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IMPLEMENTATION OF FLUCTUATING PRESSURE MEASUREMENTS
IN A SUPERSONIC INLET AT ITU TRISONIC WIND TUNNEL

SUMMARY

The inlet is the first component on the aircraft engine and interacts directly with the
ambient atmosphere. The primary purpose of the inlet is to bring the air required by
the engine from freestream conditions to the conditions required at the entrance of the
fan or compressor. Turbojet and turbofan engines are incapable of efficient operation
unless the air entering them is slowed down to a speed of about Mach 0.4-0.5. This
is to keep the tip speed of the compressor blades below sonic speed relative to the
incoming air.

In air inlets, undesirable adverse events such as decrement in flow capture, increment
in spillage drag and even unstart situation may occur during the flight. Since the
60s, many experimental and computational studies have been performed to better
understand the flow conditions in the supersonic air inlets. Also in recent years at
our country various supersonic aircraft projects being carried out and these studies are
encouraged by the Ministry of National Defense.

In this thesis, it is aimed to gain a capability for and to perform unsteady and fluctuating
surface pressure measurements in the ITU Trisonic Wind Tunnel for complex flow
problems in a supersonic inlet model. The goal required to develop means to use
miniature surface pressure transducers and also to make modifications on the tunnel
test section floor, which had not been attempted since the procurement of the wind
tunnel at the University.

To perform the pressure measurements Kulite-brand miniature transducers were used
due to their satisfactory performance at dynamic pressure measurements as well as
their small size. A calibration unit were designed and manufactured to calibrate the
transducers for their output voltage in order to obtain the maximum signal resolution
for data acquisition.

Kulite transducers used in the study do not come with any sort of mounting means
such as a screw thread or a similar mechanism to mount them flush with the surface.
Special holder-sleeves with outer threads have been designed and manufactured both to
protect the transducers from mechanical damage and to enable them to be re-installed
in a given port on the pressure-measurement plug.

The wind tunnel test section floor was modified to accommodate a
pressure-measurement plug with 35 holes for installing the transducers flush
with the surface in minimum of 5 mm intervals. The plug was produced and
assembled to the floor of the test section which also forms the bottom wall of the inlet
model. A supersonic inlet model with a sharp-edged shock generator (a 12-degree
compression ramp) was manufactured and mounted to the test section floor.

Experiments were carried out in the 150 x 150 mm Trisonic Wind Tunnel located at
Istanbul Technical University. First, schlieren and shadowgraph imaging methods were
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used to determinate the shock wave pattern and structure in and around the inlet model.
The schlieren image revealed that the internal shock structure of the inlet consisted of
an initial ramp shock and three reflected shock waves. Schlieren imaging also showed
that these shock waves interacted with the boundary layer developing on the surface
of the tunnel floor and formed regions of shock wave boundary layer interaction and
flow separation. Using the information gained from these observations locations of the
pressure transducers were determined to obtain the pressure distribution and to study
the shock boundary layer interaction over the floor of the inlet model. Following flow
visualization experiments, fluctuating pressure measurements were performed on the
floor of the inlet model at Mach 2. Pressure data were acquired at rates of 200 kHz
and 40 kHz and normalized by the freestream static pressure which was measured by
a transducer located slightly upstream of the inlet.

In the first case, the influence of the shock wave/boundary layer interaction occurring
on the floor caused by the impingement of the ramp oblique shock on the pressure
along the wall was observed by the first upstream transducer within the inlet, which had
higher pressure fluctuations than those of other transducers downstream. In the second
case, upstream extent of the interaction caused by the ramp shock was determined
by performing the pressure measurements in the upstream portion of the inlet at the
highest spatial resolution by placing the transducers adjacent to each other. In the third
case, an attempt to investigate the details of the third reflection of the ramp shock wave
and the related issues which were observed in the flow visualization results has been
made by performing pressure measurements in the downstream portion of the inlet
again with the highest spatial resolution configuration of transducers.

This study constitutes a milestone for more comprehensive and advanced studies
of flow in and around inlets and inlet unstart which might result from shock wave
boundary layer interactions and boundary layer separations.
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ITU TRISONIK RUZGAR TUNELINE SESUSTU HAVA ALIGINDA
CALKANTILI BASINC OLCUMLERI KABILIYETININ KAZANDIRILMASI

OZET

Bir ugak motorun serbest caligma sartlarina gore ucaga takildiktan sonraki performans
azalmasi biiyiikk oranda hava alig1 sistemine baglh olarak degismektedir. Hava alig
giris ve i¢ geometrik Ozellikleri motora saglanan hava akisinda basing kaybi ve
diizgiin akis sartlarim1 bozma etkileri gostermektedir: % 1°lik basin¢ kayb1 (motora
giren hava akiginin toplam basinci/alifa yaklasan hava akiginin toplam basinci) motor
itkisinde yaklasik % 1.3 azalmaya neden olmaktadir. Bunun yaninda hava aliginin
dis geometrisi ve sinir-tabaka uzaklastirict sistemler de ugagin siiriikleme kuvvetini
arttirict ve performansini azaltici etki olugturmaktadr.

Yiiksek sesalti ve sesiistii hiza sahip ucaklarda kullanilan turbojet ve turbofan
motorlarin verimli ¢aligabilmeleri i¢in giriste 0.4 ve 0.5 Mach arasinda hava akigiyla
beslenmeleri gerekmektedir. Bu hizdan yiiksek hava akisinda kompresor palalarinda
sok dalgalar1 olusmakta ve verim aniden diismektedir. Sesten hizli ugaklardaki hava
soluyan motorlarda kullanilan hava aliklari, motora giren sesiistii akisi uygun sekilde
yavaslatmaya yarayan sok dalgalar iiretecek bir geometrik yapiya sahip olacak sekilde
tasarlanirlar. Sesiistii hizlar i¢in tasarlanan hava aliklarinda akis sartlarini olumsuz
yonde degisime ugratan bircok etken bulunmaktadir.

Hava aligmin iirettigi sok dalgalarmin, alifin tasarim sartlart disindaki akig ve
calisma sartlarinda ya da kompresor veya yanma odasi sartlarindaki degisimlerden
kaynaklanan etkiler nedeniyle alik disina tagmasi (unstart) bu tip motorlarda
karsilagilan ciddi problemlerden birisidir. Alik baglamama olarak da adlandirilan bu
durum 6zellikle motor susmasi gibi ¢ok olumsuz sonuglara yol acabilmektedir.

Sesiistii hava aliklarinda olusan dik ya da giiclii sok dalgalar1 alik yiizeyinde gelisen
sinir tabaka i¢in oldukga ters bir basing gradyani olusturarak etkilesime girer. Bu
etkilesim genis Olcekli bir sinir tabaka ayrilmasina yol acmasinin yaninda sesiistii
hava aliklarinin akis yakalama ve kayip (flow capture and loss) karakteristikleri, tagsma
stiriiklemesi (spillage drag), sinir tabaka atma (bleed) tasarimu ve alik akis kararsizligi
ya da ’buzz’ olarak bilinen problemin ortaya ¢ikma Onceliini (onset) etkilemesi
acisindan 6nemli sonuglar dogurabilmektedir. Sok dalgas1 sinir tabaka etkilesimleri
ve baglamamis alik problemleri ¢ok cesitli geometri ve sartlarda yogun olarak 60’11
yillardan beri yapilan bircok deneysel ve hesaplamali calisma ile incelenmektedir.
Onceki yillarda yapilan ¢alismalar daha cok etkilesimin zaman ortalamasi (mean)
sonu¢larini ortaya koyarken son yillarda etkilesimin zamana bagli ve yapisal/malzeme
acisindan yorulma ve kirilmalara yol acan yonii incelenmektedir. Ulkemizde de son
yillarda sesiistii hizlarda gorev yapmak iizere tasarlanan ve iiretilmesi planlanan cesitli
ucak projeleri yiiriitilmekte ve bu calismalara Milli Savunma Bakanlig1 tarafindan
destek verilmektedir.
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Bu tez calismasinda, sesiistii hava aliginda olusan sok dalgalarinin alik yiizeyinde
neden oldugu basing dagilimimin ve alik icindeki sok dalgalarinin sinir tabaka ile
etkilesimi sonucu ortaya ¢ikan zamana bagl yiizey basing degisimlerinin elde edilmesi
amaciyla ITU Ugak ve Uzay Bilimleri Fakiiltesindeki 150 x 150 mm Trisonik Riizgar
Tiinelinde zamana baglh (calkantili) yiizey basing Olgiimleri yapabilme yetenegi
ve kapasitesi kazanilmasi ve sesiistii bir alik modelinde bu Olciimlerin yapilarak
sonuclarin irdelenmesi hedeflenmistir.

Basing olctimleri icin yliksek frekans cevabi olan ve riizgar tiineli testleri icin
tiretilmis olan “Kulite” marka minyatiir basing duyargalari kullanilmigtir. Ancak
bu duyargalar ilgili basin¢ araliklar1 i¢inde kullanici tarafindan farkli basing
sartlarinda kullanilabilmektedir. Bu sebeple Ol¢iimlerden dnce basing duyargalarina
kullanilacaklar1 basin¢ araligina gore kalibrasyon islemi uygulanmistir. Bu amacla
icine duyargalarin yerlestirilebildigi, riizgar tiinelinde sesiistii hizlarda serbest akimda
karsilagilan diisiik basinglardan, sok arkasi yiiksek basinglara kadar olan araliklarda
belirli statik basing degerlerinin uygulanabildigi sizdirmaz bir kap tasarlanip
dretilmistir. Sizdirmaz kap, yiiksek hassasiyete sahip analog gostergeli bir basing
Olcer, vakum pompasi, basin¢ pompasi, gii¢c kaynagi ve veri toplama karti1 barindiran
bilgisayar uygun sekilde bir araya getirilerek bir kalibrasyon iinitesi iiretilmistir.
LabView ortaminda hazirlanan bir kod kullanilarak gerekli basin¢ araliklarinda
duyargalarin kalibrasyonu yapilmistir.

Basin¢ olciimlerinde kullanilacak olan duyargalar 9.5 mm uzunlugunda ve 1.85
mm c¢apinda silindir geometrisine sahip, oldukca hassas cihazlar oldugundan model
yiizeylerine takilabilmesi i¢in koruyucu ve vidalama 6zelligi olan uygun bir adaptor
icine yerlestirilmeleri gerekmektedir. Bu amagla ici buna uygun capta delinmis
dis1 M3 digse sahip adaptorler iiretilmis ve 6zel bir montaj teknigi ile duyargalar
ile birlestirilmistir.  Ayrica model yiizeyinde duyarganin yeri degistirilmek veya
cikarilmak istendiginde, basing 6l¢iim portlarindan o anda kullanilmayanlart kapamak
amaciyla 6zel tipalar iiretilmistir.

Trisonik Riizgar Tiinelini deney odasinin alt duvari ayn1 zamanda hava alig1 modelinin
alt duvarim da olusturmakta ve hava aliginin iirettigi ilk sok dalgas1 bu ylizeye carpip
yansimaktadir. Bu yiizeyde farkli noktalarda basing 6l¢iimlerinin yapilabilmesi i¢in 5
mm araliklarla toplam 35 adet basing 6l¢iim portuna sahip bir ara parca imal edilmis
ve riizgar tiineli deney odasinin alt duvar1 bu ara parcaya uygun sekilde yeniden
tasarlanarak tiretilmistir.

Olgiim altyapisinin kurulmas: siirecinde bu altyapinin en verimli sekilde test edilmesi
amactyla kama/rampa sekilli keskin kenarli bir sok dalgasi iiretecine sahip hava
alig1 tasarlamp iiretilmistir. Uretilen model kullanilarak Schlieren yontemi ile akim
gorliniirliigi deneyi yapilmistir. Schlieren diizeneginde bicak sirti yatay konumda
tutularak sok dalgalarinin yani sira model yiizeylerinde gelisen sinir tabakanin
da daha belirgin hale getirilmesi amaglanmigtir. Akim goriintiileme deneylerinin
sonucunda alik girisinde olusan egik sok dalgasinin alik i¢ yiizeyinde birka¢ yansimaya
neden oldugu ve {l¢iincii yansimanin alik digina ¢ikti§i gozlenmistir.  Schlieren
goriintiilerinden faydalanilarak duyargalarin hangi portlara konumlandirilacaklari
belirlenmistir. Bu akis sartinda ortaya c¢ikan zamana bagli basing degisimleri ylizeye
piiriizsiiz olarak yerlestirilmig olan 7 adet duyarga ile Ol¢iilmiistir. S0z konusu
Olciimlerde LabView ortaminda hazirlanan bir kod kullanilmigtir. Alinan basing
verisi istatistiksel yontemlerle analiz edilerek ortalama basing dagilimlari, basing
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degisimlerindeki one ¢ikan salinim frekanslari elde edilerek alik i¢indeki sesiistii akisin
yapist ve Ozellikleri elde edilmistir.

Bu tez kapsaminda yapilan donanim ve yazilim caligmalarinin sonucunda Trisonik
Riizgar Tiineli hava alik modelleri icinde dinamik basin¢ Ol¢iimleri yapabilme
kabiliyeti kazanmustir. Tleriki calismalarda da bu sekilde elde edilecek olan konumsal
ve zamana bagli basin¢g degisimleri alik icerisindeki karmagik akisin daha iyi
anlasilmasinda, alik baglamama problemini tetikleyen sartlarin belirlenmesinde ve
sok dalgalarinin sinir tabaka ile etkilesimi sonucu ortaya c¢ikan akis sartlarinin tespit
edilmesinde ¢ok onemli katkilar saglayacaktir.
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1. INTRODUCTION

A supersonic aircraft is designed to exceed the speed of sound in at least some of
its normal flight configurations. Supersonic flight brings with it substantial technical
challenges, as the aerodynamics of supersonic flight are dramatically different from
those of subsonic flight. These challenges have largely been met since 1950s.

However, supersonic aircrafts are still open to development.

Supersonic aircraft are affected by shock waves which are prime importance in
air intakes whose purpose is to provide a stable, uniform, low-loss, subsonic flow
to the engine face at all flight conditions. Inlet design is highly complex due to
the requirement to manage flow and shock formation through the supersonic flight
regimes. Oblique shock waves are an efficient form of compression; however, they
interact with the boundary layer forming on the inlet walls. The shock-induced
adverse pressure gradient can trigger large-scale separation, resulting in significant
total pressure loss and flow distortion. Furthermore, the unsteady aspects of separated
shock-wave/boundary-layer interactions can cause large structural loads and may even
lead to inlet unstart. It is therefore beneficial to understand the flow either before or

during the interaction process.

The need for supersonic aircraft in our country have been indispensable particularly in
the military. For that reason in recent years at our country various supersonic aircraft
projects being carried out and these studies are encouraged by the Ministry of National
Defense. In determining the goals of this study, these developments were taken into

account.

The objective of this study is to gain a capability to perform unsteady and fluctuating
pressure measurements in the Trisonic Wind Tunnel. The development of the Trisonic
Wind Tunnel is also important because of having the largest test section area for

supersonic conditions in Turkey.



This thesis is instructive study for instrumentation of the wind tunnel to perform

fluctuating pressure measurements in a supersonic inlet model.

In the first part of thesis some basic concepts about supersonic inlets are briefly
explained. The wind tunnel instrumentation to measure fluctuation pressure has
described in the experimental part. In the conclusion, the flow visualization and

pressure measurement results for basic supersonic inlet has given.



2. BASIC CONCEPTS ABOUT SUPERSONIC INLETS

The inlet is the first component on the engine and interacts directly with the ambient
atmosphere. The primary purpose of the inlet is to bring the air required by the engine
from free-stream conditions to the conditions required at the entrance of the fan or

compressor. The performance of an inlet is related to the following characteristics:

e Handle a wide range of mass flow

Duct air to the engine with low total pressure loss and low drag

Diffuse the flow over its length to high pressure and low Mach number

Minimize distortions in the flow field exiting the inlet

Low weight, small size, and mechanically simple

Supersonic inlets are classified into three basic types, characterized by the location of
the supersonic compression wave system: internal compression, external compression,

and mixed compression.

2.1 Internal Compression Inlets

The internal compression inlet is shown in Figure 2.1. In this inlet a pair of
inward-facing ramps produce a series of internal oblique shock waves followed by

a terminal normal shock positioned downstream of the throat at its stable location [1].

Flow \ Flow Flow — Notmal
e} | <— Normal Shock === : <« Normal Shock ; Shock
() (b) ©

Figure 2.1: Internal compression inlet (a) Unstarted inlet, (b) Inlet starting, (¢) Normal
operation

Weakness of this type inlet is that any deviation in flow condition, such as temperature,

pressure, or angle of attack can cause movement of the terminal shock to across the
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inlets front. This leads to inlet unstarting (Figure 2.1(a)) due to the total internal flow
pattern corruption. This unstarted condition of the inlet can also occur by bringing the
free-stream Mach number from subsonic up to design Mach number without changing
the throat area sufficiently to start the inlet. This type of inlet requires variable throat
area to allow the inlet to swallow the normal shock during starting. Fast reaction
bypass doors are also required downstream of the throat to permit proper positioning
of the normal shock under varying flight and engine conditions. When the normal
shock forms ahead of the inlet as shown in Figure Figure 2.1(a) it induces low total
pressure ratio, reduced mass flow through the inlet, high spillage drag, and possible

engine flameout [1].

For the internal compression inlet, the ratio of the throat area required to start the inlet

Ay to the throat area required at normal operation A;, is expressed by Mattingly [1]

and plotted in Figure 2.2.
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Figure 2.2: Throat area variation required of an internal compression inlet

This large area variation to start the inlet at Mach numbers greater than 2, the problem
of inlet unstart, the poor performance at angles of attack, and some other problems

have led to the demise of the internal compression inlet.

2.2 External Compression Inlet

The compression in the external compression inlet is achieved through either one or
a series of oblique shocks followed by a normal shock or simply through one normal

shock.



2.2.1 Single Normal Shock Inlets

The normal shock inlet is simply a forward-facing hole. It is simple, short, lightweight,
inexpensive and commonly used at low supersonic speeds. It is also called a "pitot

inlet” when used for subsonic flight is shown in Figure 2.3.

Normal Shock Spilled Airflow

.

Fan or Compressor

Figure 2.3: Pitot or normal shock inlet

Engine performance and aircraft drag are significantly affected by cowl lip radius.
When the speed of sound is approached, a large lip radius will produce shock-separated
flow on the outside of the inlet and that dramatically increases the drag. Therefore the

cowl lip should be nearly sharp for supersonic jets [2].

The inlet front face may not be perpendicular to the engine axis. The location of the
inlet and the aircraft’s angleofattack range are decisive on the front-face orientation.
Normally the inlet should be about perpendicular to the local flow direction during
cruise. If the aircraft is to operate at large angles of attack, it may be desirable to

compromise between these angles and the angle at cruise [2].

It is necessary that the shock be situated at the inlet lip in order to have the maximum
possible mass flow enter the inlet under supersonic flight conditions. The shock wave
increases the pressure by compression that drops the Mach number to subsonic levels;
as the flow proceeds through the expanding area of the duct, the pressure increases.

This is shown schematically in Figure 2.4.

Although the shock wave causes increment on the static pressure, but the effect of the
shock wave also decreases the stagnation pressure. The stagnation pressure loss in the
inlet is crucial to overall engine performance. The stagnation pressure recovery for a

normal shock inlet is shown in Figure 2.5.
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Figure 2.4: Normal shock inlet in supersonic flight showing shock placement for
maximum inlet mass flow
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Figure 2.5: Total pressure recovery for normal shock inlets (normal shock at the inlet
lip) as a function of flight Mach number
The performance of such an inlet is directly proportional to the stagnation pressure
at station 2, p;>. In addition, the exhaust velocity, and therefore the net thrust per
unit mass flow, is also proportional to p;>. Hesse and Mumford [3] proposed the

normalized change in net thrust due to inlet losses as follows:



The correction factor Ck is in the range of 1.1 and 1.6 according to Antonatas et al. [4].
The general behavior shown in Figure2.6 is for an average value of Cg = 1.35 in order
to provide a reasonable estimate of the performance loss attributable to using a normal
shock inlet in supersonic flight. It is apparent from Figure 2.6 that the normal shock
inlet is satisfactory at Mach numbers up to about M= 1.5, especially since it is a very
simple and robust device. However, above this Mach number another more efficient
inlet design must be used because the losses become dramatically great to justify its

use.
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Figure 2.6: Nominal reduction in net thrust as a function of Mach number for normal
shock inlets

2.2.2 The External Compression Inlet with One or More Oblique Shocks
Followed by a Normal Shock

External compression inlets produce system of oblique shock waves external to the
inlet, to reduce the Mach number from the free-stream value and followed by a
normal shock at or near the cowl lip through which the flow becomes subsonic [5].
This arrangement is shown schematically in Figure2.7(a) for the simplest (two-shock)
external compression inlet and Figure 2.7(b) illustrates a typical three-shock external
compression inlet. Oswatitsch [6] first demonstrated the effectiveness of external
compression inlets, and Ferri and Nucci first presented analytical and experimental
studies of such inlets [7]. Discussion of these inlets is presented by Seddon and

Goldsmith [8]. Design aspects of various inlets were analyzed in some detail by
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Connors and Meyer [9]. An interactive design tool for external compression inlets

is described by Benson [10].

M<1 ‘:,-'": M<1

(a) (b)

Figure 2.7: Schematic diagram of two type of external compression inlets (a)
External compression inlet incorporating two shock waves, (b) External
compression inlet incorporating three shock waves

The total pressure recovery for external compression inlets with oblique shocks of
equal strength followed by a normal shock is presented in Figure 2.8 as a function of
free-stream Mach number. Increasing the number of oblique shocks increases total

pressure recovery for any given free-stream Mach number.
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Figure 2.8: Total pressure recovery for external compression inlets with n oblique
shocks

The ramp of the external compression inlet turns the flow away from the axial direction.
This air must be captured and turned by the inlet cowl lip back to the free-stream

direction which may not be possible without separation. Also, large lip angles



are required to capture the flow but that gives rise to an additional source of drag
(cowl drag). Increasing the free-stream Mach number, increases the cowl drag and
diminishes the net performance of the inlet. Figure 2.9 shows the total turning angle
of an external compression shock system that attains the total pressure recovery of

MIL — E — 5008B as a function of free-stream Mach number [11].
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Figure 2.9: Turning angle of external compression shock system

2.3 Mixed Compression Inlets

The mixed compression inlet uses both external and internal compression before the
terminal normal shock in order to relieve the cowl drag problem. At flight Mach
numbers above 2.5, the mixed compression inlet is used to obtain an acceptable
total pressure ratio while obtaining acceptable cowl drag. For example, at a flight
Mach number of My = 3 a four-shock external compression inlet and a mixed
compression inlet are shown in Figure2.10. At external compression case the flow turns
approximately 40° up from the horizontal therefore, the cowl lip would have to be at an
angle of at least that amount to capture the flow. However, at mixed compression case
some of the compression takes place downstream of the cowl lip with the interior of the
cowl providing suitable flow deflections, as a consequence the angle of the cowl lip is
much reduced, likewise cowl drag, as shown in Figure2.10(b). Nevertheless the mixed
compression inlet is more complex, heavier, and costlier than the external compression

inlet.



The ideal location of the normal shock is just downstream of the inlet throat, to
minimize total pressure loss while maintaining a stable operating location of this
shock. Similar to the internal compression inlet, the mixed compression inlet requires
both fast-reacting bypass doors to maintain the normal shock in a stable location and

variable throat area to allow the inlet to start by swallowing the normal shock [1].

Cowl Lip

Cowl Lip

Figure 2.10: Schematic diagram of a four-shock external compression inlet and
a mixed compression inlet at a flight Mach number of My = 3 (a)
Necessary flow deflections for a four-shock external compression inlet,
(b) Necessary flow deflections for a mixed compression inlet

A problem that can occur in external compression and mixed compression inlets is
called inlet buzz. Buzz is a low-frequency, high-amplitude pressure oscillation that
is linked to shock/boundary layer and shock/shock interaction at relatively low inlet
mass flow ratio. This instability in inlet operation may arise when the inlet is operating
in a subcritical mode under reduced mass flow conditions. The main effect is rapid
movement of the shock wave train in and out of the inlet itself, subjecting it to rapidly
varying pressure and acoustic loads, which can compromise the structural integrity of
the inlet. A detailed discussion of this phenomenon is given by Seddon and Goldsmith

[8].

Comparisons of maximum range achievable in supersonic cruise using inlets with
various degrees of internal compression from 0% (all external compression) to 80%
internal compression show a decided edge toward those with a high degree of internal
compression, according to Bowditch et al [12]. However, such inlets are sensitive to
flow disturbances caused by gusts and maneuvers and are susceptible to inlet unstarts,

where the swallowed terminal (normal) shock moves out of the inlet severely, reducing

10



the pressure recovery of the inlet, as described in Ferri and Nucci [7]. Throat bypass
bleed systems can reduce this sensitivity but add weight and complexity to the engine.
Lower performance inlets, like all external compression inlets, constitute a viable
alternative to the airplane designer. A design approach for fixed geometry, mixed

compression inlets has been proposed by Creta and Valorani [13].
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3. EXPERIMENTAL SETUP

All experiments were performed in the 150x 150 Trisonic Wind Tunnel, located at the
Trisonic Research Laboratory (TAL) of Istanbul Technical University. This chapter
presents basic descriptions of the wind tunnel, the model and the instrumentation,

which were used in the experiments.

3.1 Wind Tunnel

The Trisonic Wind Tunnel is a blowdown type wind tunnel with a test section area of
150 mm x 150 mm and a length of 400 mm, and can operate at Mach number ranges
of 0.4-2.2 (with the liner module) and 2.4-4.0 (with the blocks module) by using
two different test-section/nozzle modules. However, since the lower Mach number
(0.4-2.2) test section had larger glass side walls for imaging, and it was possible to
modify and arrange the test section floor for model mounting this test section was
used for the experiments. The schematic layout of the wind tunnel and the auxiliary

equipment can be seen in Figure 3.1.

The trisonic wind tunnel is supplied with air from two high pressure tanks of 45 m>
each which are filled using a two-stage compressor system. The starting point of the
compressing process is the 10-Bar Compressor (1). First, air is compressed to about
10 bars in this first stage compressor and stored at the 10-Bar Tank (2). This first
stage compressed air is then sent to the refrigeration dryer (3) after passing through
a filter. Refrigeration dryer provides a preliminary stage in decreasing the humidity
of the compressed air, which condenses and evacuates the water molecules in the
air by cooling. The process is followed by re-filtering and transferring the air to
final compression stage. A rotary screw-type high pressure compressor (4) receives
the compressed air at 10 bars and compresses it up to 40 bars. During this second
stage compression process, the temperature of the air increases significantly to levels
above the working range(-10 to 60°C) of the high pressure desiccant dryer (6) which

is at the next station. In order to reduce the inlet temperature of the desiccant dryer,
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a heat exchanger (5) which has a simple radiator mechanism with a cooling fan is
used. The desiccant dryer operates by the principle of adsorption. Adsorption is a
physical process that leads to the fixing of certain gas molecules (in our case water
vapor) on the surface of solids materials called adsorbents or sorbents. The adsorbents
are porous products and commonly have specific surfaces 500-1000 square meters
per gram. This process is highly efficient, since the materials are easily regenerated
for adsorption after reaching its saturation. Regeneration (also called reactivation) of
materials for adsorption is the removal or evaporation of water adsorbed from the same
compressed air. This regeneration can be achieved by "washing" of the adsorption
material saturated with dry air. To keep the pressure within the working range (35 to
40 bars) a high-pressure tank (7) is used with a check valve at its exit. Ultimately
compressed air is stored at up to 40 bars in two identical pressure tanks (8) with
internal volumes of 40 m> each. One pneumatically controlled and two manually
operated isolating valves separate the tanks from the wind tunnel. Pneumatically
controlled isolation valve (9) is actuated by the operator and computer according to
safety pressure transducers and is essential in cases of emergency and unexpected

pressure rise in the stagnation chamber of the wind tunnel.

An axially-controlled regulation valve (10), which is located at the inlet of the
stagnation chamber (11), maintains the stagnation pressure within a range suitable
for the experiment conditions. Furthermore, it is designed to provide a streamlined
flow path and reduce high local velocities, turbulence and impacts of flow jets. In the
experiments, the maximum opening and closing durations of the regulation valve are

set to remain within 6 and 7 seconds.

Pressure is maintained at generally a constant value in the stagnation chamber
to provide stable flow conditions in the test section. Stagnation chamber is the
place where the static pressure is at the highest value along the entire upstream
section of the tunnel after the regulation valve thus contains the safety systems.
Therefore there is a pressure transducer installed to the stagnation chamber for each
test-section / nozzle module that sends a signal to the control computer to close the
pneumatically-controlled isolation valve in case of overpressurizing the stagnation
chamber and subsequently further downstream sections of the tunnel. Each test-section

/ nozzle module also has a security membrane (12) placed in a corresponding chimney
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on top of the stagnation chamber if the isolation valve takes too long or fails to
close in case of overpressure. The membrane is designed to rapture and releave the
internal pressure at and above 5 bars and 14 bars at 20°C for liner and blocks modules,

respectively.

Figure 3.1: The schematic layout of the wind tunnel and the auxiliary equipment.
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The liner test section/nozzle module which provides Mach numbers 0.4 - 2.0 used in
the experiments (13). This test section module is 1.960 m long and it includes an
adjustable first throat. The first throat is bounded by the two side walls 150 mm apart
and by upper and lower walls converging down to the test section and thus varying
the Mach number. The liners, which are used to change the throat area, are 1033 mm
long and they are made of a lightweight alloy machined with a precision of 5/100 mm
on definitive dimensions. A motorized mechanism is used to control the displacement
of liners. Facing the model location, the side walls of the test section are equipped
with 210 mm diameter round portholes fitted with Schlieren-quality glass windows.
The portholes are mounted on hinges with a sealing and locking system. At the test
section portion of the module each upper and lower wall has a boundary layer suction
device. However, boundary layer suction device at the lower wall was removed in
previous studies and this part of the test section floor was modified to be able to mount
the inlet models on the floor. In addition to this modification, a brass plug with 35
holes for mounting the transducers flush with the surface at minimum 5 mm intervals
was produced in order to perform the pressure measurements. Thus, a row of six

fast-response transducers would be mounted using any six of these 35 ports at a time.

Finally air flow enters the diffuser (14) after test section portion of the wind tunnel. In

the diffuser, flow is decelerated and exhausted to the atmosphere.

3.1.1 Data Acquisition System

The Trisonic Wind Tunnel has a 16-channel data acquisition system for the basic
operation and measurements during the tunnel run. Data acquisition system also
provides analog and digital outputs for controlling the valves and switches of the wind
tunnel system. Operation of the wind tunnel, including controlling of the valves and
throat mechanism, is performed via a FORTRAN program running on a computer
(PC-1). During the operation of the tunnel, characteristic parameters (tank pressure,
stagnation chamber temperature, total pressure and static pressure) are simultaneously
recorded and displayed with the use of an in-house LabView code by another computer
(PC-2) which is equipped with a data acquisition card (National Instruments DAQ
PCI-6014). For the measurement of fluctuating pressures the transducer signals

were sampled at a rate of 200 kHz with two A/D cards (National Instruments DAQ
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PCI-6110E) installed in another computer (PC-3). The A/D cards are controlled by a
LabView code. This allows acquiring and recording the time history of pressures in

and around the model simultaneously during the experiments.

3.1.2 Schilieren System

The optical method used for flow visualization is the Schlieren technique and a
scematics of the setup is shown in Figure 3.2. This system gives an image
representative of the variation of density throughout the complete flow field of the
test section. Light from a point source is collected into a parallel beam and passes
through the wind tunnel test section. The parallel beam is then focused on a horizontal
or vertical knife edge and used to create an image on a screen. Schlieren images were

obtained from the videos recorded by using a high quality standard video camera.

Figure 3.2: Schlieren set up of the Trisonic Wind Tunnel

3.2 Model

The inlet-isolator model was mounted on the floor of the test section as shown in Figure
3.3. The inlet portion of the model consisted of a 12-deg compression ramp. The inlet
entrance height Hy and the throat height at the entrance of the isolator h were 58 mm
and 50 mm, respectively. The isolator and inlet were 137.4 mm and 37.6 mm long,
respectively. The inner width of the model was 44 mm giving an inlet entrance aspect
ratio of 0.76 and an isolator aspect ratio of 0.88. Blockage ratio of the inlet model was

5.5%. The model was a bolted assembly of four pieces. The upstream piece, made
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of aluminum, contained the ramp and the isolator throat. The rest of the isolator was
formed from an aluminum ceiling and two acrylic sidewalls to allow optical access.
This resulted in a streamwise length of 143.1 mm where the flow within the inlet could

be visualized. The thickness of the all three isolator pieces was 8 mm.

(b)
Inlet Isolator
37.64 mm 137.36 mm
ﬂﬁ____'_q__“ _
{20 y
—_—>
—_— h=50mm
He=58 mm

Figure 3.3: Schematics of the inlet-isolator model instrumented for simultaneous
optical and pressure measurements.

3.3 Fast Response Kulite Pressure Transducers

A pressure transducer produces an electrical output proportional to the pressure
applied. When pressure is applied, the force on the sensing element due to the pressure
results in a deformation of the sensing element. This deformation changes the electrical
properties of the element and the electrical output of the transducer. In a well-designed

transducer, the deformation and electrical output are directly proportional to pressure
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over a wide range of frequencies. The frequency of pressure fluctuation should be
lower than the resonance frequency of the transducer and the electrical output is
essentially independent of frequency below one-fifth the resonance frequency (flat

frequency response).

In this study Kulite brand transducers (three of XCLE-072-50A, two of
XCEL-072-25A and one of LQ-125-15A) (Figure 3.4 [14]) were used owing to their
satisfactory performance at dynamic pressure measurements. The small size of these
devices has also made them preferable because of large variety of test and production
applications in research and development. These transducers have also found wide
acceptance in the aerospace and the automobile industry, for wind tunnel, flight/road

testing and acoustic measurements.
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Figure 3.4: Kulite transducers that are used for dynamic pressure measurements.

Particular Kulite transducers that used in the study are not provided by the
manufacturer with any sort of mounting means such as a screwing threads or a similar
mechanism. As shown in Figure 3.5(a), special holder-sleeves with outer threads
have been designed and manufactured both to protect the transducers from mechanical
damage and to enable them to be re-installed in a given pressure port on the pressure
plug. Transducers were placed and fixed securely in these sleeves with the use of nail
polish and glue, so that they could be mounted in a given port and then moved to
another port if needed. Ports without transducers were filled with blank plugs (Figure
3.5(c)) specially manufactured from standard screws to fit in these holes for isolating

the flow within the inlet from conditions under the bottom of the tunnel floor.
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Figure 3.5: (a) Transducer Holder, (b) Transducer Assembled With The Holder, (c)
Blank Plug

3.4 Calibration Unit

Transducers were calibrated for their output voltage in order to obtain the maximum
signal resolution for data acquisition using the signal conditioning units which are
provided by the manufacturer. For the calibration process, a vacuum/pressure box
with provisions to supply a range of pressures was manufactured. As shown in 3.6, a
vacuum pump (Value 1-Stage), an analog absolute pressure gauge (Wallace&Tiernan
1500 Series), a differential DC amplifier (Tesar-Electronic AW980-A4S), and a
digital pneumatic calibrator (Wallace&Tiernan DPE750) were connected to the
vacuum/pressure box. Using this setup, absolute pressures from 5 Pa to 345 kPa can be
applied to pressure transducers placed in the box. The output signals corresponding to
the applied pressure, amplified by the differential DC amplifier then sent to A/D card

(National Instruments DAQ PCI-6110E). To perform the calibration and measurements
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an in-house LabView code was developed and used. The calibration equation was

obtained by the method of linear least squares.

Pressure Gauge

Digital Pneumatic
Calibrator PC

] ifferential D 1
» eren
Vacuum.-"Pressuth/ . plifier | DAQ rae

Box

r

DC Power
Supply

Figure 3.6: Schematic and the picture of the setup for calibration of pressure

transducer.
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4. RESULTS

Experiments were carried out in the Trisonic Wind Tunnel at Istanbul Technical
University. About 70 runs were performed with the inlet model. Many of these runs
involve the testing of the fluctuating pressure measurement system which was newly
established. The runs for the actual pressure measurements performed after having
demonstrated the reliability of the measurement system had essentially the same results
for repeated runs at the same conditions. For this reason, results from the selected runs

were presented here. Table 4.1 shows the conditions of the selected experiments.

Table 4.1: Test conditions

Experiment Number 7y [K] Pyx10° Mach Number U.. [m/s] Re.x107 [1/m]

Run 2000 288.15 3.13 2.022 517.3 3.85
Run 2218 281.15 3.14 2.041 503.3 4.2
Run 2219 288.15 3.43 2.037 505 4.54
Run 2224 280.15 3.3 2.037 504.6 4.39

Figure 4.1 shows a schlieren image of the shock wave structure in and around the inlet
taken during the run for a freestream Mach number of approximately 2. White lines
mark the floor, 12-deg ramp, and the inlet ceiling. The inlet section is seen in shadow
because they are made of aluminum. The initial oblique shock from the inlet ramp is
seen as a dark line (arrow 1). The first reflected shock impinges on the inlet ceiling
(arrow 2). The subsequent reflected shock is seen as a dark line (arrow 3), which then
reflects again from the inlet floor (arrow 4). The initial shock wave generated by the
inlet ramp and the reflected shock wave from the inlet ceiling impinge on the tunnel
floor and interact with the relatively thick floor boundary layer at the locations shown
by arrows A and B. Incidentally, two shock waves are generated at the point where
the first reflected shock impinges on the inlet ceiling possibly due to the separation
region formed by interaction with the ceiling boundary layer. These two shock waves
apparently impinge on the floor in the region pointed by arrow B. This situation will

be explained further in detail in the next sections.
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Figure 4.1: A sample schlieren image of flow in the inlet-isolator model at Mach 2.

Locations of the pressure transducers along the surface of the inlet floor for the pressure
measurements were determined from the schlieren images. In the first case, transducers
were installed at every six holes giving a 30 mm distance between them to obtain the
overall pressure distribution along the floor of the inlet model. The time history of
pressure data acquired at 200 kHz from all six transducers is shown in Figure 4.2
to indicate the general character of the pressure fluctuations for two different time
periods, one for 2 seconds and the other for 10 milliseconds (Figure 4.2(a)). The
pressure signal of each transducer is shown in separate graphs in Figure 4.2(b). From
these separate pressure signals (Figure 4.2(b)) both the overall pressure history and
the unsteady character for each measurement position can be seen more clearly. The
fact that the magnitudes of the fluctuations in pressure signals at 71 — 7'3 seem to
be considerably higher than downstream transducers (74 — 76) and especially than
the most upstream transducer (7'0) indicates that the impingement of the ramp shock

causes a strong interaction with the floor boundary layer.
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Figure 4.2: Pressure time history from Run2000; (a) Sample pressure signals from all
transducers for time periods of 2 s (left) and 10 ms (right), (b) Individiual
pressure signals of all transducers plotted separately.

From these measurements both the mean and rms of surface pressures were also
obtained. The mean pressure B, and the rms pressure o, distributions are shown in
Figure 4.3. All pressures reported herein are normalized by that measured at transducer
T0 since it provides a reference value that corresponds to that of the freestream. The
pressure value measured at 7'0 remains essentially the same for cases with and without
the model in the test section at the same Mach conditions. More specifically, the
pressure at 70 was measured to be 37.1 kPa (5.38 psi) that is equal to the freestream
pressure p. at Mach 2 for the given run conditions. A representative schlieren image

during the period at which the pressure data are taken is shown in Figure 4.3(a). Inlet
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ramp, ceiling and the corresponding locations of the transducers on the floor are also
shown schematically in Figure 4.3(a). Figure 4.3(b) shows that mean pressure has
increased significantly along the wall from 70 (x/h = —0.33) upstream of the inlet to
T1 (x/h = 0.503) within the inlet portion of the model due to the shock wave/boundary
layer interaction occurring in that region. An additional pressure increase is seen at 7'2
(x/h=1.103) and T3 (x/h = 1.703). At T3, the flow has been processed by the 12-deg
ramp shock as well as the first reflected oblique shock. Using inviscid oblique shock
theory, the pressure ratio of the free stream to that processed by two oblique shocks that
form due to flow deflection angles of 12-deg is computed to be 1.86. The pressure ratio
P3/P1, where P1 and P3 are the static pressures measured at transducers 7'1 and T3,
respectively, 1s measured to be 1.866, which is in good agreement with the theoretical
value. As the flow passes through reflections of the inlet shoulder expansion fan, the
pressure decreases across 74 (x/h = 2.303). Moving downstream, at 7’5 (x/h = 2.903)
the pressure increases back to about 1.8 p.. for the same reason as 72. Finally the

pressure decreases at the inlet exit near which T6 (x/h = 3.503) is mounted.

Figure 4.3(c) shows that T'1 has the highest pressure fluctuations. Location of T'1
corresponds to the upstream of ramp-shock impingement where the shock-boundary
layer interaction occurs and therefore the resulting separated flow causes relatively
large amplitude fluctuations. Fluctuations (rms) at 73 are also quite high. It may be
attributed to the fact that 73 is downstream of two shock waves (ramp shock and the
reflected shock) and thus turbulence levels in the boundary layer have been increased
by these relatively unsteady shocks and the subsequent flow separation caused by the
interaction. The amplitude of the pressure fluctuations generally decreases with the

streamwise distance along the inlet.

In the second case, the transducers were moved to the entrance of the inlet where
the initial oblique shock generated by the inlet ramp impinges on the inlet floor, and
installed at every two holes giving a 10 mm distance between them. The time history
of surface pressures sampled at 40 kHz from all six transducers is shown in Figure 4.4
for a time period of 10 seconds. Since it is somewhat difficult to distinguish individual
signals when plotted on the same graph (Figure 4.4(a)), these pressure signals are
also plotted separately to observe their general characters in Figure 4.4(b). As can

be deduced from the signals all transducers within the inlet except 7'1 have a similar
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general behavior. The pressure signal at 7'1 indicates that the mean value seems to have
two different levels possibly caused by the back and forth motion of the separation
shock foot in the interaction region upstream of the location around which the ramp

shock impinges on the floor.
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Figure 4.3: Results from Run2000; (a) A schlieren image, (b) Mean pressure
distribution along the inlet/isolator model, (c) Standard deviation of
pressure
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Figure 4.4: Sample pressure signals for a time period of 10 seconds (from Run2218);
(a) All signals on the same graph, (b) each signal on a separate graph

A representative shadowgraph image taken during the period at which the pressure data

are acquired is shown in Figure 4.5(a). The corresponding locations of the transducers
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on the floor are also shown schematically in Figure 4.5(a). The mean pressure
distribution shown in Figure 4.5(b) indicates that the pressure slightly increases along
the wall from 70 (x/h = —0.33) upstream of the inlet to 7'1 (x/h = 0.303) within
the entrance portion of the model. Furthermore, pressure increases significantly and

constantly in the region from 7'1 (x/h = 0.303) to 76 (x/h = 1.303).
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Figure 4.5: Results from Run2218; (a) A shadowgraph image, (b) Mean pressure
distribution at the entrance of the inlet, (c¢) Standard deviation of pressure.

Figure 4.5(c) shows that the presence of the shock wave/boundary layer interaction
in the region of ramp shock impingement has caused an increase in the rms of
pressure fluctuations along the wall from 70 (x/h = —0.33) upstream of the inlet

to T1 (x/h=0.303). T1 has the highest pressure fluctuations among others. The
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amplitude of the pressure fluctuations generally decreases after 71 (x/h = 0.303) to

T6 (x/h = 1.303).

In addition, in the second case, transducers were moved further upstream to observe the

pressure distribution between (x/h = —0.33) and (x/h = 0.303). Figure 4.6(a) shows a

shadowgraph image taken during the period in which the pressure data are acquired in

Run2219. Figure 4.6(b) shows that the 71 (x/h = 0.103) is located in the freestream

region because pressure value is the same as that at 70 (x/h = —0.33). A slight

increase is observed in the standard deviation of pressure at 7'1 (x/h = 0.103) in Figure

4.6(c). Based on this result it can be concluded that the separation region caused by the

shock wave/boundary layer interaction begins immediately after 7'1 (x/h = 0.103).
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Figure 4.6: Run2219; (a) A shadowgraph image, (b) Mean pressure distribution at the
entrance of the inlet, (c) Standard deviation of pressure.
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In the third case, the transducers were moved further downstream of the inlet where the

second reflected oblique shock impinges on the inlet floor. Transducers were installed

at every hole in that region giving a 5 mm distance between them. The time history of

pressure sampled at 40 kHz from all six transducers is shown in Figure 4.7 for a time

period of 5 seconds.
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Figure 4.7: Sample pressure signals for a time period of 5 seconds (from Run2224);

((a) All signals on the same graph, (b) each signal on a separate graph.
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Figure 4.8(a) shows that two oblique shocks, indicated by arrow 1 and arrow 2, are

formed as the first reflection of the ramp shock impinges on the ceiling.
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Figure 4.8: Results from Run2224; (a) A shadowgraph image, (b) Mean pressure
distribution, (c) Standard deviation of pressure.

These two shocks seem to have been generated by the separation region formed due
to the interaction of first reflected ramp shock with the ceiling boundary layer. The
upstream one (marked by arrow 1) of the two shocks is the separation shock forming
upstream of the local separation region due to deflection of the flow by the increased
boundary layer and displacement thickness caused by the separation. The downstream
one (marked by arrow 2) forms due to recompression caused by the expansion of
the flow immediately downstream of the separation region. The pressure rise seen

in Figure 4.8(b), which is caused by the upstream reflected shock is sensed first on
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transducers 73 (x/h = 2.503). Downstream reflected shock appears to be impinging
at a point between T'5 and 76 (x/h = 2.803). Pressure increase caused by this shock
may not be readily apparent in the mean pressure of T6 shown in the figure since this
transducer can, at significant fraction of times, be upstream of the shock because of the
unsteady behavior of these shocks which is evident both in pressure history shown in

Figure 4.7 and also in the schlieren video (not shown in here) recorded during the run.

Figure 4.8(c) shows that 73 (x/h =2.503) has the largest amplitude fluctuations
because it is located at the point in between the upstream and the downstream reflected
shock waves which are both highly unsteady and move slightly back and forth within

this region.
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