separation lines caused by SBLI regions and
two separation lines were observed in two different locations along the inlet floor. A
total of about 70 experiments were performed and the difficulties about starting and
unstart phenomena of internal compression inlets were presented with analytical
calculations, computational analyses and experimental investigations.
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SESUSTU HAVA ALIKLARINDA SOK DALGASI SINIR TABAKASI
ETKILESIMININ DENEYSEL INCELENMESI

OZET

Hava soluyan motorlar, hava aligindan giren havanin yakit ile karistirilarak
yanmastyla olusan egzoz gazlarinin motordan c¢ikarken olusturdugu jet itkisini
kullanan motorlardir. Motorun verimli bir sekilde calismasi icin istenilen giris
kosullarini saglayabilen hava alig1 tasarimi 6nemli bir role sahiptir. Hava aliklarinda
genel olarak istenilen Ozellikler su sekilde siralanabilir; motor i¢in gerekli debiyi
saglamak, toplam basing kaybint minimuma indirecek sekilde gelen havayi etkili bir
sekilde sikistirmak, diisiik siiriiklemeye sahip olmak, farkli hiicum agilarinda ve Mach
sayilarinda c¢alisabiliyor olmak, iyi bir baglatma ve kararlilik karakterine sahip olmak,
uygun sikistirma sisteminden sonra diizgiin bir akis alan1 olusturmak ve kiiciik, basit
ve hafif bir tasarima sahip olmak. Bu amagta genis kapsamda analitik hesaplar yardimi
ile deneysel calismalar ve hesaplamali akiskanlar dinamigi analizleri
gerceklestirilmistir.

Tipik bir gaz tiirbininde kompresor hava giris hiz1 0.4 — 0.5 Mach araligindadir. Hava
aliklar1 temel olarak serbest akimi, arzulanan gaz tlirbini giris sartlarina getirmek icin
kullanilmaktadir ve genel olarak sesalt1 ve sestistii olarak siiflandirilabilir. Sesiistii
hava aliklarinin ise i¢ sikistirmali, dis sikistirmali ve karisik sikistirmali gesitleri
bulunmaktadir.

Hava aliklar1 jet motorlarinin en 6nemli bilesenlerinden biridir. Jet motorunun
performansi hava aliginin dogru bir sekilde tasarlanmasina baglidir. Bu nedenle hava
aliklarinin deneysel olarak incelenmesi son derece Onem arz etmektedir. Bu
aragtirmalarda genellikle tiim hava alig1 tipleri i¢in ana konu sok dalgasi-sinir tabakasi
etkilesimleridir. Bu etkilesimler karmasik ve zamana bagli akis alanlar1 yaratarak hava
aligmin performansini etkileyen dnemli bir problem olarak ortaya ¢ikar. Bu yiizden
etkilesimlerin karmasik ve zamana bagl karakterinin incelenebilmesinin en uygun
yolu deneysel yontemler kullanmaktir. On tasarimin ortaya ¢ikmasinda hesaplamali
akiskanlar dinamigi analizleri ve analitik hesaplamalar kullanilmistir ve daha sonra
deneylere ge¢ilmistir. Bu ¢alismadaki asil amag i¢ sikigtirmali bir hava aliginda bir ya
da daha fazla egik sok yansimalarmin ardindan bir normal sok olusturarak bu
etkilesimleri incelemekti. Fakat yapilan deneyler sonucunda segilen hava alig
geometrisi i¢in bdyle bir durumun elde edilemeyecegi gézlemlenmistir. Deneylerden
elde edilen sonuglar dogrultusunda i¢ sikistirmali hava aliklarinin ¢ok kararsiz bir
yaptya sahip oldugu ve igindeki akis yapisinin kontroliiniin ¢ok zor oldugu
anlasilmistir. Bu teze ayrica daha dnce ayni deney sisteminde incelenen ulusal bir
endiistri projesi olan TX\FX ulusal egitim/savas ugaginin kavramsal 6n tasarimindaki
basitlestirilmis dis sikistirmali hava aligindaki sok dalgasi-sinir tabakasi etkilesimi
caligmasimnin i¢ sikistirmali hava aliklarmma olan uzantisini yapmak amaciyla
baslanmistir. TX\FX projesinden de kazanilan tecriibe ile dis sikistirmali aliklarin sok
dalgalarinin kararlilig1 ve alik performansi agisindan i¢ sikistirmali aliklara gore daha
uygun ve genel anlamda daha tercih edilebilir bir alik tipi oldugu sonucuna varilmaistir.
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Bu dogrultuda dis sikistirmali aliklar i¢in tamamlayici bir analitik ¢alisma yapilarak
alik performansimi arttirict bir toplam basing geri kazanimi optimizasyonu
gergeklestirilmistir.

Deneyler Istanbul Teknik Universitesi’nde Trisonik Arastirma Merkezi’nde bulunan
sesiistli riizgar tiinelinde gerceklestirilmistir. Tiinel tipi tiflemeli riizgar tiineli olup, test
odasinin kesiti 15%15 cm, uzunlugu ise 40cm’dir. Test odasinda Mach sayis1 degisken
kesitli bir bogaz yardimiyla 0.4 ile 2.2 arasinda ayarlanabilmektedir. Gerekli olmasi
durumunda, daha yiiksek Mach sayilarina ulasabilen (2.6 — 4.0) ikinci bir test odasi
var olan sistem ile degistirilebilmektedir. Test odasinin yan duvarlarinda bulunan kalin
kuartz camlar akim goriintiilleme methodlar1 i¢in optik erisim saglarken, alt ve {ist
duvarlarda bulunan delikli yilizeyler emme/iifleme saglamaktadir. Tiinelin orijinal
model baglama sistemi mermi/fiize tipinde eksenel simetrik cisimlerin baglanmasina
uygun bir baglanti ¢ubugu seklindedir. Hava alik tipi eksenel simetrik olmayan
modellerinin test odasina baglanmasi sirasinda karsilagilan problemlerden dolayi,
modifiye caligmalari baslatilmis ve bu kapsamda, deney odasinin alt yiizeyinde
bulunan gozenekli plaka ile birlikte bunun altinda bulunan sinir tabaka emme/iifleme
mekanizmasi kaldirilarak yerine hava alig1 benzeri modellerin deney odasi tabanina
baglanmasina uygun yeni bir taban baglanti aparati tasarlanip tliretilmistir. Deneyler
icin gerekli hava herbiri 40 m?® olan iki adet yiiksek basing tankindan saglanmaktadir.
Tanklara hava iki ayr1 vidali kompresdr yardimiyla doldurulmaktadir.
Kompresorlerden ilki atmosferden aldigi havayi 10 bara kadar basinglandirir ve ikinci
kompresdr bu havayr 40 bara kadar ¢ikartir. Aradaki filtreler yardimi ile havanin
icerisindeki yag ve toz pargaciklar1 arindirilir. Kompresor ¢ikisinda yiiksek basingh
hava sogutucudan gegerek kimyasal kurutucuya gonderilir. Kimyasal kurucunun sira
ile caligsan iki ayr1 kulesi mevcuttur. Yiiksek basin¢ altinda havanin i¢indeki nem
kulelerde bulunan kimyasal olusumlarin yiizeyine tutunarak havanin kurutulmasi
saglanir. Kurutulmus basingli havanin geri kagmasini engellemek icin tek yon akig
vanasi bulunduran bir ayar tanki kullanilir ve basinglandirilmis hava yiiksek basing
tanklarina depolanir. Tanklarin ¢ikisinda bulunan izolasyon vanasi depolanmis yiiksek
basing¢li havayi sistemin geri kalanindan ayirmaktadir. Deney yapilacag: sirada bu valf
acilarak basingli hava ayar vanasina gonderilir ve dinlenme odasinda elde edilmek
istenilen basinca ayarlanir. Dinlenme odasinda calkantis1 azaltilmis akis yakinsak-
raksak liile yardimiyla istenilen sestistli hiza, bogaz kesit alanini ayarlayabilen bir
motor yardimiyla ulastirilir. Test odasindan gegen hava c¢ikista bulunan bir diftizor
yardimuiyla sesalt1 hizlara diisiiriilerek tekrar atmosfere birakilir.

Yapilan bu tez calismasinda, i¢ sikistirmali bir sesiistii hava aligi, cesitli akim
goriintiileme yontemleri ile incelenmis, basing duyargalari ile hava aligi modeli
icerisinde ylizey boyunca ¢esitli istasyonlarda statik basing verisi farkli 6rnekleme
frekanslarinda dinamik olarak elde edilmistir. Hava alik modelinde alt ve {ist rampalar
piring, yan duvarlar ise alik icerisinde olusan sok dalgalarini goriintiileyebilmek i¢in
saydam akrilik (pleksiglas) malzemeden tiretilmistir. Modelin arkasina ¢esitli bloklar
yerlestirilmistir. Bu bloklarin dikdortgen kesitli olanlar1 yine akrilik malzemeden bir
lazer kesici ile kesilmistir, daire kesitli olanlar i¢in de celik civata govdeleri
kullanilmistir. Modelin geri kalan tiim bilesenleri aerodinamik yiiklere dayanikli
olmasi agisindan piring malzemeden iiretilmistir. Ek olarak modeli tiinelin kalin siir
tabakasindan yukarida tutmak i¢in yine piring malzemeden bir ara parca tiretilmistir.
Alt rampada orta eksen boyunca basing 6l¢limii yapabilmek i¢in ¢esitli istasyonlarda
basing duyargalarinin yerlestirilebilecegi delikler a¢ilmistir. Hava alik modeli, alik
uzunlugunun etkisini incelemek amaciyla orijinal aliga eklenebilen akrilik yiizeylerle
uzatilip ayn1 sartlar korunarak deneyler tekrarlanmistir. Gergege yakin kosullar elde
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etmek amaciyla, modelin arkasina motorun varliginin yaratacagi benzer basing artigini
saglayabilecek, c¢esitli biiylikliiklerde bloklar monte edilmistir ve hava alig1
“baslamama” (“unstart”) durumu incelenmistir. Akrilik yan duvarlar ikinci bir odak
noktasi yarattigi i¢in schlieren yontemi kullanilirken bigak sirtinin yeri tam olarak
ayarlanamamaktadir. Bu nedenle sok dalgalarin1 daha net gorebilmek i¢in golgeleme
yontemi kullanilmistir. Golgeleme yontemi temel olarak akiskan yogunlugundaki
degisimin ikinci tiirevine duyarli oldugundan sok dalgalarinin goriintiilenmesini
saglar. Basing Ol¢timleri i¢in iyi bir statik ve yiiksek dinamik cevabi olan Kulite marka
duyargalar kullanilmistir. FFT analizleri i¢in 25, 50 ve 100 kHz’de bir ¢cok basing
datas1 6l¢limii yapilmistir. Ayrica yag ile yiizey akim goriiniirliigii ile sok dalgasi-sinir
tabakas1 etkilesimi sonucunda meydana gelebilecek akim ayrilmasi bdlgelerini
siirlayan, yiizeydeki ayrilma ve yeniden yapisma cizgileri tespit edilmistir.

Ilk olarak dis sikistirmali aliklarin geometrik limitlerini ve birincil performans
karakterlerini anlamak i¢in analitik bir ¢alisma yapilmistir. Bunun igin viskoz etkilerin
hesaba katilmadigi sok dalgasi ve izentropik akis denklemlerini kullanan bir
MATLAB kodu yazilmistir. 5 ayr1 sok sistemi i¢in Mach sayisinin 1.3’ten 5’¢ kadar
degistigi aralikta toplam basing kazanimi grafigi elde edilmistir. Boylece Mach sayist
arttikca rampa sayisinin da artmasi gereklili§inin 6nemi gosterilmis ve rampa
acilarinin diisiikten baslayarak giderek biiyliyecek sekilde tasarlanmasi gerektigi
sonucuna varilmistir. Analitik calismalarin devaminda rampa agilar1 4° olarak simetrik
bir i¢ sikistirmali alik modeli secilmistir. Tkinci bir kod yazilarak iki sok dalgasinin
kesisimi ve bir sok dalgasinin bir genisleme dalgasiyla kesisimi hesaplanarak aligin
icinde olusan sok yapilar1 belirlenmistir. Tasarlanan ilk alik modeli yiiksek alan orani
(giris alaninin bogaz alanina orani) nedeniyle deneylerde baslamamis alik durumunda
kalmistir. Bu nedenle bogaz alanm1 hem {istten hem de alttan 2 mm tiraslanarak
toplamda 4 mm biiyiitiilmiistiir. Boylelikle ikinci alik modeli olusturulmustur. Hem
viskoz hem de viskoz olmayan durumlarda her iki model i¢in iki boyutlu hesaplamali
akiskanlar dinamigi analizleri yapilmistir. Analiz sonuglarnin analitik sonuglarla
uyumlu oldugu goriilmiistiir. Diger taraftan her nekadar ilk model baslamis bir alik
olarak hesaplanmig ve analiz edilmis olsa da, deneyler daha 6nce de belirtildigi gibi
alan orani nedeniyle bu durumun tersini gostermistir. Deneylerde Mach sayis1 2.0°a
ayarlanmistir fakat sonuglar herzaman tam olarak 2.0 ¢ikmamaktadir ve ilk ondalik
basamakta ufak degisiklikler olabilmektedir. Deneylerde amac bir ya da daha fazla
egik sok dalgas1 yansimasinin ardindan bir normal sok dalgasi ile serbest akim hizinin
ses altina diisiiriilmesiydi. Bu nedenle c¢esitli biiyiikliiklerde blok modelleri denenerek
aligin ¢ikisindaki basing arttirilmistir. Aligin icerisinde normal sok olusturacak basing
artistn1 ~ yakalayabilmek i¢in farkli kalinliklardaki  blok modelleriyle ve
kombinasyonlariyla bir cok deneme yapilmistir. Fakat deneylerin hicbirinde istenilen
kosul saglanamamistir. Alik modeli ya baslamis alik olarak kalmakta ya da
baslamamis alik durumuna ge¢gmektedir. Deneylerin sonucunda bu kararsiz yapinin i¢
sikistirmali aliklar i¢in biiyiik bir problem olusturdugu goézlemlenmistir. Basing
Ol¢iimlerinin analitik hesaplarla ve hesaplamali akiskanlar dinamigi analizleriyle son
derece benzer sonuglar verdigi goriilmiistiir. Basing 6l¢limlerinden elde edilen RMS
degerlerinin sok dalgasi-sinir tabakasi etkilesimlerinin oldugu bdlgelerde arttig
gozlemlenmistir. Ek olarak alik modelinin arkasi uzatilarak bloklu ve bloksuz sekilde
deneyler tekrarlanmistir. Elde edilen sonuglarda uzun modelin kisa modelle benzer
sonuclar verdigi goriilmiistiir. Uzun modelle yapilan deneylerde aligin i¢inde yine
normal sok elde edilememistir. Deneylerde yapilan basing Ol¢limlerindeki birincil
amac¢ FFT analizleri yaparak frekansa bagli SPL degerlerini elde etmek ve alik
modelinin i¢inde normal sok arkasindaki ses alti bolgenin uzunluguyla elde edilen

XXV



baskin frekans arasinda bir iliski kurmakti. Fakat alik i¢erisinde bir normal sok elde
edilemedigi i¢in normal sok ile sinir tabaka etkilesimi olusmamis. Bu nedenle normal
sokun aligin agizinda yani i¢ bolgenin ses alti oldugu durumlarda elde edilen
Ol¢iimlerde baskin bir frekans bulunamamistir. Son olarak yag ile ylizey akim
gorliniirliigli  yonteminin kullanildigi  deneylerde sok dalgasi-sinir tabakasi
etkilesiminin oldugu iki ayr1 bolgelerde ayrilma c¢izgisi goriilmiistiir. Bu ayrilma
cizgileri sok dalgasinin arkasinda olusan ters basing nedeniyle simir tabakanin
kalinlagarak akim ayrilmasina sebep oldugunu gostermektedir. Toplamda 70’ten fazla
deney yapilmis ve i¢ sikistirmali aliklarin baslama problemi ve unstart olma karakteri
analitik hesaplarla, hesaplamali akigskanlar dinamigi analizleriyle ve deneysel
arastirmalarla ortaya koyulmustur.
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1. INTRODUCTION

Inlets are one of the most important components for aircraft that enable to capture
required amount of airflow for engines. They are located headmost of the air breathing
system and provide the rest of the system with diminishing the freestream flow to
required low speeds and increasing the static pressure with the maximum possible total
pressure recovery. Handling off-design conditions and overcoming unstart problems
carry an important role for a robust design. Therefore, shock structure and SBLIs

should be examined well for the performance of a supersonic inlet.

1.1 Purpose of Thesis

Since inlets are the essential components for air breathing engines, experimental
investigation of an inlet is of prime importance for engine development. SBLI is an
important issue for both external and internal compression inlets, which affects the
inlet performance significantly. This interaction causes complex and unsteady flow
fields which are generally investigated experimentally. The main purpose of this thesis
is to obtain a proper shock system for an internal compression inlet and investigate the
SBLIs and unsteady characteristics of the flow field. Preliminary 2D CFD analyses
were used to estimate the flow field, the transducer locations and the dimensions of
the inlet model. Furthermore, experimental results supply benchmark data for further
CFD studies. Comparison between analytical calculations and experimental results is
made in order to obtain a better understanding of SBLI effects. This thesis is, in part,
a follow-up study of the previously carried out national industrial subproject related to
the conceptual preliminary design of the TX\FX National Training/Fighter Aircraft,
which is based on the investigation of SBLI in an external compression inlet using the
same experimental facilities. Due to the unsteadiness of shock wave boundary layer
interactions, unstart phenomena and starting problems of internal compression inlets,
with the experience from the national industrial project it was concluded that external
compression inlets were more feasable on the basis of shock stability and inlet

performance. Therefore, another analytical study was carried out to optimize the total
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pressure recovery performance of external compression inlets. Thus, a general
overview was provided with this thesis about the problems caused by SBLIs and the

selection of the right inlet type for better inlet performance.

1.2 Literature Review

For air breathing engines, inlets are the most crucial component that directly interacts
with the surrounding air. Since subsonic airflow is required at the entrance of engines
or in the combustion chamber for ramjet engines, supersonic inlets should provide a
proper shock system to decelerate the incoming supersonic freestream to subsonic
velocities. The tip speed of the compressor blades should be about Mach 0.4 — 0.5 for
an efficient operation [1,2]. Several considerations for supersonic inlet design may be

listed as follows:
- Capturing the sufficient volume of air required by the engine
- Providing low total pressure loss by efficiently compressing the airflow
- Having low external drag
- Operating over the designed range of Mach numbers and angles of attack
- Having a good starting and stability characteristics
- Producing uniform subsonic flow field after the shock system

- Having a small, simple and lightweight design

1.2.1 Subsonic Inlets

This type of inlets is known as pitot intakes and they are widely used for aircraft flying
less than speed of sound like airliners. Subsonic inlets generally have a quasi-circular
cross-section. As shown in Figure 1.1, different streamline patterns form according to

operation speed.

Due to the flight velocity and the mass flow requirement of the engine, various
operation conditions occur [1]. At static operation (Figure 1.1a), air around the inlet
entrance is accelerated into the engine owing to the lack of required air mass flow.

Low-speed operation (Figure 1.1b) shows the desired flight condition. At high-speed



operation (Figure 1.1c¢), captured streamtube diminishes due to the excess air than the

engine needs.
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Figure 1.1 : Typical oncoming flow patterns for subsonic inlets.
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Figure 1.2 : Schematic diagram of captured streamtube by inlet.

If quasi-one-dimensional approach is applied to a simple inlet shown in Figure 1.2,
the relation between the ratio of captured streamtube area to inlet entrance area and

the freestream Mach number is given in Equation (1.1) [3].
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The Mach number at station 1 of the inlet has been set to M; = 1 which corresponds
to the maximum mass flow condition. For air, where y = 1.4, the maximum mass flow
passed by the inlet can be examined in Figure 1.3. It is easily observed that as the flight
Mach number increases, the captured streamtube area decreases. Here the main
concern is the inlet lip design. A normal shock wave may arise above the outer surface

of the lip, which leads to boundary layer separation and increases the drag, when the



cruise speed is about Mach 0.8 which can correspond to the critical Mach number for
the lip having a large radius. Moreover, at take-off and climb, where the cruise speeds
are low, high mass flow is required to produce high thrust. Therefore, flow separation
at the lip should be taken into account carefully due to the angle-of-attack and cross-

flow winds.
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Figure 1.3 : Maximum mass flow passed by the inlet.

Lip radius is the most critical parameter for subsonic inlets [3]. Detailed schematic

view of lip radius at two different Mach numbers is shown in Figure 1.4.

(a) M=08 — — — — — — —.—._ (b) Mp=02 — — — —

Shock wave

Figure 1.4 : Flow structure around small and large lip radius [3].
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At Mach numbers around 0.8, flow velocity becomes supersonic at some region
outside the lip and by a normal shock it is decelerated to subsonic speeds. Large lip
radii reduce the critical Mach number and extend the supersonic region where the
normal shock wave causes boundary layer separation leading to a surge in drag.
Therefore, small lip radius is more efficient around these speeds from the point of drag
considerations. On the other hand, since high thrust is required at low speeds such as
take-off and climb, captured streamtube is large. Thus, the flow encounters a large turn
in order to enter the inlet and consequently separation at the lip arises for small lip
radii, which decreases the mass flow entering the inlet. In addition, angle-of-attack and
cross-flow winds can aggravate the separation. From this point of view, large lip radius

is better for low cruise speeds.

1.2.2 Supersonic Inlets

Supersonic inlets can be classified mainly under three different types that are internal
compression inlets, external compression inlets and mixed compression inlets. Further
details about types of supersonic inlets and their operating conditions are presented in

the following sections.

1.2.2.1 Internal Compression Inlets

One of the concerns of internal supersonic compression is the flow starting problem
[3,4]. The stages of a quasi-one-dimensional flow through duct are illustrated in Figure
1.5(a) to (f). When the freestream Mach number is less than the starting Mach number,
a bow shock is observed and the captured streamtube is smaller than the inlet entrance
area (Figure 1.5a). At the starting Mach number condition, the shock is attached at the
lip of the inlet (Figure 1.5b). As decreasing the back pressure by increasing the exit
area, the shock is swallowed through the throat to a stabilized position (Figure 1.5¢).
Then, by increasing the back pressure gradually, the shock settles to the throat (Figure
1.5d). For the case where the M; = 1 with the detached shock, further increase of the
exit area makes no change for the upstream if the duct chokes at the throat (Figure
1.5¢e). By continuing to increase the exit area, a second shock forms at the downstream

of the throat (Figure 1.5f). Also, this condition is called as to be “unstarted” [4].
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Figure 1.5 : Flow through duct with internal throat.

Various conditions for an internal compression inlet are illustrated in Figure 1.6. A
terminal normal shock wave settles at the downstream of the throat after a series of
internal oblique shock waves enabling the compression of the oncoming air. At
starting, in order to swallow the normal shock, variable throat area is required for this
type of inlets [1]. In addition, related to the changing flight velocities and the engine
condition, fast reaction bypass doors are needed for the correct positioning of the
normal shock. Through the normal operation, if the flight Mach number is reduced or
the back pressure is increased, the flow pattern inside the inlet is totally corrupted and
it leads to inlet unstart. In this case, since the captured streamtube is diminished, mass
flow passing through the inlet reduces, low total pressure ratio is induced, high spillage

drag occurs and engine flameout may arise.
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Figure 1.6 : Shock wave positions in the internal compression inlet.

Starting of this type of inlet requires sufficiently large throat area [1]. Figure 1.7 shows
the ratio of the throat area required to start the inlet (A.,) to the throat area required at
normal operation (4., where M; = 1.2). The expression by using basic one-
dimensional flow is stated in Equation (1.2), where (Py,/Py1)um, is the total pressure
ratio across a normal shock (subscripts 1 and 2 represent the upstream and the
downstream of the shock, respectively) with upstream Mach number (M;). As it can
be observed from Figure 1.7, Mach numbers greater than 2 require extremely large
throat area variation to start the inlet which is mechanically not suitable for a variable

throat geometry.
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Figure 1.7 : Required throat area variation of an internal compression inlet.



If ideal quasi-one-dimensional internal compression inlet is considered, area
relationships can be examined as illustrated in Figure 1.8. Under the assumption of no
viscous boundary layer losses, the area ratio of captured streamtube to throat can be

defined from Equation (1.3) for a simple fixed-geometry inlet [1].
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Figure 1.8 : Area relationships of an internal compression inlet [1].

The curve of captured/throat area ratio is plotted in Figure 1.9. In order to ensure the
required mass flow passing through the inlet, area ratio should be less than that of the
designed operating condition. Otherwise, any small perturbation on the back pressure

can push the shocks out of the inlet and this unstable condition can cause inlet unstart.
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Figure 1.9 : Captured area to throat area ratio of an internal compression inlet.



Performance losses at angles of attack, starting problems of the inlet, unstart
phenomenon and several other concerns, diverted the attentions of researchers to other

types of compression inlets.

1.2.2.2 External Compression Inlets

The idea of external compression inlet is based on the shock structure where the system
of oblique shock waves is situated outside the intake duct. Since the total pressure loss
of a normal shock is greater than that of oblique shocks, a system of several weak
oblique shocks followed by a terminal normal shock at the cowl lip is preferred for the

performance of an inlet.

Figure 1.10 illustrates the basic types of external compression inlets. Freestream Mach
number is decelerated through oblique shocks and the flow becomes subsonic after
passing through the terminating normal shock. Different shock structures provide
different compression ratio and the performance of the inlet is determined by means
of total pressure ratio which shows us the amount of total pressure recovery or total
pressure loss. Due to the changing conditions during flight, variable inlet geometry
may be preferred as shown at the bottom side of Figure 1.10. In order to prevent shock-
induced separation, boundary layer bleed is required [2]. Isentropic compression is the
theoretical optimal corresponding to infinite oblique shocks that enable 100% pressure
recovery after ignoring friction losses. Isentropic compression inlet works properly at

only its design Mach number.

Total pressure loss through a normal shock is plotted in Figure 1.11. One of the features
of this curve demonstrates that the loss is less than 4% up to Mach 1.4 and the second
feature of the curve is the well-approximated straight line that gives a loss rate of 4%

per 0.1 Mach number above Mach 1.4 [4].

Shock pressure recovery is presented for several shock systems as a function of
freestream Mach number in Figure 1.12. Commonly, while equal deflection angles
give better results up to about Mach 2, for higher Mach numbers, leading deflection
angle should be the smallest and the rest of the deflection angles must increase in order

till the last for better pressure recovery [4].



Design criteria of optimum shock systems for axisymmetric inlets may be determined
by graphical methods as presented by Connors [6]. Figure 1.13 shows the difference
between wedge and cone. For the wedge case while the flow is parallel to the wedge
surface and has a constant Mach number behind the oblique shock, the flow for the
case of a cone is conical behind the conical shock and Mach number is constant along
rays from the apex but varies along a streamline [4]. Conical shock is weaker than the
oblique shock created by the wedge for the same apex angle. Therefore, conical system
is more efficient even if mostly wedge system is more preferable for engineering ease.

Further detail about shock pressure recovery between wedge and cone is indicated by
Seddon [4].
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Figure 1.10 : External compression inlet types [2].
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Figure 1.12 : Shock pressure recovery for two-dimentional shocks [4].
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Figure 1.13 : Difference between wedge and cone flows [4].

Flight conditions change the shock system structure during operation and sometimes
undesired situations may be encountered. Different flow conditions at off-design Mach
number are illustrated in Figure 1.14. At subcritical condition, the drawbacks are high
spillage drag and the possibility of buzz occurrence [4]. At supercritical condition,
inlet operates at lower total pressure recovery. Here the disadvantages are high thrust-
loss and flow maldistribution which may cause engine surge. In addition, for internal
compression inlets, subcritical operation leads to the discharge of internal shocks.
Remarkable drop in total pressure recovery and flow starting problem should be

considered deeply for off-design conditions.
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Figure 1.14 : Different flow conditions at Mach number below design [4].
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1.2.2.3 Mixed Compression Inlets

Mixed compression inlets have a combination of both external and internal
compression shock structure. The main purpose of this type is to reduce the cowl drag.
Figure 1.15a illustrates a four-shock external compression inlet designed for Mach 2.
Further details about the calculations of angles and other parameters are presented in
Chapter 3. The ramp angles consist of 6.4, 7.0 and 7.8 degrees starting from the most
upstream location. Therefore, the total deflection angle of the freestream flow is
6.4°+7.0°+ 7.8°=21.2°. As a result, the cowl lip should have an angle at least
slightly more than 21.2°. If Figure 1.15b is examined closely, two external shocks are
followed by two internal shocks. The total turn angle of this case is 6.4° +7.0° —
7.8°=5.6°. Thus, this lower deflection angle leads to a smaller cowl lip angle
enabling lower cowl drag. Another example of mixed compression inlet is shown in

Figure 1.15¢ where the total turn angle is 6.4° — 7.0° — 7.8° = — 8.4°.

Since compression ramps enable the same sequence of Mach numbers, the shock
pressure recovery is the same in all three cases. Moreover, while the shortest possible
inlet (defined from the most upstream position to the normal shock location) is 4 shock
external compression inlet, the longest one is 25/75 external/internal mixed
compression inlet. If boundary layer effects are taken into account, 25/75 mixed
compression inlet is expected to have more loss on pressure recovery than 50/50 mixed

compression inlet.
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a) 4 shock external compression inlet with shocks focused on cowl lip

b) 50/50 mixed compression inlet with external shocks focused on cowl lip

¢) 25/75 mixed compression inlet with internal shocks focused at shoulder

Figure 1.15 : 4 shock inlets types designed for Mach 2.

14



1.2.3 Flow Control Mechanism

In order to achieve desired flow structure for different cruise conditions and inlet

starting, area ratio must be adjusted properly. Figure 1.16 illustrates the variable inlet

geometry of F-14 Tomcat fighter aircraft [7].
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Figure 1.16 : F-14 inlet characteristics [7].

For the case of subsonic flow at high angle-of-attack (Figure 1.16a), throat area is

widened to increase the mass flow. In supersonic flow, moving ramps provide the inlet

act as a four-shock external compression inlet (Figure 1.16¢). Variable ramps control

the position of shocks. Moreover, the bleed door on the top of the inlet enables

boundary layer bleeding to prevent engine “buzz”.

Buzz is defined as low-frequency and high-amplitude pressure oscillation which is

related to SBLI or shock-shock interaction at low mass flow ratios. Trapier et al.

presented an experimental study of supersonic inlet buzz in a mixed compression

rectangular inlet model with/without bleed at Mach numbers ranging from 1.8 to 3 [8].
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Gefroh et al. investigated the effect of aeroelastic mesoflaps in order to control SBLIs
through passive cavity recirculation by achieving appropriate mass bleed or injection
under gas dynamic pressure loading [9]. Moreover, Srinivasan et al. studied passive
methods of controlling SBLI at Mach 1.42 such as conventional porous plate,
microporous plate, streamwise slots, conventional mesoflap array and hybrid flap
array [10]. Since boundary layer bleed causes the loss of captured mass flow and the
additional drag increase, vortex generators are another type of flow control method for
SBLIs. They generate a tip vortex which energize the near-wall flowfield and
experiments present the ability of postponing the boundary layer separation due to the
SBLI [11-16]. Today, numerous studies still continue to have a better understanding

and to establish robust control systems over SBLIs.
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2. EXPERIMENTAL SETUP

2.1 Wind Tunnel

Experiments were performed in the supersonic wind tunnel in the Trisonic Research
Laboratory at the Faculty of Aeronautics and Astronautics of Istanbul Technical
University. This supersonic wind tunnel has a test section size of 15x15 cm and can
operate at Mach number ranges of 0.4 — 2.2 and 2.4 — 4.0 by using two different test-
section / nozzle-block modules. However, since the lower Mach number test section
had relatively larger glass side walls for imaging, and the test section floor was already
modified for mounting inlet-type models, the test section with the Mach number range
0.4 — 2.2 was used in the experiments. A schematics of the portion of the wind tunnel
facility that shows the compressors and tanks is shown in Figure 2.1 with components

numbered as:

1. 10-Bar Compressor: This is the starting point of the system. Air is first compressed
to about 10 bars and delivered to the next station by pipes as shown in blue in Figure

2.1.

2. 10-Bar Pressure Tank: Compressed air is sent to this buffer tank at 10 bars and is

passed through a filter at the exit of the tank.

3. Gas Dryer: Gas dryer provides first step in decreasing the humidity of the

compressed air.

4. 40-Bar Compressor: This screw-type compressor receives the compressed air at 10
bars and compresses it up to 40 bars. High pressure air is delivered to the next station

by pipes as shown in red in Figure 2.1.

5. Cooler: Because of the compression process, the temperature of the compressed air
increases very much. Since the working range of the chemical dryer at the next station

is between -10 °C and 60 °C, the cooler is used to drop the temperature of the air. It
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has a simple radiator mechanism with a fan cooling the air as it passes through capillary

tubes.

6. Filter: Compressed and cooled air passes through a filter by which small particles,

water and oil are hold.

7. Chemical (Adsorption) Dryer: Chemical dryer, which is the type 0260-1200 from
Donaldson Ultrafilter Company, has two cylinders placed vertically, which operate in
order. While one of the cylinders is active and drying the air, other is put in
regeneration mode and becomes inactive. The humidity of the air is hold by adsorption
using suitable chemicals at high pressure. When a certain time period has passed for
the operating cylinder it goes into the regeneration phase in which low pressure air is
passed through to dry the moist chemicals. When a cylinder goes into the regeneration
phase, the pressure in the cylinder is decreased to about atmospheric value, then it is
kept at this regeneration state for about 10 minutes until it becomes active while the

other cylinder goes into the regeneration phase.

8. High Pressure Tank for Dryer: This tank is used to maintain high pressure around

35 — 40 bars at the exit of the chemical dryer via a check-valve at the exit of the tank.

9. Check-Valve: This valve is adjustable and is set to pass the flow above about 30
bars. This valve is used the keep the pressure in the High Pressure Tank for Dryer at

or above 30 bars in order for the chemical dryer to work efficiently.

10 - 11. High-Pressure Tanks: Compressed air is stored up to 40 bars in this long

horizontal tanks. Their volumes are 40 m’

each and they are tested at 60 bars by
Turkish Lloyd. The diameter and length of the tanks are 2 meters and 15 meters,
respectively. Air is supplied to the wind tunnel from these tanks during the

experiments.

12. Isolation Valve: Isolation valve is used to deliver the high pressure air to the
regulation valve just before the start of the tunnel run and separates the high-pressure
air stored in the main tanks from the rest of the system. This valve operates
pneumatically using a remote switch in the control room and requires a supply pressure
of about 7 bars. At the beginning of the experiment, isolation valve is opened by the

operator. For emergency situations where the air flow in the tunnel circuit must be cut
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off immediately or at the ending the experimental process, this valve is closed by the

operator remotely. Figure 2.2 shows the rest of the system after the isolation valve

(12).

Figure 2.1 : Supersonic wind tunnel compressors and tanks.

Figure 2.2 : Supersonic wind tunnel test section and other components.

13. Regulation Valve: After opening of the isolation valve, axial control regulation
valve starts to operate. Since the exit of the wind tunnel opens to the atmosphere, at
the beginning of the experiment, air flow fluctuations occur due to high pressure
difference. Regulation valve adjusts the required total pressure in the stagnation
chamber. The axial control regulation valve of the Mokveld Company is shown in
Figure 2.3 and also it is labeled by 13 in Figure 2.2. It takes about 6 seconds for this
valve to be fully opened or to be fully closed. Through a feedback mechanism, a

desired stable pressure in the settling chamber is maintained by controlling the valve.
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Figure 2.3 : Axial Control Valve from Mokveld Company.

14. Settling Chamber: After regulation valve, air flow goes into the settling chamber.
This long settling tank helps reduce fluctuations and turbulence in the air flow and
provide uniform and stable initial conditions for the flow in the test section. Settling
chamber is the place where the static pressure is the highest at all along the downstream
points of the tunnel. Therefore, two nickel membranes are used to burst in case of
exceeding the maximum allowable pressure in the settling chamber for safety. These
semispherical nickel membranes, shown in Figure 2.4, were designed to burst at
different pressures, namely, at 5 bars and 14 bars for Mach 2 and Mach 4 test section
modules, respectively. Also, a safety switch equipped with a pressure transducer in the
settling chamber is used to close the isolation valve by sending signal to the control

computer when the allowable pressure is exceeded.

Figure 2.4 : Nickel membrane.

15. Test Section: Test section of the supersonic wind tunnel is modular and two
different test section modules are available for the Trisonic Wind Tunnel. One of these

modules is designed for Mach number range 0.4 — 2.2 and the other one is designed
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for Mach number range 2.4 — 4.0. For the present experiments, test section for Mach
number range 0.4 — 2.2 is used and it has a cross section of 15x15 cm. With the help
of an electric motor and a gear mechanism, the throat cross section area can be adjusted
for different Mach numbers within its range. In the ideal condition, subsonic air flow,
coming from the settling chamber, speeds up to Mach 1 in the converging section of
the Converging - Diverging nozzle before the test section. In the diverging section of
the C-D nozzle, flow speeds up and the desired Mach number is obtained. For optical
methods such as schlieren or shadowgraph imaging, side walls of the test section are
equipped with quartz windows as shown in Figure 2.5. A photograph of the designed
inlet model assembly for the experiment is also shown in the figure. These quartz
windows have great resistance for thermal shocks and have extreme flat surfaces with
a homogeneous structure without impurities such as seeds and bubbles inside. A
boundary layer suction mechanism which sucks the air flow through the perforated
upper and lower walls can also be used in the test section module. However, lower
perforated wall was modified to be able to mount the designed inlet model as shown
in Figure 2.5 and no boundary layer suction mechanism was used in the lower wall for

the experiments.

Figure 2.5 : Test section module and the designed inlet model assembly.

16. Diffuser: Air flow enters the diffuser after test section portion of the wind tunnel.
In the diffuser, flow decelerates and a weak normal shock forms near the second throat.

From this point on flow becomes subsonic. The diffuser numbered by 16 in Figure 2.2,
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with its increasing cross section area, slows the flow down further and exhausts to the

atmosphere.

Due to the geometry of inlet models, difficulties occur while mounting the inlet models
to the test section using the original model mounting support of the wind tunnel. In the
supersonic wind tunnel at the Trisonic Research Laboratory of ITU, only a stick-type
support was available in the center of the test section along the flow direction as a
mounting apparatus. Since this support was not suitable for mounting an inlet model,
some modifications were made on the test section module in a previous study [17].
The supersonic wind tunnel had a boundary layer suction mechanism beneath both the
upper and the lower walls to reduce the thickness of the boundary layer developing
along the test section walls. The one in the bottom wall was removed and a new
mounting apparatus was designed as shown in Figure 2.6. The original perforated plate
of the boundary layer suction mechanism was replaced with the a stainless steel floor
plate with a plug in the middle that enables to be able to mount different inlet models

[17].

Figure 2.6 : Mounting apparatus.

2.2 Shadowgraph System

The shadowgraph visualization method is based on the second derivative of the gas
density. While light rays pass though the test section, the regions where density
gradient exists deflect the rays as shown in Figure 2.7 and the resultant deflections
illustrate the dark and bright regions on the screen located outside the test section [18].
This method is useful for determining the location of shock waves besides observation

of turbulent flow regions.
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Figure 2.7 : Schematic of shadowgraph system [18].
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2.3 Schlieren System

Schlieren system is a visualization technique based on the first derivative of the fluid
density. This method indicates the density gradients that occur in compressible flow
such as those across the shock waves, shear layers, etc. As shown in the schematics in
Figure 2.8, light from a slit source ab is collimated by the lens L1 and goes through the
plane 1 in the test section [18]. After the light passes through the lens L2, inverted
image of the source at the focal plane 2 is produced. In this focal plane a portion of the
light is cut by the knife edge and L3 lens generates the image of the test section on the
screen at plane 3. By the knife edge, contrast is increased which is directly proportional

to the density gradient in the flow.

In applications, most schlieren systems use mirrors instead of lenses due to economic
reasons. An example of a schlieren system with mirrors is illustrated in Figure 2.9. The
light after passing through the slit, goes onto the mirror and reflected toward the test
section. The light deflected by the test section goes onto another mirror and reflected
again. A knife edge, which is placed in the focal point, blocks some of the image of
the light source and the remaining image is sent to a photographic recording device.
These systems with mirrors are also used to shorten the total length of the schlieren

system.
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Figure 2.8 : Schematic of a schlieren system [18].
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Figure 2.9 : Schlieren system with mirrors [19].
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The Schlieren system at the supersonic wind tunnel in the Trisonic Research
Laboratory is illustrated as a CAD drawing in Figure 2.10. During experiment, a video
camera records the schlieren images of shock waves, which helps understand the
behavior of the shock structure better by comparing the image frames and the pressure
time history. Furthermore, the system can also be used as shadowgraph by placing a
translucent screen back of the test section and recording the video directly from behind

the screen.

Concave Mirror —

Knife Edge

Camera

Slit & Light Source

\ Test Section

- i
DN Concave Mirror

Figure 2.10 : Schilieren system of the supersonic wind tunnel.
2.4 Surface Qil Flow Visualization

Surface oil flow method is generally used to observe the boundary layer separations.
A tiny layer of oil is basted at some upstream location and as the air flows over the
surface, the oil is carried to downstream forming long strips. In regions where flow
separation occurs, the oil accumulates along the separation line due to reverse flow.
Thus, separation lines becomes visible. In the experiments, a mixture of liquid paraffin,
oleic acid and a fine powder of titanium dioxide was used. Some skill and experience
is important during suitably employing the mixture to the surface and making the
mixture. After each run, the surface should be wiped clean for the next run.
Furthermore, since titanium dioxide is white, to create contrast the surface is painted

in black.
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2.5 Internal Compression Inlet Model

The model was designed by using the CATIA software. A symmetrical 4° ramp angle
was chosen for the internal compression inlet model. Further details about the
compressible flow calculations and shock positions are given in the next chapter (see
section 3.2.1). Experiments were performed for two different throat heights but since
the first model did not satisfy the started flow condition due to the high value of
captured area to throat area ratio, a second model was designed by enlarging the throat
height. Details related to the dimensions of the upper and lower ramps are illustrated
in Figure 2.11 where angles and lengths are given in degrees and millimeters,
respectively. Additionally, in order to create a back pressure to push the started shock
structure forward and obtain a normal shock after oblique shock reflections inside the
inlet, various blocks were manufactured and placed at the exit section of the model in

the experiments.

— ——— |

"
%</.A |
12

140

50
42.83

Figure 2.11 : Side view of upper and lower ramps for the 2"! model.

The details of the model assembly and components are shown in Figure 2.12. Acrylic
side walls provide optical transparency for shadowgraph flow visualization. For the
blocks, two different geometries, pieces with rectangular and cylindrical cross
sections, were tested. The rest of the components were manufactured from brass by a
CNC machine. Metric bolts and setscrews were used to assemble the model. Moreover,
liquid seal were applied between parts during assembling to ensure sealing through the
joints. Transducer slots and transducer cables are also illustrated schematically with

red lines in Figure 2.12.

26



Spacer

Figure 2.12 : Details of the model assembly and components.
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2.6 Pressure Transducers

In the experiments, Kulite pressure transducers, which have good static and dynamic
response, were used in surface pressure measurements. The types and dimensions of
the transducers are shown in Figure 2.13. Since a limited number of transducers is
available, total of six transducers were used in the experiments. Due to the small wall

thickness at the foremost location on the lower ramp, only a flat type Kulite was

suitable. Blank inserts were used to fill the empty tansducer holes.

— NOM | T OPTIONAL S/S PRESSURE REFERENCE TUBE
s 04 | 0160D.X1"1ONG
| (41 X25.4) FOR PSIG & PSID UNITS

| atNomna

= —]
Ul & to B

a) Rod-type Kulite transducer b) Flat-type Kulite transducer
Figure 2.13 : Kulite transducers for pressure measurements.

To be able to place the transducers in the appropriate transducer holes, M3 bolts are
drilled properly through its center axis to form sleeves and nail polish is applied as an

adhesive to hold the transducer within the sleeve as shown in Figure 2.14.

\

Figure 2.14 : Assembly details of Kulite transducers.
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Three of the transducers have a working pressure range of 0 — 1.7 bara (0 — 25 psia),

where other three have 0 — 3.4 bara (0

50 psia). For measurements during

experiments, a in-house code written using LabVIEW software is used with its

interface shown in Figure 2.15.
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3. RESULTS

Before this thesis, a series of experiments was performed to investigate SBLI in the
simplified model of the external compression inlet for the preliminary conceptual
design project of TX\FX National Training/Fighter Aircraft. Therefore, this thesis is a
complementary study containing experiments based on a simplified model of an
internal compression inlet. Overall, the unsteadiness of shock waves, SBLIs, unstart
and starting problems of internal compression inlets showed a significant reason why
external compression inlets are more feasible for shock stability and have better
performance characteristics as experienced with the previous national industrial
project. Accordingly, an analytical study related to the optimization of total pressure
recovery for external compression inlets is presented firstly and other results related to
the internal compression inlet are introduced secondly. Moreover, analytical
calculations of the designed internal compression inlet are followed by CFD analyses

where the experimental results are presented in the last section.

3.1 External Compression Inlets

An analytical study was carried out in order to understand the limits of inlet geometry
and to determine primary performance characteristics. By using shock wave and
isentropic flow properties, a MATLAB code was written for several two-dimensional
inlet geometries. Note that inviscid approach is valid for the used analytical equations.
Therefore, friction losses are ignored. In other words, SBLI cannot be observed from

the analytical results.

Figure 3.1 illustrates the results of total pressure loss for external compression inlets
with n oblique shocks followed by a terminal normal shock. Total pressure ratio across
a normal shock is denoted by n = 0 (blue line in Figure 3.1) which corresponds to a
normal shock inlet. For 2, 3 and 4 shock inlets (n equals to 1, 2 and 3 respectively), a
schematic diagram is shown in Figure 3.2 where freestream velocity is Mach 2. While
po1 denotes the freestream total pressure, po> corresponds to the downstream total

pressure right after the terminal normal shock as seen in Figure 3.2c.
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Figure 3.1 : Total pressure recovery of external compression inlets.

As stated before, across a normal shock the total pressure loss is less than 4% up to
Mach 1.4. Therefore, in order to decrease the total pressure loss, it is desirable to
diminish freestream velocity lower than Mach 1.4 before the terminating normal
shock. Besides, due to the unsteadiness of shock waves, it is better to avoid Mach
numbers very close to 1. Hence in the code, it was desired to obtain Mach 1.25+0.01
before the normal shock. Moreover, the tolerance value for the angles of ramps was
adjusted up to the decimal point in degrees. Since the first upstream ramp encounters
with the highest Mach number (freestream), it is more suitable to set the first deflection
angle the smallest for efficiency on the basis of pressure recovery. As Mach number
decreases passing through the subsequent ramps, deflection angles are increased
gradually until reaching the preferred Mach number before the normal shock. For this
purpose, an iteration process was defined in the code according to the number of
oblique shocks. As seen from Figure 3.1, the more the number of ramps are, the higher
the total pressure recovery is gained. Therefore, at high Mach numbers, number of

deflection angles and their values are of vital importance.
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Figure 3.2d shows the schematic view of isentropic compression. Infinitesimal
deflection angles create infinitely weak oblique shocks. The structure of shock waves
provides compression without total pressure loss which is the limiting case for external
compression. With the help of characteristic lines, it is related to the reverse Prandtl-
Meyer expansion. The disadvantage of this system is that it requires longer inlets

geometries.

The short summary of the results obtained from the code is presented in Table 3.1. For
a few freestream Mach numbers and number of oblique shocks, the changing Mach
numbers at different regions (see Figure 3.2¢ which has regions numbered from 1 to
4) and the relating ramp angles can be easily compared between each other. p denotes
static pressure where subscripts 1 and 2 correspond to freestream and downstream
portion of the normal shock, respectively. If ramp angles are examined closely, the
gradual increment can be observed from upstream to downstream direction.
Additionally, as the number of oblique shocks (or ramps) rises, both the total deflection

angle and the total pressure recovery increase.
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Figure 3.2 : Schematic diagram of external compression inlets.
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Table 3.1 : Design calculations for external compression inlet performance.

Freestream Mach Number at Region # Ramp Angle [degree] Total Deflection Total Pressure
Mach # 1 2 3 4 5 6 01 02 03 04 05 | Angle [degree] P2/P1 | Recovery [%]
2.0 1.254 0.811 - - - - 19.2 - - - - 19.2 2.86 89.3
3.0 1.254 0.810 - - - - 320 - - - - 32.0 7.45 49.5
4.0 1.260 0.807 - - - - 372 - - - - 37.2 14.07 22.8
5.0 1.258 0.808 - - - - 3908 - - - - 39.8 22.69 10.5
2.0 1.655 1.252 0.812 - - - 96 11.2 - - - 20.8 3.08 95.6
3.0 2.204 1.254 0.811 - - - 16.0 229 - - - 38.9 10.84 72.0
4.0 2.670 1.257 0.809 - - - 18.6 29.0 - - - 47.6 27.03 43.6
5.0 3.032 1.258 0.809 - - - 199 322 - - - 52.1 53.22 24.7
2.0 1.771 1.530 1.251 0.812 - - 64 70 7.8 - - 21.2 3.13 97.3
3.0 2.475 1923 1.253 0.811 - - 10.6 13.4 176 - - 41.6 12.52 83.1
4.0 3.115 2.264 1.251 0.812 - - 124 164 239 - - 52.7 37.27 59.7
5.0 3.682 2.531 1.254 0.811 - - 13.2 18.0 27.5 - - 58.7 85.54 3904
2.0 1.828 1.652 1.464 1.252 0.811 - 48 51 55 59 - 21.3 3.14 97.9
3.0 2.603 2200 1.769 1.251 0.812 - 80 94 114 141 - 42.9 13.41 88.8
4.0 3.336 2.697 2.046 1.254 0.810 - 93 114 14.6 20.1 - 55.4 44.08 70.8
5.0 4,009 3.122 2.268 1.255 0.810 - 99 124 164 239 - 62.6 112.87 52.1
2.0 1.864 1.725 1.578 1.424 1251 0.812 | 3.8 40 43 45 48 21.4 3.16 98.2
3.0 2.681 2359 2.027 1.673 1254 0811 |64 73 84 98 11.6 43.5 13.84 92.0
4.0 3.469 2956 2.445 1906 1.255 0810 | 74 87 105 132 172 57.0 48.63 78.2
5.0 4207 3.485 2.792 2.096 1.255 0.810| 79 94 11.7 15.1 21.0 65.1 134.36 62.1
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3.2 Internal Compression Inlets

The primary purpose of this section is to collect experimental data and discuss the
results based on SBLIs and ustart phenomena. In order to understand the shock
structure inside the designed inlet model, first an analytical study was carried out and
then 2D CFD analyses were performed to compare the results. In the last section,

results of experiments are given in detail.

3.2.1 Analytical Calculations

An internal compression inlet geometry which has top and bottom ramp angles of 4°
each is chosen for the preliminary design. At least one reflection of oblique shocks is
aimed before the throat and the existence of expansion waves as shown in Figure 3.3.
The ratio of the captured area to the throat area for such an inlet geometry is around
1.288. On the other hand, since the desired Mach number for the experiments is chosen
as 2, by using Equation (1.3), the theoretical area ratio is calculated as 1.216. In order
to overcome the starting problem of internal compression inlets, area ratio should be
lower than the theoretical value. The ratios for theoretical result and the actual
geometry are close to each other, but the slight difference in values is expected to cause
the inlet unstart even though the inviscid shock wave calculations do not reveal this
problem at all. Studies related to unstart phenomena continue with CFD analyses and

experiments in the following sections.

In order to determine the shock wave positions and the compressible flow properties
of such inlets, another MATLAB code was developed which calculates the shock-

shock interactions and shock-expansion interactions by using an iterative process.

For the first model, the regions of the shock wave structure are numbered from 1 to 8
in Figure 3.4. The results obtained from the code are given in Table 3.2 in which the
last two columns show static pressure and density ratios. The dashed lines in Figure
3.3 and 3.4 are a rough estimation due to the lack of the computation at regions where

two expansion waves interact.

The second model is shown in Figure 3.5. The height of the throat is enlarged by 4 mm

with respect to the first model. The ratio of the captured area to the throat area for this
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new geometry is 1.167 which is lower than the required theoretical value. If shock
wave structure is examined closely, it is observed that the expansion waves interact
with the shock waves and the reflection of shock waves occur after the interaction.
Since 4° ramps and turns create weak shock and expansion waves, refraction of shocks
and expansions due to the interaction cannot be observed easily for this case.
Furthermore, this interaction creates a slip line that separates the two regions having
the same static pressures but different flow velocities. Since the model upper and lower
ramps are identical, which generates the interacting shocks with the same strength, no
slip line occurs after shock-shock interaction for this case. Flow properties of the
regions shown in Figure 3.6 numbered from 1 to 8 are obtained from the code and the
results are given in Table 3.3. As compared to the first model, it can be said that
expansion waves reduce the strength of reflecting shock waves slightly. The dashed
lines in Figure 3.5 and 3.6 are an approximation of the extensions of shock and
expansion waves. In reality, due to the mixed regions generated by the expansion-
expansion interactions and reflection of expansion waves from the walls, shock waves
are refracted and further reflection of shocks occur slightly more upstream positions

than shown in the schematics in the figures.

Oblique Shocks Expansion Waves
|

Slip Lines

Figure 3.3 : Shock wave structure of the 1* internal compression inlet model.

37



Figure 3.4 : Interior flow regions of the 1% internal compression inlet model.

Table 3.2 : Analytical results of the 1% internal compression inlet model.

Region # Mach pHip1 Pl pt
1 2.0 1.0 1.0
2 1.857 1.247 1.170
3 1.718 1.539 1.360
4 1.582 1.886 1.572
5 1.445 2.297 1.810
6 1.717 1.540 1.360
7 1.581 1.886 1.572
8 1.581 1.886 1.572

Expansion Waves
}

Oblique Shocks

Figure 3.5 : Shock wave structure of the 2"¢ internal compression inlet model.

Stream Lines
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Figure 3.6 : Interior flow regions of the 2" internal compression inlet model.

Table 3.3 : Analytical results of the 2" internal compression inlet model.

Region # Mach PHip1 Pl p
1 2.0 1.0 1.0
2 1.857 1.247 1.170
3 1.718 1.539 1.360
4 1.999 1.000 1.000
5 1.856 1.247 1.170
6 1.856 1.247 1.170
7 1.717 1.540 1.360
8 1.717 1.540 1.360

3.2.2 CFD Analyses

2D Computational Fluid Dynamics analyses were performed both for the first and
second model in order to compare the results obtained from analytical calculations. In
the analyses, while ANSA software of Beta CAE Systems S.A. was used for mesh
generation, FLUENT software of ANSYS Inc. was used as the solver. Both inviscid

and viscous cases were studied to reveal the effects of SBLI.

Mesh properties of the CFD model are given in Table 3.4. For the inviscid case, no
boundary layer mesh was generated and the edge length of cells was kept
approximately around 0.11 mm. A uniform, structured grid was created with
quadrilateral elements. For the viscous case, an additional boundary layer mesh was
generated, in which the first cell height ensures y* < 1 condition to resolve the viscous
sublayer. Figure 3.7 shows the details of cell edge-length for the viscous case of the

second model and cell growth in the boundary layer region is kept relatively small.
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Table 3.4 : Mesh properties.

Mesh Information

Grid Type Structured
Cell Type Quadrilateral

~ 6.7 million (Inviscid case)
ERLINUTTL 5T ~ 9.6 million (Viscous case)
Inlet Length 140 mm
Cell Length ~0.11 mm

Boundary Layer Information
First Cell Height 0.00127 mm
y <1

00127
00646
01165
01684

02203

02722

03241

0.0376

042748

04748

08317

05836

06355

06374

07343

07912

08431
0.0845
09468

09938

10507

11026
MiM LEN SHELLS
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Boundaries of the CFD model are illustrated in Figure 3.8 and the boundary conditions
are tabulated in Table 3.5. For inflow (green line), Mach number was defined as 2.0.
The upper and lower walls of the wind tunnel and the walls of the internal compression
inlet were modelled as stationary walls (blue and black lines). For outflow (red line),

non-reflecting boundary condition was used.

. nflo . Wall . Inlet . Qutflow
Figure 3.8 : Boundaries of the CFD model.

Table 3.5 : Boundary conditions of CFD model.

Boundary Type
Inflow Pressure-Far-Field
Wall No-Slip Wall
Inlet No-Slip Wall
Outflow Pressure-Outlet

In order to simulate the conditions in the wind tunnel test section, isentropic flow

equations are used taking the fluid as standard air assumed as ideal gas.

Teank = To = 288 K

T, -1
- =1+——M2=18
T ey +t
7= o —288K—160K 3.1
CT,)T 18 -1
ptank:p0:2-8 atm
. 1
Po =[1+V—M2] = 7.8244
Ply= 2
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_ po _ 2.8atm
" po/p  7.8244

p = 0.357855 atm = 36260 Pa 3.2)

a=,/yRT = /1.4 x 287]/kg.K x 160K = 253.55m/s (3.3)

Where T, and T is the tank (stagnation) and the freestream temperatures, respectively,
M is the freestream Mach number, y is the ratio of specific heats (1.4 for air), p, and
p is the tank (stagnation) and the freestream absolute pressures respectively, a is the

speed of sound and R is the specific gas constant.

As the initial condition, the inflow temperature and pressure were set to 160 K and
36260 Pa, respectively, as derived from Equations 3.1 and 3.2. In addition, from
Equation 3.3, freestream velocity in the x-direction was set to 507 m/s which equals

twice the speed of sound.

The properties related to the methodology of the analysis are presented in Table 3.6.
In order to obtain a fast solution, one-equation turbulence model (Spalart-Allmaras)

was selected.

Table 3.6 : Analysis methodology.

Solver Type Density-Based
Velocity Formulation Absolute

Time Steady

Space 2D-Planar
Turbulence Model Spalart-Allmaras
Formulation Implicit

Flux Type AUSM

Spatial Discretization First Order Upwind

Gradient Cell-Based
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Figure 3.9 : Mach contours.
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Mach contours from the CFD analyses are given in Figure 3.9. The results are
considerably consistent with the theoretical calculations. Table 3.7 shows the Mach
number contour levels obtained from the “colorbar” output for the inviscid case of the
second model. As compared with Table 3.3, the values of the Mach numbers in various
regions obtained from CFD calculations agree quite well with those in the analytical
results. Even though the first model seems to have started flow both in the CFD
analyses and in the analytical calculation, as mentioned previously, due the high value
of the ratio of capture to throat areas, the inlet model stays in the unstarted condition
in the experiments (see the following section). The possible reason for the started inlet
in the CFD results can be the fact that the 2D-Planar solution does not take into account

the three-dimensional and unsteady effects of the actual flow.

Table 3.7 : Mach number range outputs of the inviscid 2"¢ model.

. Mach Number Range
Region # .

Min Max
1 1.998 2.001
2 1.856 1.859
3 1.717 1.720
4 1.995 1.998
5 1.853 1.856
6 1.853 1.856
7 1.717 1.720
8 1.717 1.720

Since ramp angles are relatively small, which result in relatively weak shock waves,
no significant effect such as boundary layer separation and reattachment shock is
observed related to SBLIs inside the inlet as presented in Figure 3.10a. However, Mach
contours illustrate that the boundary layer thickness is increased near the downstream
of the shock, which is an evidence of SBLI. On the other hand, if outside of the inlet
is examined, due to the adverse pressure gradient created by the reflecting shock,
reverse flow vectors demonstrate the possible boundary layer separation in Figure
3.10b. In addition to Mach contours and velocity vectors, non-dimensional pressure
and density contours are illustrated in Figure 3.11 and 3.12, respectively where they

agree well with the analytical calculations.
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Figure 3.10 : Vector field of the viscous calculations for the 2" model.

45

Mach

200

1.86

1.57

1.43

1.29

1.00

0.86

0.71

0.57

0.43

029

0.14

0.00



[9POIN 3T AIDSIANI

[9POIN puC AIOSIANI

[9POIAL3sT SNNODSIA

[9POAl puC SONODSIA

Figure 3.11 : p/p~ contours.
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3.2.3 Experimental Results

Experiments with the first and second models were performed and the effect of
captured area to throat area ratio was observed for inlet unstart characteristics. These
models are called as "short” models in this thesis because additionally an extension
part was attached to the back of the second model and thereby a “long” model was
created. A total of about 70 runs were performed in the tunnel. Firstly, shadowgraph
images were obtained to understand the shock wave structure and unstart condition.
Secondly, pressure measurements were performed at different sampling rates, and
finally, surface oil flow visualization method was used in order to observe the
separation and reattachment lines caused by the SBLIs. Moreover, blocks having
different thicknesses were placed at the back of the long and short models to create
back pressure which simulates the existence of jet engine and as a result, unstart

behavior was observed better.

As mentioned in the analytic calculations section, since the ratio of the capture area to
the throat area was slightly higher than the theoretical value, as shown in Figure 3.13
unstart condition was observed in the experiments for this model. Several runs
performed with Mach number varied between 2.03 and 2.14 resulted in the same

unstart condition.

In Figure 3.13, arrows denoted by “C” shows the internal cracks of acrylic side wall.
“B” denotes the detached normal shock just in front of the inlet, and hence the flow
inside the inlet becomes subsonic. “S,.” shows the shock waves formed outside of the
inlet by the ramps on the model side walls, reflecting shocks from test section floor
and test section side walls and other small protrusions such as mounting bolts and
junction surfaces on the outside of model. In addition, since suction mechanism is on
during the experiments in the upper wall of the test section, shock waves seem to have

been absorbed in the ceiling.
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Run 2283

Figure 3.13 : Shadowgraph image of the 1° model at Mach 2.03.

By machining off both of the inner surfaces downstream of the ramps by 2 mm, throat
height was enlarged by 4 mm. Thus, second model geometry was obtained with

capture-to-throat area ratio satisfying the theoretical value of started inlet condition.

In Figure 3.14, the results from the analytic calculations (see section 3.2.1) are
superimposed on the experimental results where “S,”” shows the shock waves created
by 4° ramps and the reflections of ramp shocks are indicated by “S”. The superimposed
image (see red arrow in the figure) shows that the analytical calculations agree quite
well with the experiment up to the point where expansion-expansion interaction
occurs. Also, due to the SBLI, the shock reflection points of the ramp shocks are

slightly in the front with respect to the analytical calculation.
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Run 2287

Figure 3.14 : Shadowgraph image of the flow around 2"! model at Mach 2.03.

For some of the experiments, because of very small misalignments between the
components of the inlet model, which occurred during assembling, the model had a
slight positive angle-of-attack of about 1°. Therefore, reflections of the ramp shocks
appear at slightly different streamwise positions on the upper and lower walls of the
inlet as shown with vertical arrows in Figure 3.15. “E” denotes the expansion waves.
If the figure is examined closely, small refractions of waves caused by shock-shock
and shock-expansion interactions can be observed. Since deflection and turn angles

are small, the refraction of the waves after interactions is also very small.
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Run 2348

Figure 3.15 : Shadowgraph image at Mach 2.02.

The essential objective of using internal compression inlets was to obtain a normal
shock wave after one or more oblique shock reflections. On this basis, blocks with
different sizes were tested to achieve the desired condition. These blocks are used to
produce a back pressure which resembles the presence of the engine downstream of
the inlet. Table 3.8 shows some of the experiments performed with different sets of
size, shape and vertical location of blocks. As can be seen from the results given in the
table, none of the sets produced a flow with series of oblique shocks followed by a
normal shock within the inlet. These results show the difficulty of obtaining a
terminating normal shock inside the inlet. The back pressure produced by the blocks
either is large enough to push the oblique shock system out of the inlet and cause
unstart or small enough to maintain started condition. Slight variations in the size of
the block change the type of the flow within the inlet from started to unstarted or vice
versa. It was impossible to obtain an intermediate case with a normal shock wave
within the inlet using the block sizes given in Table 3.8. While the leftmost column
shows the run number which is just a record number for the related experiment, the

rightmost column indicates the size and the shape of the block. Fourth column shows
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the value of the block thickness in millimeters, in which the rows are separated into
three for each cell. These equally divided rows in the table indicate the predefined

positions on the exit plane where blocks are placed as shown in red in Figure 3.15.

Table 3.8 : Experiments with blocks placed at the back of the inlet model.

Run # | Mach | Condition |Block Height [mm]| Block|| Run# | Mach | Condition |Block Height [mm]| Block
Run2302| 1.94 | Unstarted 4.2 I || Run2308| 2.01 Started 0.8 L]
Run2303| 1.94 | Unstarted 36 M ||Run2309| 2.01 | Started 0.8 L]
0.8 .
0.8 .
Run2304| 1.94 | Unstarted 2.9 ® ||Run2310| 2.01 | Unstarted 0.8 .
0.8 .
0.5 .
Run2305| 2.15 | Unstarted 2.4 ® ||Run2317| 2.01 | Unstarted 0.5 .
0.8 .
1.2
Run2306| 2.01 | Unstarted 1.9 ® Run2324| 2.01 | Unstarted
1.2 °
1.2
Run2320| 2.14 | Unstarted 1.9 ® Run2325| 2.14 | Unstarted
1.2 [ ]
Run2307| 2.14 | Unstarted Run2326| 2.14 | Unstarted 1.2 o
1.9 ®

Surface pressure measurements were performed both for short and long models. The
location of pressure transducers on the model floor are illustrated by red lines
numbered from 1 to 8 in Figure 3.17. The transducer at the most upstream location
was a flat-type and the rest of the five transducers were placed into selected taps to
provide a somewhat evenly distribution along the model floor. A sample set of pressure
time history for the short and started model is given in Figure 3.16 where data sampling
frequency and freestream Mach number were 100 kHz and 2.14, respectively. Mean
values were obtained by applying moving average smoothing with a window of 10001
data points. The total number of data points was set as multiples of two for FFT
analyses to obtain SPL values (see Appendix A). Before each run pressure data were
taken with no flow in the tunnel to balance the possible drift and noise on channels.
When the no-flow data were compared with the actual flow data, a frequency of 50 Hz
of the power main and its harmonics were observed. However, for cases where the

normal shock stays in front of the inlet, no other dominant frequency in subsonic
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region was obtained due to the lack of normal shock wave formation (thereby the effect

of a strong SBLI) inside the inlet.
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Figure 3.16 : p#/ p» values of Run2349.

For cases of started inlet, analytical and CFD results agree quite well with experimental
results up to the ramp shock reflection point as plotted in Figure 3.17. Due to relatively
weak SBLIs caused by the oblique shock reflections on the inlet floor, nondimensional
pressure values are slightly higher from the analytical results after the interaction.
Furthermore, RMS values simply show the amplitude of pressure fluctuations. From

Figure 3.17, it can be observed that RMS values increase around SBLI regions.
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Run 2348
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Figure 3.17 : Short started model without block.

When a block was placed in the center height at the back of the model, unstart
condition was obtained for certain block sizes. Therefore, the flow inside the inlet
became subsonic. From normal shock relations, at Mach 2.0 the ratio of p2/p1 is

calculated as 4.5 where p1 is the freestream pressure and p» is the static pressure behind
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the normal shock. Also, this ratio becomes 5.18 at Mach 2.14, which agrees with the

data plotted in Figure 3.18 measured at the first pressure transducer. Since there was

no interaction inside, RMS values were lower compared to started case.
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o
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
x/c
Run # 2350 | 2351 | 2352 | 2353
Mach # 201 | 2.14 | 2.14 | 2.13

Block[mm] | 1.9 | 1.9 | 12 | 1.2

Figure 3.18 : Short unstarted model with block in the center height at the back.
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Additionally, experiments with the long model were performed as illustrated in Figure
3.19. No significant difference with the short started model was observed in the
pressure data. The downward trend of pressure transducers 7 and 8 showed the

existence of expansion waves coming from the end of the upper ramp.
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Figure 3.19 : Long started model without block.

In the experiments with the long model for the unstarted condition, since the pressure
downstream of the normal shock was quite high, the flat transducer in the first tap

became out of range. Therefore, the pressure measurement in the first tap were

56



performed correctly only for Run2342 as shown in Figure 3.20. Likewise, the obtained

nondimensional pressure and RMS values stayed nearly the same as those in the short

unstarted model case.
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Figure 3.20 : Long unstarted model with block in the center height at the back.

Lastly, surface oil flow visualization method was used to see the flow separation
regions as a results of a possible SBLI. Figure 3.21 shows the oil flow image in the

short model for the started condition. First separation line in the front was caused by
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the upper ramp shock and the second one at the back was due to the reflecting shock
of the lower ramp shock. Since SBLIs are not very strong, the boundary layer thickness
of the separation regions are not large enough to form a reattachment shock. Oil
dilution occur around reattachment region due to the opposite flow directions but no
reattachment line appears prominently in the figure. Further details about the theory of
SBLI are given in Figure 3.22.

W

~-Separation Lines

Figure 3.21 : Oil flow image of short started model.

Separation shock
Incident shock Xpansion waves

Reattachment shock

M=>1
Slip line

////ZT///////X///;/J///&/ o T

Separated flow Solid wall

Figure 3.22 : Planar shock-wave/boundary-layer interaction [20].

A simplified schematic sketch of a planar shock-wave-induced boundary-layer
separation is illustrated in Figure 3.22 where o denotes the boundary layer thickness.
Pressure increases downstream portion of the impinging shock and this adverse
pressure is transmitted to upstream through the subsonic region of the boundary layer,

causing the thickening of the boundary layer [20]. Therefore, a region of flow
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separation may appear under this adverse pressure. Since the pressure in region 1 is
larger than that in region 2, the flow reattaches. Hence, the streamline formation of the
boundary layer creates expansion waves followed by a compression shock related to
the reattachment. This phenomenon is observed with the help of surface oil flow

method where separation lines show boundary layer separation.
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4. CONCLUSIONS AND RECOMMENDATIONS

In this study, experimental investigation of an internal compression inlet were carried
out. Long and short models were tested with/without different sized blocks.
Simultaneous pressure measurements and shadowgraph imaging were made and oil
flow visualization method were used to see the separation lines. The importance of the
ratio of the captured area to the throat area were observed for internal compression
inlets. For the short/long started models, analytical calculations showed a good
agreement with the measurements. A significant increase was observed in the RMS
values near the SBLI regions. The main purpose of obtaining a normal shock inside
the inlet was never achieved during experiments. Most of the blocks caused inlet
unstart and it was observed that internal compression inlets did not allow the formation
of a stable normal shock after one or more oblique shock reflections. The back pressure
created by the exit blokage either forced the started shock waves out of the inlet and
caused inlet unstart or made no change on the shock wave structure and the inlet stayed
started. In order to overcome this problem for future studies on the subject several

recommendations can be carried out:

1. Designing an inlet model with a larger throat cross-section area which reduces
three-dimensional effects of corner wall flow interactions and boundary layer

effects.
2. Increasing freestream Mach number.

3. Trying new type of blocks which would emerge from the bottom or top surfaces

towards the center of the inlet.

For the reasons explained above, external compression inlets have better
characteristics on the basis of shock stability. An analytical study was carried out to
optimize the total pressure recovery performance for several two-dimensional inlet
geometries under inviscid approach. Furthermore, in order to observe SBLI better,
ramps having larger angles should be manufactured because they will create stronger

shocks and due to the higher adverse pressure gradients SBLI will be more effective.
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Figure A.1 : Power spectra of the tare pressure at P1, P2 and P3 for Run2352.
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Figure A.2 : Power spectra of the tare pressure at P4, P5S and P6 for Run2352.
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Figure A.3 : Power spectra of the pressure at P1, P2 and P3 for Run2352.
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Figure A.4 : Power spectra of the pressure at P4, P5S and P6 for Run2352.
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