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AN EXPERIMENTAL STUDY ON RECTANGULAR TWIN JETS

SUMMARY

Interaction of two incompressible rectangular jets and impingement of twin jets on a
flat surface are investigated experimentally in the present study. Five different twin
jet geometries are used to perform the measurements.

Detailed analysis of initial flow characteristics as the initial boundary layer,
turbulence level and the initial spectral distribution of the velocity fluctuations are
presented first. Twin jet flow characteristics are examined by using three different
Reynolds numbers based on the nozzle exit height. Flow pattern is investigated on
lateral and spanwise directions. Following the twin jet experiments, results are
compared with those of offset jet flow. Then, the effect of a convex surface between
two jet exits on the flow development is examined.

Twin jet impingement on a flat surface is investigated. To examine the effect of the
non-dimensional nozzle to plate distance (Y/H') on the flow, experiments are
performed for three different nozzle to plate distances (Y/H'=2, 4, 8). Resultant
velocity and turbulence intensity profiles and pressure distributions on the plate are
measured.

The mean velocity and turbulence intensities are measured by using constant
temperature hot-wire anemometry. Flow visualization techniques as smoke
visualization and surface oil film technique are used for qualitative investigation of
flow pattern. Pressure distributions on the impingement plate are measured by means
of the pressure tabs on the surface and a micro manometer.

This study consists of five chapters. Chapter 1 is the introduction which outlines the
objectives and the means of the study. Chapter 2 describes basic principles of the
turbulent, incompressible jet flow structure and gives literature review of the
experimental studies and recent advances on the characteristics of the flow.
Experimental flow facility, instrumentation and experimental procedures are
described in Chapter 3. Experimental results are presented in Chapter 4. Finally,
conclusions are given in Chapter 5.
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DIKDORTGEN KESITLi CIFT JETLER UZERINE DENEYSEL BiR
CALISMA

OZET

Bu ¢alismada sikigtinilamaz akiglarda iki dikdértgen jetin birbirleri ile etkilesimi ve
¢ift jetlerin diiz yiizeye carpmasi hali deneysel olarak incelenmistir. Olgiimlerin
gerceklestirilmesinde bes farkli ¢ift jet geometrisi kullanilmgtir.

Ik olarak simr tabaka, tiirbiilans seviyesi ve hiz ¢alkantilarinin spectral dagilimi gibi
akimin baglangi¢ sartlarimin detayli analizi verilmistir. Cift jet akim karakteristikleri
ii¢ farkh, ¢ikis kesidi yiikseklifine bagli Reynolds sayisinda, yapilan deneylerle
aragtirilmgtir,. Akim yapisi, yatay ve dikey eksenlerde incelenmistir. Cift jet
deneylerini takiben, sonuglar offset jet deney sonuglan ile karsilagtinnlmistir.
Ardindan iki jet ¢iki kesidi arasina yerlestirilen digbiikey yapinin akim geligimine
etkisi aragtinlmustir.

Diizlemsel yiizeye garpan ift jet yapist incelenmistir. Boyutsuz plaka uzakliginin
(Y/H") akima etkisini incelemek igin li¢ farkh plaka uzaklifinda (Y/H'=2, 4, 8)
deney yapilmustir. Plaka iizerindeki hiz ve tiirbiilans profilleri ile basing dagilim
Slculmiistiir.

Ortalama hiz ve tiirbiilans degerleri sabit sicaklik sicak-tel anemomtresi ile
olgiilmiigtiir. Duman ile akim gériintileme ve ylizey yag teknigi ile akim
goriintiileme yontemleri akimin yapisinin kalitatif incelemesi igin kullamlmugtir.
Carpma yiizeyi iizerindeki basing dagilim yiizey iizerindeki basing pirizleri ve bir
mikromanometre vasitasiyla dlglilmiigtiir. '

Bu calisma bes boliimden meydana gelmistir. Bolim 1 ¢alijmanin amacim ve
yontemini taslak olarak veren girig boliimiidiir. Bolim 2 tiirbiilansh, sikigtinlamaz jet
akislarinin temel prensiplerini tanimlarken deneysel ¢aligmalarin literatiir dzetleri ve
konu hakkindaki son gelismeleri vermektedir. Deney diizenegi, deney aletleri ve
deneysel prosediirler Boliim 3’ te tamimlanmugtir. Deneysel sonuglar Bolim 4 ve
yorumlar Bsliim 5’ te verilmistir.
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1. INTRODUCTION

Jet flow, having many engineering applications, like in turbines, jet engines for
vertical take off and short take off, burners and ejectors, attracted attention of
researchers since the first half of the 20™ century. That is why, the scientific and
technical literature on this area is abundant. The amount of the work in this area has,

however, not diminished; indeed it seems to be increasing.

Jet flows can be classified according to many aspects, one of them is their interaction
with another flow or structure. If the flow, issuing from a nozzle, is sufficiently far
from the objects and boundaries around it so that they do not have any effect on it, it
is called a free jet. Free jets have been of major interest in the field of turbulent shear
flows. Free jet flows have been extensively investigated by many researchers [1-30].
These investigations brought in to light that the shape of the exit nozzle is very

important in mixing and entrainment phenomenon.

Jets bounded with solid bodies can be classified in to three types: wall jet, where the
fluid is discharged parallel to a wall; offset jet, parallel to a wall with a gap between

jet axis and solid boundary and impinging jet, directed towards a solid wall.

The turbulent wall jets, are of great engineering importance with many applications
as cooling of combustion chamber of gas turbines, mass transfer modification in
defrosters of automobiles. The turbulent wall jet is a basic flow of fundamental
interest for researchers because of its two scale character. The inner layer of the
plane wall jet is similar to that of turbulent boundary layer, while the outer layer

resembles of a free jet.

Combustion chambers of gas turbines, environmental dischargers, heat exchangers,
boilers and fuel injection systems are strongly governed by the behavior of offset
jets. Investigations on offset jet flow are not sufficiently numerous despite its

importance {31-38].

POKUMANTASYON MERKZZI



Impinging jets are widely used to enhance heat and mass transfer in many industrial
processes as surface cooling, liquid atomization and mixing, surface coating. The
increasing interest in vertical take-off and landing military aircraft, is directed the jet
flow investigations to this area. Extensive studies have been done on the ground

effects of impinging jets [39-54].

Jets, bounded with another flow field, are called with different names such as;
coaxial jets, dual jets, multiple jets, etc. Multiple jet configuration has many
advantages over a single jet having better mixing and noise reduction [55]. Multiple
jets are used in wide variety of engineering applications and subjected to many
research studies. In some gas burners the gas stream emerges from various parallel
jets. The flame length and width of gas burners are affected by the mutual interaction
of jets. A common industrial application of multiple jets is the drying of diverse
products such as papers, textiles, peat pots and on moving beds by the impingement
of hot air issuing from rows of plane nozzles. Multiple jets are also used for cleaning

and dispersing the materials in industry.

Parallel turbulent jets, having various technological applications have been
investigated by many researchers [55-74]. The turbulent mixing of jets can be
applied in a variety of fluid as in burners, in trust augmenting ejectors of VTOL and
STOL aircrafts, fluidics, and injection systems. Studies on parallel turbulent jets
have been concentrated on two dimensional flow field. However, studies on multiple

three dimensional jets are very limited [55-59].

In multi-jet studies, the mutual influence of the neighboring jets on each other

requires clear understanding and hence twin jet studies become important.

The number of studies on twin jet flow is very limited. Previous twin jet studies are
mainly focused on two dimensional parallel jets [60-74]. Lin and Sheu [62, 64]
investigated interaction of two plane parallel unventilated jets. Measurements of
mean velocity components, turbulence intensities, and Reynolds shear stresses were
made with a split film probe. Tanaka [60, 61], measured mean velocity and
turbulence intensities of two dimensional parallel jets with single hot-wire. Eleven
nozzle distance were provided for experiments. Nasr and Lai [68], investigated the

flow field characteristics and effects of acoustic excitation. They show that the two



dimensionality of the flow was enhanced by the installation of side plates. The
studies of Marsters [71] and Elbanna et al. [69], deal with the ventilated twin jets.
Elbanna and Sabbagh [70,72], investigated effects of the velocity ratio of the two jets
on the flow field. A study on the confluence of two jets, issuing from inclined

nozzles is presented by Murai et al. [66].

Although the practical applications are mostly three dimensional there is a lack of
documentation on the interaction of rectangular twin jets. The present study aims to
investigate experimentally the flow structure of incompressible unventilated
rectangular twin jets. Similarity of flow structure with other jet flow structure is
examined. An active control of twin jet was proposed by Nasr and Lai [68]. They
have shown that acoustic excitation is reduced the size of potential core, recirculation
zone, merging length and combined length however, enhanced jet spreading,
streamwise velocity decay and volume entrainment. In the present work, a passive
control mechanism is proposed to obtain a similar flow enhancement: A cylindrical

convex surface is inserted between the two jet exit slots.

In the present study, twin rectangular jet flow is investigated experimentally.

Detailed experiments were carried out for five different exit geometries of twin jet.

Characteristics of twin jet flow have been examined by using hot wire anemometer
(HWA). A blower type wind tunnel was employed to obtain twin jet flow. Jet flow
exit velocity was 30 m/s and turbulence intensity was about 0.7-0.8 % for all jet
configurations. On the other hand, for a passive control mechanism, a cylindrical
body is placed between the nozzles. The coanda effect forces two jets to merge and
changes the flow characteristics like merging point, converging point and spreading

rate.

For dual jet configuration above-mentioned, the impingement phenomenon is also
investigated. The impingement plate is placed normally to the jet axis, in different
streamwise locations: Y/H' = 2, 4, 8. The effect of the convex surface curvature on

the impingement flow has been also studied.



First, the qualitative flow measurements have been performed. In the present study
smoke method and surface oil-film technique have been used as flow visualization

techniques. All these flow visualization tests have been recorded on a CCD camera.

Flow velocity and turbulence characteristics have been investigated by using hot
wire technique. Hot wire anemometry (HWA) is based on convective heat transfer
from a heated wire or film element placed in a fluid flow. Any change in fluid flow
condition that affects the heat transfer from a heated element will be detected

instantaneously by a constant temperature HWA system.

HWA is likely to remain the principal research tool for most turbulent air/gas flow
studies. A standard hot wire probe operated with a modern constant temperature
anemometer (CTA) has very high frequency response in comparison with LDA[75].
Measurements up to several hundred kilohertz are therefore easy to obtain.
Measuring volume of a hot wire probe is also very small. A typical hot wire sensor is

about 5 ym in diameter and 1.25 mm long. HWAs have very wide velocity range and

good accuracy. One of the most important advantages of HWA is the continuous
analogue signal output of the system. Consequently, conditionally sampled time
domain and frequency domain analysis can be carried out. HWAs have very low
noise level [75]. The use of two or more spatially separated probes enables the
measurements of spatial-temporal correlation of turbulent fluctuations. HWA
systems are relatively cheap and simple to operate in comparison with LDA. All
these aforementioned advantages, is the cause of the extensive use of HWA in
experimental fluid mechanics. HWA is often the ideal tool for providing the required
information related both to mean velocity and temperature field and the magnitude
and distribution of turbulence for complex flow studies. HWA also remains the
principal tool for basic studies of the physics of turbulent flows.

Surface pressure measurements are performed by using a diaphragm gage type

micro-manometer,

The format of the present study is as follows: Chapter 1 is the introduction which
outlines the objectives and the means of the study. Chapter 2 describes basic
principles of the turbulent, incompressible jet flow structure. Some of the theoretical

equations, developed by several researchers in the last century, are presented in this



chapter. Furthermore, literature review of the experimental studies and recent
advances on the characteristics of the flow, vortex structure development in the
mixing layer of jets, non-circular (especially rectangular) and multiple jet flows; are
presented. Experimental flow facility, instrumentation and experimental procedures
are described in Chapter 3. Experimental results are presented in Chapter 4. This
chapter consists of seven substantial parts. Followed by an introduction, in the
second part, initial jet conditions as initial velocity and turbulence profiles and
spectral distributions are presented. Reynolds number effect for a specific jet
configuration is investigated in the third part. In the fourth part, twin jet flow
measurements are presented. Five different twin jet configurations are used in the
experiments. The twin jet results are compared with offset jet flow measurements in
the next part. The influence of the convex surface between jets is examined in the
sixth part. Last of all, twin jet impingement on a flat plate is investigated. Pressure
distributions and velocity profiles on the plate are presented. Finally, conclusions are

given in Chapter 5.



2. FLOW STRUCTURE OF TURBULENT JETS

2.1 Introduction

A comprehensive review of recent studies and knowledge on jet flow structure is
necessary for better understanding of twin jet flows and its impingement on a flat
surface. In this chapter, flow structure of two-dimensional single jets and some
theories developed in the 20™ century are cited. Then, experimental studies on three
dimensional circular and non-circular jets are outlined. Finally, three dimensional

dual jet flow structure and jet impingement studies are presented.

2.2 General Properties of Turbulent Jets

The fluid flow issuing from a nozzle into a surrounding medium is called a jet. The
flow velocity at nozzle is approximately uniform. A growing boundary layer appears,
which is limited at its inner side by the potential core where no mean velocity
gradient exists, and at its outer side it has free boundaries. The region of finite
thickness contains eddies moving both along and across the stream which brings out
an exchange of matter between surrounding flow. This entrainment and mixing effect
leads to an increase in cross section of boundary and on the other hand, to a graduate

vanishing of potential core. The schematic of flow field is given in Figure 2.1.

The part of the jet in which there is a core of potential flow is termed the initial
region or the potential core region. After this region, flow relaxes in to its final stage
of development along the transition region and becomes fully developed at main

region where the self-similarity is reached in the flow (Figure 2.2).

Free jet flows are investigated experimentally by several authors from different
points of view. Early studies deal with two dimensional plane jets to improve new
theoretical approaches for the turbulent jet theory and to understand the turbulence

mechanism of jets [3, 6, 11-15]. Numerous studies on circular jet flows are done
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since 1950’s [1-5, 7-10]. The objective of these studies was to understand the nature
of large-scale structures in the near field and the mixing and development
characteristics as the growth rate, maximum velocity decay rate, self-similarity etc.

in the far field.

potential

T e—
—_—

transition
\‘ initial region region full}'ectli:;gged

Figure 2.1 Schematic of a free jet flow

If the x axis is aligned with the axis of symmetry of the stream, y,., is the distance
between jet axis and the point where the velocity is equal to half of the maximum
velocity (Uy/2). Growth rate of a jet is determined by the development of jet half-
width y;» along the jet axis x. Plane and round jets expand linearly with axial

distance according to experimental results of Abramovich([1].

Similarity of boundary layers, in different cross sections has been established

by a large number of experiments. When the velocity profiles are plotted in non-
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Figure 2.2 Mean velocity profiles in the fully turbulent jet [15]

dimensional coordinates, they coincide on each other. Hence the non-dimensional
velocity u/ Un is function of only the relative position of the point in cross section of

the jet y/y12 as seen in Equation 2.1.

o f[ Y ) @.1)
u, yir2

This property is called ‘self-similarity of jets’ in the literature.

A characteristic feature of a turbulent jet is the smallness of transverse velocity
components in any section of the jet compared with the longitudinal velocity u.

Hence transverse components can be neglect in many engineering applications.

If (9L_t/¢9yis the mean transverse velocity gradient mixing length theory can be

rewritten as,

u' =f— 2.2

where £ is mixing length (mean free path of a fluid particle).



It is usually assumed that the transverse perturbations in velocity v’, are proportional

to the streamwise perturbations u’ with opposite sign;

a—
VRO =V e—a% 2.3)

Prandtl’s mixing length theory for free turbulence advances the hypothesis of

constant mixing length in each transverse section of the flow;

£(y) = const. 24)

The similarity of boundary layers may be expected between the dimensionless

mixing lengths

h_ b =....= const (2.5)
(Y1/2)1 (Y1/2)2 . .

Prandtl assumes the growth of the jet is controlled by the transverse perturbation

velocity

d
sy 2.6)
Derivation of equation (2.1) gives;
E =~ -ﬁ_m 2.7
dy ) Y @n
From equations (2.4),(2.5),(2.6) and (2.7);
d
g, 2.8)
and using;
dyy, 91 % Y2
&~ ox ot ox °m 9)
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equations (2.8) and (2.9) provides;

—. =const. ; Yy, =const.x ; £ =const.x (2.10)

The linear law for the increase in jet thickness and the mixing length derived above

can be applied to jets of different shapes as plane jet and circular jet.

Several theories have been established on turbulent jet flow. A special characteristic
of turbulent free jet is the absence of solid boundaries of flow, and consequently a
laminar sublayer, which makes it possible to neglect completely the influence of
viscosity. This property explains self similarity of turbulent jets, independent of
Reynolds number over a very broad range [1]. For two dimensional steady jets the

general form of momentum and continuity equations are;

ﬁﬁwi—lg‘- (2.11)
X y pady )
Ju dv
&+g_0 (2.12)

It is necessary to establish a hypothesis on the behavior of the shear stress. Several
theories and hypothesis on turbulent stress have been produced since 1925. Prandtl’s
mixing theory was issued in 1925, which assumes according to Boussinesq’s

definition;

du

Ty = peg : e=/¢? (2.13)

50
¢ should be null when L. 0. However, at this point experimental results do not

dy

agree with theory. Because of this inconsistency, Prandtl has announced in 1942 a

new free turbulence hypothesis. This hypothesis proposes,

€ =Kky,,(W, —T,,) (2.14)
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Considering a fully developed jet flowing through the fluid at rest (0, =0)

g€ =ky,,T, (2.15)

Several other free turbulence hypothesis have been put forward, in order to obtain
better agreement with experimental results like Taylor’s hypothesis, Tollmien’s
hypothesis and Reichadt’s hypothesis [1].

Starting from Prandtl’s second hypothesis Gortler solved the problem of plane and
circular jets. In this chapter two dimensional fully developed turbulent plane and

circular jet solution of Gortler are represented.

Considering momentum My, issuing from the nozzle keeps a constant value in any

section of a plane jet;

M, = 2p[ T*dy = 20T, = const. (2.16)
0

1 M,

U, =—F= 2.17
N \/5 (2.17)
in similar manner for circular jets;
M, = 2pn| T?ydy = 200, x = const. (2.18)
0
_ 1M,
u, = (2.19)
X ¥

from (2.1) and (2.17) one obtains for plane jets;

U= —l—r(—y—) (2.20)
\/; Yi2 ’

and from (2.14) and (2.17);

11



g =x (2.21)

It is possible to find T, by assuming stream function of the form;

v = kx"*f(n) (2.22)

where;

n= = ; O=— (2.23)
Finally, velocity components can be found for plane jets;

NE) M,c y

- v |0 2 7

u= 2\ px sech Gx (2.24)
_ N3 [Mof2y , y y
V= 4 o= { . sech o;—tghox] (2.25)

The constant o is called the spread parameter. This constant has been found by

Reichardt through experiments: 6 =7.67.

The mass flow is ;

_|3M,px
Q= ‘/——0 (2.26)

The axisymmetric fully developed jets can be studied, by the Prandtl’s second
hypothesis. In this case, momentum equation gives the expression (2.19) which

shows a proportional relation between u_,and x”\. Therefore € is constant. This

signifies that the problem may be solved in an identical way to the analogous laminar

problem. The solution of the problem in this way gives;

3M,
8mpex(1+n2 /4)°

u= (2.27)
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where;

172
n=—{ o | ¥ 2.28)
4e\ Tp X )

-1/2
The constant S(To} found by Reichardt is 0.0161.

The mass flow is,
Q= 0.404,/M0p.x (2.29)

2.3 Vortex Street Structure of Turbulent Jets

Near field structure of turbulent jets, has attracted attention of researchers since
1950’s. After Second World War, jet engines has taken a very important role as
power plant of civil transportation. Nevertheless, it is realized soon after that jet
engines have many limitations because of the noise from their jet exhaust. The
exhausts from the jet engine generate severe acoustic environments in the wake of
aircraft. The severity of acoustic environment generally augments with increasing
vehicle size and performance. In general, the acoustic pressure due to jet exhaust is
characterized by a broad spectral distribution over the audible and sub-audible
frequency range. At resonant frequencies, skin and substructures absorb considerable

amount of acoustic energy resulting in significant vibratory response [76].

After 1950’s the studies tends to explore the characteristics of jet noise and means
for its reduction [77-87]. As a first step, it would be necessary to understand the
mechanism by which noise is generated. Such an understanding would come out

with a more definitive description of the jet structure.

The earliest works by Bradshaw, Ferris and Johnson [2], brought to light that the
flow in the noise producing region of a circular jet is dominated by a group of large
eddies. They suggested that the augmentation of these large eddies could be used to
increase the mixing rate and permit the reduction of jet noise. They discovered that

the spectra of hot-wire signals in the potential core had a narrow band appearance. It

13



was further argued that, the source of the regular patterns which has been detected by

hot-wire would most probably be situated in the mixing layer.

Winant and Browand [77], investigated the mechanism of turbulent mixing in a
mixing layer which is formed by two streams of water moving at different velocities.
Two-dimensional vortical structures are observed by injecting dye between two
streams just before they are brought together. The growth of mixing layer by pairing
has been visualized. In the very early stages, the flow field is laminar and small
waves are formed. In cases where the instability is mechanically forced, the
frequency of the wave is fixed by the frequency at which the forcing mechanism is
driven. In the case with no forcing, the wavelength of the disturbance is the most

unstable wave of the system.

Winant and Browand [77], describes flow field by three stages: small amplitude

regime, followed by discrete vortices region, and the third region where the turbulent

vortices are seen to interact by rolling around each other.

,,;\Q,f\JP\
/"\vﬁf\_‘!‘_\ :

2}

Figure 2.3 Formation of discrete vortex lumps [77].

According to Winant and Browand’s mixing layer growth model, initial small
amplitude wave distorts the boundaries of the region containing the vorticity. This
vorticity-containing region induces vertical velocities which cause the perturbations
to grow and to become discrete vortex lumps (Figure 2.3). The pairing process
results from the mutual interaction of neighboring vortices to form a single larger
vortex (Figure 2.4). These interactions depend on imperfections in the vortex spacing

and strength.
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The mixing region grow is governed by vortex pairing (or merging) process. Jets
spread initially (in the potential core region or initial region) via the same mechanism
as the mixing layer. Several vortex interactions (merging) occur between the nozzle
exit and the end of the potential core. After each merging, vortex size increases and

vortex passage frequency drops by a factor of two. Consequently jet spreads out.

Vorter pairing

. Yol aonres

Figure 2.4 Vortex pairing model [77].

Jet spreading rates given by several authors has many discrepancies. It is known that,
initial shear layer conditions (laminar or turbulent shear layer) can alter the spreading
rate. Gutmark and Ho [78], discovered that spatially coherent background
perturbations has also affected the initial instability frequency, hence the spreading

rate.

The growth of small disturbances in a shear layer has been studied by Mihalke [79]
and Stuart[80]. Mihalke calculated spatial growth of small perturbations by
superimposing small disturbances in to Helmoltz vorticity equation. He found that,
the most amplified frequency fo was identified by a constant Strouhal number in a
band of unstable frequencies (Figure 2.5).

St —ﬁ—OOU 2
=20 (2.30)

0
where Oy is initial momentum thickness and Uy is jet exit velocity.

Nevertheless, the Strouhal number based on the initial instability frequency,
measured by many researchers has varied between 0.013 and 0.023 [78]. These
discrepancies are attributed to spatially coherent background disturbances by
Gutmark and Ho [78]. A spatially coherent background perturbation (acoustical or
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vortical) can affect the instability of initial shear layer, alter the frequency prevailing

waves and therefore change merging locations.

——————
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Figure 2.5 Spatial growth rates measured in the free boundary layer of an
axisymmetric jet [79].
After Mihalke’s linearized disturbance equation, Stuart developed a non-linear
disturbance theory including exact solution of two-dimensional steady, inviscid,
incompressible mixing layer solution (based on the hyperbolic tangent velocity
profile). Stuart’s solution represents a spatially periodic mixing layer consisting of a
single row of vortical structures. Velocity field of Stuart solution is given by;
sinhy

4= 1+Rcoshy+occos(x—t) (2.31)

asin(x —t)
- coshy + a.cos(x —t) 2:32)
where,
R=—1""z (2.33)
u, +u,

u; and u, are mean velocities of and d. is vorticity concentration parameter.
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A vortex pairing model has been developed by Winant [77]. The mixing layer is

considered to be a double row of Stuart vortices. The rows are vertically offset by €A.
A is the horizontal distance between vortices. He found that the mixing layer growth

rate is a function of €, o and Au/u:

Y = (Au/u)f(g,0) (2.34)

Vortex merging process produces a pressure disturbance which will propagate
upstream and force the shear layer. This feedback mechanism was investigated by

Laufer and Markewitz [81].

In a developing shear layer the subharmonic perturbations can be provided by the
induced field of the downstream (already paired) vortices. A vortex interaction
occurring at x=x,, creates an induced flow field perturbing vortices generated at the
trailing edge of the nozzle. The perturbed vortices interact with their neighboring
vortices at x=x, to form larger vortices (Figure 2.6). Disturbance signal, generated by
the interaction, propagates with speed of sound through the nozzle exit. According to

Laufer[80] the feed-back equation;

X—"+i(-‘-’-—E 2.35
vV, a f (2.35)
or
fD(x YV. V.
o Ju i 28 S NS )
Vj(DJ(Vc+aJ N (236

where V. and V; are vortex convection and jet exit velocities, a is the speed of sound,

N is an integer and f;, is the frequency after merging.

Gutmark and Ho[78], suggested that the merging location could be predicted by

neglecting the second term in equation (2.35) as a>>V_ in a low subsonic flow.

f,x,/V,=N 2.37)
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Fig 2.6 Sub-harmonic feedback [81].

and
=1, /2P (2.38)

where fj is the initial instability frequency. Hence,

x =2P—= (2.39)

Vortex merging process occurs several times along the potential core region. The last
merging appears at the end of the potential core where a preferred frequency,
corresponding to the passage frequency of vortical structures can be detected.
Strouhal number based on the jet nozzle height (for rectangular jets) or the nozzle
diameter (for circular jets) corresponding to this frequency is called “preferred
mode” of the jet. Drubka’s experiments show that Reynolds number has no effect on
the preferred mode of turbulent jet [78]. However, preferred modes given by

different authors are scattered in a wide frequency range as can be seen in Figure 2.7.

Pairing of vortex rings is the primary mechanism responsible for the production of
jet noise [77]. Large number of studies are concentrated on the aeroacoustics of jet

flows [82,83].

Pioneering studies on aeroacoustics has been realized by Lighthill. He concluded

from his analysis that the far field radiation of a jet noise is caused by a string of
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quadruple sound sources along the jet stream. Lighthill showed that the radiated
acoustic power in the far field should vary as the eighth power of the jet velocity,

Mg < PV} [(PoC)) (2.38)
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Figure 2.7 The preferred mode of different jet facilities [78].

where p. is the characteristic jet density, V; is the characteristic jet velocity, pg is the

ambient density, £ is a characteristic dimension, cg is the ambient speed of sound.
This equation is known as eight power law of Lighthill for sound radiation in
subsonic flows. After Lighthill’s theory, Proudman dedicated the radiated noise

power per unit volume of turbulence, for isotropic turbulence

p, = 0p,u®/ciL (2.39)

where o is the Proudman constant and L is the integral scale of turbulence. Lilley
[82] re-evaluated the Proudman constant for weak compressible isotropic turbulence.
Tam [83] introduced that the large turbulent structures are important direct noise
sources of supersonic jets as well as subsonic jets, hence to predict the noise radiated
by the large structures numerically, statistical description of these structures in the

form of stochastic instability wave model is necessary. Many authors have been used
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stochastic approach to solve the problem. But recent studies could not predict

accurately the characteristics of jet noise.

2.4 Non-Circular Jets

Jets issuing from non-circular nozzles, as rectangular, elliptic, square, etc. are subject
of many studies as passive control mechanism of the jet flow [16-30]. Non-circular
nozzles have been used by many investigators for improving jet mixing process. It is
known that the elliptic jets are capable of entraining large amounts of surrounding

fluid by the axis switching phenomenon [16].

Hussain and Husain [17, 18], examined the vortex structure, switching process and
vortex pairing phenomenon in elliptic jets. Elliptic jets provide a capability to control
turbulence via both passive and active means. Consider the motion of an elliptic
vortical structure. As the major axis side shrinks, it brings in ambient fluid toward
the jet centerline and simultaneously, jet fluid is carried outward on the minor axis
side as the side moves outwards. The elliptic structures thus as pumping devices to
mix ambient and core fluids [17]. The locations and number of switchovers are
strongly dependent on the initial conditions and the aspect ratio. Studies of Hussain
and Husain reveals that the switching of axes, similar to elliptic jets also occurs in

other non-circular jets.

Experimental results of Quinn [16] show the structure of the flow field development
by means of mean streamwise velocity contours for sharp-edged elliptical jet (of
aspect ratio 5) (Fig 2.8). After two switches of the major and minor axis, jet attains
an axisymmetric shape at about 30 equivalent diameters downstream of the jet exit

plane.

Quinn’s study [21] on low aspect ratio contoured rectangular nozzle (of aspect ratio
10.8), points out that the mean streamwise velocity field changes from a rectangular
to an oval and finally to an approximately circular shape at about twenty equivalent

nozzle diameter downstream of the nozzle exit plane.

Sforza, Steigner and Trentacosta [23], investigated the mean flow properties of

incompressible turbulent jets, emanating from three-dimensional orifices
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(rectangular, elliptical, triangular) of different geometric eccentricities. They
characterize the flow by three distinct regions: Potential core region, characteristic
decay region where the axis velocity decay is dependent upon orifice configuration
and axisymmetric type decay region where the axis velocity decay is same as the
axisymmetric jet velocity decay, i.e., U_ o x™', and profiles in both symmetry plane
are similar. The extent of potential core region and characteristic decay region were
both dependent upon the orifice geometry. They explained this result as the influence

of lateral extent of mixing originating at the boundaries of the orifice.

Krothapalli, Baganoff and Karamcheti [22], describe the flow field of a single
rectangular jet by using the decay of the square of the axial mean velocity (Figure
2.9). The slope of the curve characterizes the presence of three distinct regions.
These regions are potential core region, two dimensional type region and
axisymmetric type region. Two dimensional type region of Krothapalli et al. [22]
consist of the characteristic region of Trentacoste et al. [23]. The conflict between
two flow definition probably comes from the high aspect ratio effect which is forcing

the flow to approach to two dimensional jet.

Trentacoste and Sforza’s results [24], indicate that the major axis half width (z5)
decreases initially, where as the minor axis half width (y,) grows; and crossovers at
a point corresponding to the onset of axisymmetric decay. After this point half
widths grow similarly but at different rates, and further downstream tends to
approach each other. Velocity distributions in yz plane (vertical plane to jet axis)
show also that isovels were initially elliptic with major axis aligned with major axis
of the orifice. At the streamwise location corresponding to the onset of axisymmetric
decay region they become nearly circular. As x increases further, isovels become
elliptical again, however, the major axis is rotated 90°, and then becomes circular

further downstream.

Many researchers [19, 24-27, 54], are reported saddle shaped velocity distributions

in the major axis direction.
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Figure 2.8 Non-dimensional velocity contours at different downstream positions of

an elliptical jet[16]

22



(h

‘ ® kGl ) -
i)

FER BV R EE YT ‘..
TR} .

A LY

[0 S— :_..- ——.——— IO S, A i L .-
1 v » 1u JU Y id ’
.

Figure 2.9 The decay of the axial mean velocity along the center-line of the
rectangular jet [22].

Sfeir [25], investigated jet mount effects on three-dimensional rectangular jets. The
influence of the condition of the jet exit decreases with x, whereas three-dimensional
effects increase with x. The saddle back shaped velocity profiles have been observed.
Saddle back shaped velocity profiles are more pronounced in flows from sharp-

edged slots.

Quinn, Pollard and Marsters’s experiments [26], clarify that these mean streamwise
velocity off-center peaks, moves towards the jet centerline with downstream distance
and disappears after the shear layer growing in the xz plane, merge on the jet

centerline.

The peak of mean velocity corresponds to the minimum turbulence intensity. As the
peak moves to the jet axis and affects the mixing region near the jet axis, it may
cause a dip in turbulence intensity distribution. Tsuchiya, Horikoshi and Sato [27]
postulated that the saddle-backed profile might be due to the formation of a region

where the mixing is retarded as compared with the surrounding region.

From the measurements of Krothapalli et al. [22], it is deduced that the mean
velocity and shear stress of a rectangular jet, show similarity about 30 widths
downstream from the nozzle exit. Similar results are obtained by Sfeir [25]. For x
less than 60 D, the profiles of axial mean velocity of a rectangular jet exhibit a saddle
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shape, while the profiles in axisymetric type region, approach the similarity profile

of an axisymetric jet.

In the Reynolds number range between 1000 and 7000 the various flow properties of
the jet are dependent upon the jet Reynolds number [28]. However, the size and the
number of the large scale eddies of turbulence is unaffected by the jet Reynolds
number. As the Reynolds number increases turbulent flow structure develops into a
self-preserving state faster and therefore the Reynolds number dependence becomes

less significant.

2.5 Twin Jets

Two parallel jets, issuing from nearby nozzles, into still surrounding is called, in the

literature, "twin jets" or "dual jets"[63,65].

The entrainment of surrounding fluid from the jet boundaries causes a
subatmospheric region between jets. Because of the depressurized region, jet
trajectories deflect towards each other. Finally two jets converge and merge together

to form a single jet (Figure 2.10).

The effect whereby a jet whose initial axis does not intersect a solid surface can
nevertheless attach itself to the surface is called by Metral and Zerner the
"Chilowsky effect" [88]. As is explained by Bradshaw, this phenomena has been
called by many authors "Coanda effect” which is essentially the tendency of a fluid
jet, initially tangential to a curved surface, to remain attached to the surface. Coanda,
made experiments on plane jets near a solid wall made of straight segments
increasingly diverging. The jet was progressively attaching to each segment. Two
effects were noted: The pressure near the wall was less than that of the surroundings
and thus for given upstream conditions the mass flow from the slot was increased.
Secondly, the quantity of flow entrained by the jet from the surrounding fluid was

increased.

These effects were applied by Coanda to produce a nozzle with high trust
augmentation and to increase the maximum lift coefficient of a wing. At this point, it

is necessary to note that for each of the cases mentioned above (Coanda and
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Chilowsky flow) the streamline curvature effect is surprisingly important on the flow
structure. Wall jet flow on a convex surface grows more rapidly than the wall jet on a
plane wall. And a deflected jet by an subatmospheric pressure region spreads faster
than a free jet.
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Figure 2.10 Schematic of twin jet flow structure

Surface curvature is used in many applications in order to deviate the jet flow.
Lepretre and Portier [89], investigated experimentally jet deviation devices for
orientation of jet trust vector on a fighter. Plane and curved wall jets are investigated
by many researchers [90-95]. The imposition of longitudinal curvature on a two

dimensional turbulent mixing layer produces increases in the spreading rate [96].

Twin and offset jet flows have several common features. A general offset jet pattern
is depicted in Figure 2.11. The jet is confined by a wall placed parallel to the jet
discharge axis with a gap H. Due to the depresurized region between the jet and the
wall, jet deflects towards the wall and attach on it at the impingement point X;,. After
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impingement, inner part of the flow deflects upstream (in to recirculation region)
while the outer part tends downstream and forms a wall jet. There have been many
researches on wall attaching offset jets [31-38]. Twin and offset jet flow

characteristics are compared and significant similarity was recognized in this study.

\«——  Converging Region —»e— Impingement <« Walljet
Region Region
(Reattachment

Region)

Figure 2.11 Schematic of offset jet flow

The flow field generated by two plane jets has been investigated by many researchers
[60-64, 66-74]. These studies can be classified in two groups as ventilated and
unventileted twin jets. In the case of ventilated jets a secondary flow has been
entrained between two jets issuing from freestanding nozzles (Figure 2.12). This
kind of flow structures has been investigated by Marsters [71] and Elbanna et al.[69].
Such configurations may be useful for STOL/VTOL applications.

The aim of this study is to investigate flow structure of incompressible unventilated
twin jets. In this case, the secondary flow between nozzles is no more exists since

jets emanated from slot nozzles on a solid wall (Figure 2.13).

Twin jets have many technological applications such as burners in combustion
systems, boilers, injection and carburetor systems and fluidics. In spite of its
importance, limited number of study has been realized on this subject as would be

seen the following literature critics.
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Figure 2.12 Ventilated twin jet configuration

- wall
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Figure 2.13 Unventilated twin jet configuration

Previous studies on twin jets treat, in the majority, two dimensional plane parallel
jets (Table 2.1). To assure two dimensionality, high aspect ratio nozzles and side

plates have been used by many researchers as can be seen in Table 2.1.

Twin jet flow field is characterized by three distinct regions. These regions are
converging region, merging region and combined region. The schematic of the flow
field is given by Figure 2.10. Two converging jets, deflected by the subatmospheric
region between them, approach the plane of symmetry with increasing distance x
from the nozzle exit. At the end of the converging region, jets merge at Xy, The
merging point is determined by the stagnation point where the mean velocity is zero

in the symmetry axis X. The axial mean velocities have positive direction
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downstream of the merging point and negative direction upstream of the merging
point. The velocity on the symmetry axis increases from zero at the merging point
until it reaches a maximum value, just upstream of the point where two jets join to

form a single jet. After this point (Xcp), jet behaves like a single jet.

Table 2.1 Previous studies on two dimensional plane parallel jets.

Authors | Aspect | Side wall Rep Nozzle Measurement
ratio spacing (S/h) | Technique
C.S. Wang,
Lin Sheu 90 X 8700 15 split film
(1993) [63]
Tanaka 80-60 X 4290~8750 20 hot-wire
(1974) [61]
Tanaka 80-60 X 4290~8750 8.5~26.3 hot-wire
(1970) [60]
Murai, Taga hot-wire,
Akagawa 20.61 X 3250~18100 4.1~30.9 pressure
(1976) [66] probes
Elbanna
Sabbagh 89 X 16600 27.64 hot-wire
(1987) [70]
Lin Sheu 90 X 9000 30-40 split film
(1990) [62]
Lin Sheu 90 X 9000 30-35-40 split film
(1991) [64]
Marsters 45 X 8600~19300 11 "| pitot-static
(1977 [71] tubes and
hot-wire
Nasr, Lai 24 X 8300-19300 4.25 LDA
(1997) [68]

Lin and Sheu [62], investigated flow field experimentally and found that the velocity
profiles were self-preserved in both converging and combined regions. The jet
spreads linearly in these regions. However, in the merging region, flow shows more
complex behaviors due to strong interference between two jets. Lin and Sheu’s
experiments point out that the structure of the flow field varies little with variances

in nozzle spacing (Figure 2.14).

Lin and Sheu [64], studied with various nozzle spacing and found that twin jet flows

have almost same normalized trajectories of maximum velocity. Nozzle spacing ratio

28




S/h were varied from 30 to 40. Normalized values of merging and combining point

by nozzle spacing S (Xup/S and X.,/S), are found constant at various nozzle spacing.

Tanaka [60,61] studied the effect of the distance between two nozzles on the
interference region of dual jets. According to his results, the relation between the
position of the merging point, nozzle width (h) and the nozzle spacing (S) can be

expressed as follows;

(.50,
°o—e S0 : 300
0.40} oo S/0 =400
0.30F
wny
:E 0.20
0.10
O A i " —
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X, /5 —s

Figure 2.14 Jet spacing effect on the trajectory of maximum axial velocity [62]

X /1 =5.06(S/ h)*” S/h< 16
X,y /h=0667(S/h) S/h>16

Similar empirical results are reported by several authors. Unfortunately, it is difficult
to compare experimental results obtained by different authors since the initial

conditions of the experiments vary considerably.

Previous studies were mainly focused on large nozzle spacing ratios (S/h). There is a
lack of documentation on the whole flow field of parallel jets with small nozzle
spacing ratio. The unique study with small spacing ratio belongs to Nasr and Lai

[68].Other studies listed in Table 2.1 were focused on large spacing ratios.

In the present study, experiments were carried out with small nozzle spacing ratios,

to represent an experimental source data containing whole flow field characteristics
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without any change in the initial conditions as nozzle exit turbulence level, nozzle lip

conditions etc.

In practical cases jet is limited to a given jet height. The ratio of nozzle height to
nozzle width is called “aspect ratio”. For high aspect ratios, jets behave like quasi-

two-dimensional.

Besides two dimensional plane parallel jet studies, a few information is available in
the literature on multijet configurations of non-circular jets [55-57, 65], but not on

the interaction two parallel rectangular jets.

Krothapalli, Baganoff and Karamcheti[56],studied the flow from a series of equally
spaced rectangular nozzles. Measurements are carried out on a single rectangular
free jet in a multiple jet configuration. They deduced from the comparison of
multiple jet results, that far downstream the flow field appeared as if it is emerging
from a single two dimensional slot with the width of the slot being the long
dimension of a single lobe. Their further studies [59],on confined multiple jets,
indicated that the flow field was slightly affected by the presence of confining plates,
placed symmetrically perpendicular to the long dimension of the nozzle.

Raghunathan and Reid [55] investigated different multijet configurations. Multiple
axisymmetric nozzles were equally spaced around a circle with a constant radius
from the axis of central nozzle. Pressure difference between the settling chamber and
the ambient, and the total exit area were kept constant during the experiments. They
have investigated not only velocity but also noise characteristics of the flow and
found a substantial reduction in noise level by increasing the number of the jets

without significant reduction in the momentum of the jet.

Moustafa and Rathakrishnan’s experiments [57] attempt to identify the advantage of
multijets and non-circular jets. They have used four circular nozzles in square
configuration and compared with single, twin and triple jet configurations and found
that the nozzle conﬁg'uration influences velocity decay and jet growth. They have
observed axis switching which can be considered as a distinct advantage of multiple
configuration and showed that the nozzle configuration plays a vital role in mixing

process.
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2.6 Jet Impingement

Nature of the wall flow produced by single or twin normal jet impingement has been
investigated by many authors [39-54]. Most of these investigations deals with the
flow field of the jet in a crossflow. Turbulent jets, impinging on a flat surface
through a low velocity crossflow are typical in a vertical/short take off and landing

aircraft which is lifting off and landing with zero or small forward momentum.

Multiple jet impingement is of particular interest areas in drying and cooling devices.
Impingement drying is a common industrial operation involving the drying of divers
products such as papers, textiles, peat pots, by impingement of hot air jets issuing

from rows of plane nozzles.

The impingement of a downward directed jet on the surface results in the formation
of a wall jet which flows radially from the impinging point along the surface. In the
case of multiple jet impingement, the collision of wall jets originates a fountain of

upwash flow (Figure 2.15). Improved knowledge of impinging flow is necessary to
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Figure 2.15 Twin jet impingement

avoid these effects.

Free jet
region

Impingement
region

A free jet impacting on a wall contains three distinct region: Free jet region which is

unaffected by the impact, the impingement region where the jet deflects towards the
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direction of its final state and wall jet region in which flow is parallel to the wall and
behaves like a wall jet.

The performance of dual-jet configurations has received little attention in the
literature. Schetz et al.[45] studied surface pressures generated by the impingement
of dual jets on a flat plate in crossflow. For the side by side jets, they have noticed
significant enhanced flow velocity (thus reduced surface pressures) between the jets

due to the channeling of the flow.

Barata [43, 44] gives a detailed analysis of complex flow field beneath multiple jets

through a low velocity crossflow.

Elbanna and Sabbagh [46] investigated impingement of two plane ventilated jets of

unequal strength on a normal plane surface.

Miller and Wilson [47] analyzed wall jet velocities for cases of single normal and
twin normal jet impingement up to 70 jet diameters from impingement. They have
noticed that the twin jet flows are dominated by a reinforced region on the symmetry
plane that produces both thicker and more energetic wall jets. Peak reinforcement
line velocities can be of the order of three times those of the single jet.
Simultaneously, the remote region behaves quite differently to a single normal jet

flow with substantial weakening of the wall jets.

Recent studies on three-dimensional twin jet impingement concern about circular
jets. Although there exists little information on two dimensional plane dual jet
impingement, there is a lack of information on rectangular twin jets and its
impingement on a flat surface.. Objective of the present study is to make a

contribution to the existent rectangular jet studies.
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3. EXPERIMENTAL METHOD

3.1 Introduction

In this chapter, experimental setup and measurement techniques used for
investigation of twin jet flow field are presented. The experiments were carried out

in Trisonik Laboratory of Istanbul Technical University.

3.2 Apparatus

Experiments are carried out in a blowing down open type wind tunnel which
provides a jet flow from a rectangular nozzle (Figure 3.1). The wind tunnel
comprises a fan which draws air from the atmosphere and delivers it along a pipe to
a settling chamber which is located above the nozzle. A valve in the pipe is used to
regulate the discharge from the fan. The contraction ratio of the nozzle is equal to
10.5. The honeycombs at the entrance of settling chamber are used to reduce the
turbulence intensity. Air jet velocity provided by the jet facility can be varied
between 3 m/s and 32 m/s.

The flow facility is transformed to a twin jet facility after some modifications. An
520mm x 470mm aluminum rectangular plate is mounted on the nozzle exit to
obtain a submerged jet. Plate dimensions are large enough to prevent flow
entrainment from the upper side (Figure 3.1). A separating body is inserted in to the
nozzle as sketched in Figure 3.2 so that the jet facility produce two parallel

rectangular jets.

Five separating bodies of different thickness from 10mm to 40mm was used.

Dimensions of all twin jet configurations used in this study are listed in Table 3.1.
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Figure 3.2 Schematic diagram of the nozzle exit arrangement for twin jet flow
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The turbulence intensity of each slot at the jet exit was 0.8% for the exit velocity of

30m/s. Momentum thickness of the shear layer at nozzle exit plane was ~0.11 and

the shape factor was 2.6-2.7. Detailed velocity and turbulence characteristics of jet

exit plane are given in Chapter 4.

Table 3.1 Twin jet configurations

Jet exit high H Jet spacing
(h) (S=H +h)
mm mm mm
5 40 45
7.5 35 42.5
10 30 40
15 20 35
20 10 30

In the second part of twin jet experiments a cylindrical solid body is placed between

jets as sketched in Figure 3.3.
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Figure 3.3 Cylindrical body placed between jets
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3.3 Instrumentation

Flow field of twin jet is investigated by using qualitative and the quantitative
experimental techniques. Smoke and surface oil flow techniques were used to
visualize the flow pattern. Mean velocity and turbulence profiles were obtained by

using constant temperature hot wire anemometer (CTA).

3.3.1 Flow Visualization Techniques

3.3.1.1 Smoke Visualization

The word “smoke” is used in a very broad sense in flow visualization techniques and
includes a variety of smokelike materials such as vapors, fumes and mists. The
smoke used must be generated in a safe manner and must posses the necessary light
scattering qualities so that it can be readily photographed. Smoke particles should be
small enough to follow the flow pattern and large enough to scatter a sufficient

amount of light [75].

The oils are most commonly used to produce smoke. Since it would be safer to
produce smoke by vaporizing rather than combustion; the oils requiring the lowest
temperatures for vaporization are preferred. Low flammability is also an important

property. A vapor of an oil mixture is used in present study.

Smoke is injected from a fine perforated tube mounted close to jet exit plane of the
nozzle and aligned with the symmetry axis of the long dimension of the nozzle
(Figure 3.4). Details of the smoke generator are given by Acar [54]. Flow is
visualized by means of a light source of 2000W. Flow pattern becomes visible in

illuminated plane. Experiments are recorded by a Sony CCD camera.

3.3.1.2 Surface Oil Flow Technique

This technique is used for visualization of jet flow impingement on a wall. Flow

pattern on the wall is determined by surface oil technique.

The surface is coated with a mixture of gasoline, motor 0il and carbon dust. The

mixture is applied homogeneously on the surface. After being subjected to the steady
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flow during a time period, the pigments (carbon particles) gives the information of
the direction of the flow, lines of separation and reattachment.

generator
Figure 3.4 Smoke visualization arrangement

3.3.2 Hot-wire Technique

Hot wire anemometer is one of the principal research tools for most of complex

turbulent flow studies.

Hot wire anemometer is basically a thermal transducer. The information of velocity,
temperature, concentration or phase changes can be provided by an heated element
(wire or film) placed in a fluid flow. Technique is based on convective heat transfer
from the heated element. As the flow conditions vary, the heat transfer from the
filament varies. The variation of the resistance of heated element due to the
temperature variations is monitored by electronic methods which gives signals
related to the variations in flow velocity or temperature [97]. To measure the
velocity, the heated element is placed in a feedback of circuit which tends to
maintain the wire at constant temperature (CTA). The output voltage of feedback

unit which compensates temperature changes is related with the flow velocity.
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Frequency response of HWA is definitely superior then the other experimental
techniques. Measurements to several hundred KHz are quite easily obtained [75].
Hot wire results are very repeatable, so accuracy is high. The noise level is very low.
Measuring volume of hot wire is very small. Besides all these advantages, it appears

limited to low turbulence intensities [75].

3.3.2.1 Calibration of Hot-wire Probe

Jet flow facility was used for hot-wire probe calibration. Probe was placed at the jet
exit plane. Reference velocity was determined from the pressure drop across the
nozzle. The pressure difference between the settling chamber (Po) and the jet exit
plane (ps) was measured by means of a micro-manometer which is connected to

pressure tabs. The flow velocity is evaluated from Bernoulli equation.

The relation between velocity and voltage output of HWA is often assumed to be of

the form,

E?=A+BU" (3.1)
according to King’s law.

A polynomial equation is introduced for inverse process, U=F'(E).

U=A+BE+CE? +DE>+... (3.2)

This method was tested by Bruun up to tenth degree. In order to achieve a good
accuracy, it is necessary to use either a full forth order polynomial or a third order
polynomial in E> Expressing the velocity U in a polynomial form of E has

computational advantages.

3.3.2.2 Uncertainty Analysis

For moderate/high turbulence intensity flows some errors occurs in velocity and
turbulence measurements employing HWA. The effective velocity measured by a

single hot wire in three dimensional flow may be expressed as,

38



X
z
Figure 3.5 Wire oriented coordinate system
Ve2 =U? +k*V? +h2W? (3.3)
where

U=U+u

V=V+

W=W+w

considering the probe axis is oriented parallel to the flow direction (V =0, W =0) as
seen in Figure 3.5 and neglecting terms containing k* since k?<<h?, the measured

velocity and turbulence may be obtained by the series expansion method

_ 1, w?
U, = ﬁ(1+5h2 %J (3.4)

u,? =u}(1+h’R . Tu) (3.5)

m

where

Tll-_— L] R 2=

(3.6)

(u—2)1/2 u“l_z
T

Acrivlellis [98], proposes that evaluation in terms of Ve2 , would reduce the error
since no series expansion required in this method. A related numerical error analysis
for V(t) has been carried out by Swaminathan et al. [99]. In their analysis the hot-
wire was exposed to a random turbulent flow. They have presented exact error and

the error calculated from Equation 3.4 for mean velocity.
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Retaining same assumptions the expression (3.3) becomes

V2=U2+u’ +h*w? (3.7)

The mean velocity is evaluated from conventional series expansion and fluctuating

terms related to V,? and i’: can be expressed as,

v=VI-V (38)

using (3.3), (3.7) and (3.8) the equation for ;,2: can be expressed as,

u,’ = u*[1+0(4)] (3.9)

Figure 3.6 shows exact and second order correction factors for mean velocity versus

turbulent intensity.

3.4 Experimental Procedure

All velocity and turbulence data were obtained using a DISA 55D01 type CTA main
unit. Voltage output of main unit is filtered by DISA 55D35 filter. 55P01 and 55P15
type single wire sensors with a diameter of Sum and an active length of 1.25 mm
were used. The hot wire signal was digitized using a DAS 20 A/D 12 bit converter.
During the experiments, probe location was controlled by a DANTEC three
directional (linear motion along three axis X,y,z and rotation around z axis) traverse
mechanism. The accuracy of linear motion was + 0.016 mm. Both probe traversing
and data acquisition processes were controlled by a PC. A software application
named as “AcqWIRE” written for CTA systems was used for probe calibration, data
acquisition and processing, and instrument control. Schematic diagram of the

experimental rig is given in Figure 3.7.

A micro-manometer, an interface unit, a PCL718 A/D converter, and a PC are used
to measure jet exit velocity. Manometer was measuring the pressure difference
between the static pressure at the exit plane and the total pressure at the settling

chamber.



Probe calibration is performed placing the probe at the origin of exit plane. Output

voltage of anemometer versus velocity was measured and stored. This procedure was

repeated before each set of measurements.
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Figure 3.6 The variation of the turbulence correction factor for the mean velocity

with the turbulence intensity (® exact correction,*Isecond order correction)[99]

A set of experiments consists of successive measurements along y or z-axis, at a

constant x distance from jet exit plane.

For hot-wire measurements sampling rate was set at 0.5 KHz and sampling time was

about ~8s. for each measurement point.
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Figure 3.7 Schematic diagram of the experimental rig.

Spectral measurements have been performed by using hot-wire probe in mixing
region of the twin jet. Successive time series measurements are done by controlling
the probe position with Dantec traversing mechanism. The analog signal was filtered

by a low pass filter at the Nyquist frequency. The data acquisition rate was 10000 or
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20000 data per second depending on the amplified frequency that would be

measured. Each record consists of 16384 samples.

Acquired data has been processed by using "Acqwire" software program. This
program calculates spectra of the acquired data records via Finite Fourier
Transforms. Detailed explanations on the calculation technique is given in Appendix
A. Consider a record xi(t) from stationary random process for a finite time interval.

Auto Spectral density function can be expressed as;

2
E.(f
S.(f)= LT(T—)| (3.10)
where
T N
E ()= &-2 U(n)e ™™ k=0,1,....,N/2 (3.11)
r=1

The pressure distribution on the wall where the twin jet impinged normally is
measured by means of the pressure tabs of 1mm inner diameter on the surface. The
pressure tab locations are sketched in Figure 3.8. Half plane pressure distributions
are measured by turning the plate around y-axis. Pressure difference between the
surface static pressure and the ambient pressure was measured by a micro-
manometer of 1000 mm-H>O maximum pressure range and +1% accuracy. The
micro-manometer output voltage is digitized by a PCL-718 A/D converter and data is
stored on a PC. Experimental setup is illustrated in Figure 3.9.

Pressure data is acquired by a computer program which takes the average of the data

from time series. Sampling time was about 4 s. for each measurement.
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Figure 3.8 Pressure tabs on the impingement surface.
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Figure 3.9 Experimental setup for surface pressure measurements of impinging twin

jet configuration.



4. RESULTS AND DISCUSSION

4.1 Introduction

Experimental results are presented in this chapter. The initial conditions of jet facility
are presented in the first step. Then the Reynolds similarity of twin jet flow is
investigated for a particular twin jet configuration. Twin jet experiments are given in
two parts. The objective of the first part is to investigate flow characteristics of five
different twin jet configuration. The second part of measurements aims to examine
curvature effects on twin jets. For this reason a half cylinder of diameter H' is placed
between the jets. The last part of this study is reserved for the twin jet impingement.

4.2 Initial Conditions

For a given set of boundary conditions the mean and turbulence characteristics of the
initial boundary layer as well as the Reynolds number determine the evaluation of
the jet flow [13]. When the initial flow is turbulent the decay rate of centerline mean
velocity is higher but spreading rate is lower comparing with the initially laminar
case [13]. The effects of upstream conditions on jet evaluation were investigated by
Hussain and Clark [13] and Tsuchiya et al. [27].

Mean velocity distribution at the exit plane of the nozzle is given in Figure 4.1. The
exit velocity profiles of all investigated jets are almost uniform along the y axis. The
turbulence intensity distribution at the nozzle exit section are also uniform and have
a constant value of about 0.8% along the uniform velocity region. Mean exit
velocity for each twin jet configuration is retained constant, Uj=30m/s, dﬁring the

experiments.
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Figure 4.1 Velocity profiles at the exit plane.

Figure 4.2.a shows inner and outer boundary layer velocity profiles at exit plane for

different jet configurations. Initial boundary layers are plotted in non-dimensional

form and agreed well with the Blasius laminar profile.

0.9

0.8

0.7

0.6

0.5

04

0.3

0.2

0.1

®o@e 0o® oe o§ oo

h =5 mm (outer b.l.)
h =5 mm (inner b.L)

h =10 mm (outer b.l.)
h =10 mm (inner b.L)

h =15 mm (outerb.l.)
h=15mm (innerbl)

Blasius laminar profile

PR T Y T N O T T T O S T U T T U Y T S B

2

4

6

8 10
N (y/U2w)

Figure 4.2.a Initial boundary layer profiles

Turbulence intensity profiles in boundary layer is given in Figure 4.2.b. Peak values

of rms velocity fluctuations in the initial boundary layer are located at n~2.

Boundary layer thickness 3, displacement thickness 8 and momentum thickness ©
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are calculated and listed in Table 4.1. The values of shape factor H are

approximately equal to that of Blasius profile.

Even though the initial boundary layer is laminar, due to inflection in velocity
profile the flow in the mixing layer is highly unstable and quickly becomes turbulent,
and according measurements of Liepmann and Laufer, transition occurs at a distance

7x10*v/U from the exit [93].
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Figure 4.2.b Turbulence intensity distribution in the initial boundary layer

Table 4.1 Initial boundary layer characteristics

V; h Rey 8 8 ) H=5"/0

m/s mm mm mm mm

30 5 10067 1.05 0.2714682 | 0.1051991 2.58052
30 10 20135 1.5 0.3047623 | 0.1144645 | 2.662505
30 15 30201 1.8 0.3280437 { 0.119901 2.73595

The spectral distribution of the velocity fluctuations inside the boundary layer were
obtained by placing the probe very near the nozzle lip. The spectral analyzes did not
show any dominant frequencies for any case. A power spectra inside the initial

boundary layer of 15 mm high nozzle is presented in Figure 4.3. This measurement
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demonstrates the absence of facility dependent perturbations. Gutmark and Ho’s
study[78], demonstrates that spatially coherent background perturbations has
affected whole flow field by changing initial instability frequency, hence the

spreading rate.
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Figure 4.3 Power spectra inside the boundary layer

4.3 Reynolds Similarity of Twin Jets

The mean velocity and turbulence profiles of a twin jet for the Reynolds numbers
based on nozzle high of 13422, 26845 and 40268 are measured at different x/h
stations. Different Reynolds numbers are obtained by changing jet exit velocity of 20
mm high twin jet configuration from 10 to 30 m/s. Jet spacing S was 30 mm. The
velocity is normalized with respect to the maximum velocity (Un) and the y

coordinate is normalized with respect to jet half with yp.

Mean velocity profiles are given in Figure 4.4. Non-dimensional velocity profiles are
agreed well with each other. Since merging point is located very close to nozzle exit

for this case, profiles in Figure 4.4 does not contain reverse flow characteristics.

Merging process of twin jet can easily be seen from the figure. The recirculation
region terminates at the merging point and the two individual jets continue to merge

until at the combined point where the velocity on the axis of symmetry becomes
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Figure 4.4 Mean velocity profiles for Reynolds numbers of 013422, 426845 and
040268
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maximum. Combined point is located very near to x/h=12 station for each case. After

this point, flow resemble a single jet and reaches self-similarity.

Figure 4.5 display the development of turbulence intensity profiles. Maximum peak

values in inner and outer shear layers are in good agreement.

Velocity profiles in single jet region are plotted on same axis in order to demonstrate
self-similarity of the flow (Figure 4.6-4.8). Non-dimensional velocity profiles agree
with the theoretical curve of Gortler. This result indicates that the flow in combined
region is approached to a fully developed single jet flow. For downstream locations
greater than 12h, turbulence intensity profiles exhibit saddle back shape as shown in
Figures 4.9-4.11. The appearance of a saddle shape profile in a jet usually indicates
the end of the potential core[56]. Krothapalli et all.[56], concludes these in such a
way that the multiple jet flow field appears as though it is emerging froxh a single

slot and defines a pseudo-potential core which ends at combined point.
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Figure 4.6 Self-similarity profiles for Re,=13422 case.
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Figure 4.8 Self-similarity profile for Re,=40268 case.

As a result, the distributions of mean velocity and turbulence intensity, indicate that
they are virtually independent of the Reynolds number in the range 13422-40468.
Similar results were reported by Nasr and Lai [68], and Tanaka[61]. Self similar

velocity and turbulence profiles were obtained downstream of combined point.

52



o xh=14

0.3 — A xh=18

= v  xh=18
,’ E O  xh=20
LIS O  xh=22
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Figure 4.10 Turbulence intensity profiles in single jet region of Re;=26845 case.
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Figure 4.11 Turbulence intensity profiles in single jet region of Rey=46268 case.
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4.4 TWIN JET FLOW

Five different twin rectangular jet configurations are investigated in this part. These
configurations are described in Chapter 3. The coordinate system used in this part

originates in exit plane at the mid point of two jets as sketched in Figure 4.12.

wall

Figure 4.12 Cartesian coordinate system for twin jets

Some photographs of smoke visualization are presented in Figure 4.13. These
visualizations are in xy plane. Small photographs in Figure 4.13 are obtained by
psychedelic color transformation of original photos. It is observed from flow
visualization experiments that the parallel rectangular jets issuing from adjacent
slots, which are separated in the lateral direction by a distance H, deflect towards the
symmetry plane. The deflection results in merging of two jets. The position of
merging point where the velocity on symmetry axis is zero can be observed from the
photographs. Downstream from the merging point, flow continues to merging

process up to combined point where the flow has a single jet form.

As is evident from Reynolds similarity experiments, Reynolds number has no effect
on flow characteristics in the Reynolds number range studied. Jet exit velocity is

maintained constant (V;=30m/s) according to this result.

4.4.1 Mean Velocity and Turbulence Intensity Distributions

Hot-wire experiments for each configuration in xy plane are presented in Appendix

B. The velocity is normalized with respect to maximum velocity Uy, and y coordinate
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Figure 4.13 Smoke visualization of twin jet flow in xy plane. a) h=5mm, b) h=10mm,

¢) h=20mm
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is normalized with respect to nozzle spacing S. x distance is normalized with nozzle
high h, as usual in recent studies. Beside x/h axis, a second axis x/H* is introduced in
order to demonstrate that the flow development characteristics (as merging point,

combined point etc.) are similar with respect to constant normalized distance x/H".

For the comparison of results, selected velocity and turbulence profiles of twin jets at
different x/H" stations are plotted in Figure 4.14 and 4.15. Velocity is normalized
with maximum velocity and y distance with jet half width y;». Normalization with
jet half width, was applied only to velocity profiles in combined region of twin jet by
several investigators [60-62, 64, 73]. In this study, whole flow field is presented in
the form of U/Uy versus y/yip», since velocity profiles exhibit a high degree of

similarity.
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Figure 4.14.a Non-dimensional velocity profiles in converging region of twin jets,
OWH'=0.1, 2h//H'=0.15,5W/H"=0.2, vivH'=0.3, *h/H'=0.4

56



UL,

T

0.8
0.8
0.7
0.6
0.5
0.4
03
02
0.1

-2 -1 0 1 2

yly,

x/H'=238

S
YR [N TS TN TR T [N SN SO SO S N S M AAa o

-2 -1 ] 1 2
Y/Y%

LSRR RN AR AR RREEER R R

A

(Y Y T S SN Y N TN YA T I T S WA ..

-1 0 1 2
vy,

&

(SRR R RN RN N R R R AR RN AR RS

-2 -1 0 1 2
Y1y,

PR D T TN ST TN U NUUOY TOUR PR S T I M|

0°®
2 -1 0 1

2
vly,

S MR ..
-2 -1 0 1 2
yiv,,

Figure 4.14.b Non-dimensional velocity profiles in merging region of twin jets
o OhW/H*=0.1, ah//H'=0.15,0h/H'=0.2, vh/H'=0.3, ©hW/H'=0.4

57

OCRETIM KURULD
ﬂKCin"‘sEF;AS“)H MERIEH



A ST S S RN S S S N U S T SO u [ J i S S Y TS T T S

-2 -1 0 1 2 -2 -1 0 1 2
A Y1y,

1
0.9

xH=12

xH'=6.4 AL,

0.8
0.7
0.6
05
0.4
0.3
0.2
0.1

) I S S S S S S S o)) S I S E T S A A S
-2 -1 0 1 2 -2 -1 0 1 2
vy, vy,
1

U, +_
0.9 x/H'=8.0

0.8
0.7
0.6
0.5
04
03

T T I T T T T T T T T I T T[T rrer|

LR R R R SRR RN RN R RERES AR

0.2

0.1
0 P YT N VRN T TS T U ST S S O (N T S S S | 4] IS S VO R NS G S G SO N S ST S S MU
-2 -1 0 1 2 -2 -1 0 1 2
A vy,

Figure 4.14.c Non-dimensional velocity profiles in combined region of twin jets,
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In Figure 4.14.a non-dimensional velocity profiles are presented near the jet exit region
where converging process can be observed. As can be seen from the figure the outer
shear layer exhibit similarity while the inner shear layer differs one from other.
Therefore, the length of the recirculation region changes depending on the distance
between two jet H. The lower nozzle spacing gives the shorter merging point.
Downstream from the merging point, similarity of profiles spreads to whole flow field
with increasing x distance as is obvious from the Figure 14.4.b. Thus, the flow in the
merging region would approach to similarity with increasing downstream distance. In
combined region (Figure 4.14.c) all jet configurations approach to single jet flow and

reach the self similarity as mentioned in part4.3.

Corresponding turbulent intensity profiles of twin jets are given in Fig 4.15.a-c.The
turbulence intensity distributions exhibit two peaks in the inner and outer shear layers

03 03 r

o', | o', |

Juro,

YV,

Figure 4.15.c Turbulence intensity profiles in converging region of twin jets,
oWH'=0.1, aWH"=0.15,0W/H'=0.2, Vi/H'=0.3, oh/H'=0.4.
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layers upstream of the merging point (Figure 4.15.a).The peak value has a higher
magnitude in the outer shear layer than that in the inner shear layer. It means that the
turbulence intensity in the outer shear layer is less constrained by the recirculating
flow and the merging process. Peaks in the outer shear layer are located at same
y/y1r2 positions while second peak locations are scattered. Second peak locations in
inner shear layer move along the y direction with increasing x/H" distance. Although
maximum peak values in initial outer shear layers (x/H'=0.4) are coincident, a
differentiation in maximum peak values is observed with increasing downstream
distance. Twin jet configuration with minimum nozzle width (h=5mm) gives lower
turbulence intensity profiles while the maximum nozzle width (h=20mm) provides

higher turbulence intensities.

After merging point, second peaks in turbulence intensity profiles are decreased in
magnitude and then disappeared with increasing x distance (Figure 4.15.b). Saddle
back shaped turbulence profiles indicate thé appearance of single jet flow. But self-
similarity of turbulence profiles in combined region (Figure 4.15.c) is retarded

comparing with self similar velocity profiles.

The normalized mean velocity and turbulence intensity profiles in the central xz
plane are shown in Figure 4.16 and 4.17 for various downstream locations. For x less
than 4.8H" the profiles exhibit a saddle shape as is reported by several authors for
rectangular jets. After this station velocity profiles are identical to that of single jet
flow. Profiles in this flow region are broader than that of a single jet at their

corresponding locations.

Turbulence intensity profiles in xz plane exhibit higher values near the nozzle exit
(x/H'=0.8). In a short distance, maximum peak values in this region decrease to the
expected values which are same as the values measured in Xy plane. Secondary

peaks, in turbulence profiles could not be observed clearly in xz plane measurements.

4.4.2 Jet spreading

In order to examine the growth rate of twin jets in Xy and xz planes jet half widths
are plotted against the downstream location x in Figure 4.18 and 4.19.
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Figure 4.16 Non-dimensional velocity profiles in x-z plane, Oh/H'=0.1,
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It can be seen from the Figure 4.18 that boundaries of twin jets have similar
spreading trends for all twin jet configurations. Jet half width values in both plane
approaches to same value with increasing x distance. The crossover point is located

outside of the measurement area.
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Figure 4.18 The growth of the twin jets with downstream distance in the x-y
plane, Oh/H'=0.1, ah//H'=0.15,00/H"'=0.2, vh/H'=0.3, *h/H'=0.4
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Figure 4.19 The growth of the twin jets with downstream distance in the x-z
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Jet growth rate is related with the maximum velocity decay rate of the jet. Faster
decay in the maximum velocity implies higher jet spreading. Figure 4.20 shows the
decays of the square of the non-dimensional maximum velocity with downstream
distance. The flow field may be classified as potential core region, characteristic

region and axisymmetric region. Characteristic region of jets extends up to x/H'~4-5.

Maximum velocity decay rate in the characteristic region is provided by the jet
discharging from 5mm high nozzle. As long as the jet nozzle high increase the

maximum velocity decay rate decreases.
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Figure 4.20 Decay of maximum velocity with downstream distances OhW/H"=0.1,
ah//H'=0.15,0h/H*=0.2, vh/H'=0.3, ch/H'=0.4

The variation of the centerline velocity along the x axis, is presented in Figure 4.21.
Negative velocity region indicates the recirculation region between two jets. The
length of the recirculation region which is surrounded by two jets is important in
practice. The extension point of recirculation region where the mean velocity is zero
can be deduced from the figure. Downstream from the merging point non-
dimensional centerline velocity Uc/U; increases up to a maximum value at the

combined point.

Distribution of the normalized turbulence intensity along the x axis is shown in
Figure 4.22. Turbulence intensity increases with x position to a maximum near the

merging point. After the merging point turbulence intensity increases again in
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Figure 4.21 Variation of centerline velocity Oh/H*=0.1, sh//H*=0.15,
oh/H'=0.2, vh/H'=0.3, c-h/H'=0.4
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Figure 4.22 Turbulence intensities along the jet centerline Oh/H™=0.1,

ah//H'=0.15, ch/H'=0.2, vh/H'=0.3, *h/H'=0.4

Figure 4.23 shows the relation between merging point X and the nozzle spacing S.
It is found that in the range S/H'<0.9, the relationship between S/H" and Xyp/H" is

linear while the relationship between S/h and Xnp/h, in the same domain is expressed

with a power law. The position of the merging point is as follows;
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The position of combined point, determined from the Figure 4.21 is presented in

Figure 4.24. The relation between combined point position Xcp/h, and jet spacing is

linear;
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Figure 4.24 Position of combined point
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As is mentioned in Chapter 2, the unique study on the interaction of plane parallel
jets with small spacing ratio belongs to Nasr and Lai [68]. Two identical two
dimensional jets, issuing from 10mm height nozzles were separated by 4.25 nozzle
height (H'=52.5mm) The effect of side plates was also investigated in this study.
Side plates were placed horizontally at the top and sides of the nozzles in order to
enhance the two-dimensional behavior of the flow. Experimental results of Nasr and

Lai [68], are compared with the present results.

The variation of the normalized mean velocities on the x-axis (centerline velocity) is
compared with the results of Nasr and Lai in Figure 4.25. When side plates are
installed jets converges faster. In the absence of the side plates significant
entrainment through the top and bottom sides of the jets, results in longer converging
region. When the aspect ratio of the nozzles is not high enough, dominated three

dimensional effects causes less curving of individual jet axis towards x-axis.
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Figure 4.25 Variation of centerline velocity ,ch=5mm, 2 two-dimensional twin

jet[68], o two-dimensional twin jets with side wall[68]

Mean velocity profiles at the similar flow development stages are compared in
Figure 4.26.a,b and c. Although the normalized distance consisting to the flow
development stages are different, the shape of the velocity profiles at the same stages

are similar.
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Figure 4.26.a Comparison of velocity profiles near the merging point
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4.4.3 Preferred Modes

Spectral measurements for five different jet exit height of twin jet configurations
have been performed at constant exit velocity. Probe is moved through the mixing
layer step by step until it reaches constant passage frequency. At each step, peak
values of the recorded spectrum are plotted against the probe position for 10 mm
high twin jet case in Figure 4.27. Similar results are obtained for all twin jet
configurations. The frequency variation shows a staging behavior with downstream
distance. The initial peak frequency is halved twice with increasing downstream

location. These stages correspond to two successive pairing process.

Vortex merging positions and number of vortex interactions can easily be detected
from the figure. The lowest frequency which has been detected near the end of the
potential core is preferred mode of the jet. Termination of vortex pairing usually
indicates the end of the potential core of a single jet. A vortex pairing process would

terminate when the mixing layer is confined [77].

Strouhal number St, based on the mixing layer momentum thickness is obtained for
the initial frequencies near the nozzle exit. The axial location and Strouhal numbers
of initial vortex formations are listed in Table 4.2. In the present study, the most
amplified frequency was measured inside the shear layer at a distance of x/H'=0.2-

0.3 from the nozzle.
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Figure 4.27 Variation of the most amplified frequency with the downstream distance
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At the end of the potential core a preferred frequency corresponding to the passage
frequency of the dominant vortical structures can be detected. Figure 4.28 shows a
typical spectral distribution of velocity fluctuations near the end of the potential core.
The most amplified frequency can easily be identified as the peak frequency in the
spectrum. Consisting Strouhal numbers based on the jet exit high of preferred mode

of jets are given in Table 4.2.

Table 4.2 The initial Strouhal number and preferred modes of twin jets

jet Rey St, Sty
configuration
(=fe60/U;)
h=5 mm 10067 0.012 0.245
h=7.5 mm 15100 0.011 0.185
h=10 mm 20135 0.0092 0.2
h=15 mm 30200 0.0119 0.2
=20 mm 40270 0.0117 0.25
8()
1500 -
1000 -—




4.5 Comparison of Flow Characteristics of Twin and Offset Jets

Twin jet and offset jet flow characteristics issuing from identical rectangular nozzles
are compared in this study. The symmetry plane that exists between two parallel jets
is replaced with a solid wall in order to obtain an offset jet. In this manner, identical
initial conditions are provided for two flow structure. Schematic of offset jet flow

was given in Figure 2.11.

Offset jet discharged from a Smm high and 100mm long rectangular nozzle with
mean streamwise velocity of 30m/s is investigated. The plate was made of 10mm
Plexiglas and placed at a 22.5mm distance from the centerline of the nozzle exit, thus

yielding an offset ratio of 4.5.

Spatial development of normalized velocity and turbulence intensity profiles are
given in Appendix C. The air entrainment through the jet boundaries reduces jet
pressure in the region between the jet and the wall. This sub atmospheric region
forces the jet to deflect towards the wall and to attach on it. The reattachment point
of the jet corresponds to the merging point of the twin jet. In the reattachment region
the flow is subjected to strong interaction with the wall. Far downstream, flow forms
a wall jet. The inner layer of the wall jet is similar to that of turbulent boundary

layer, while the outer layer resembles of a free jet.

Velocity profiles of the offset jet are compared with that of the identical twin jet in
Figure 4.29. In the recirculation region (x/H'=0.8) velocity profiles agree well.
Although the flow behaviors are similar, flow reversal occurs at a slightly
downstream position for the offset jet. In the reattachment region ( or merging
region) (x/H'=1.6-4.0) the offset jet is subjected to strong interactions with the wall.
The wall effect retards the flow. Hence, twin jet merges slightly faster than the offset
jet in merging region. The wall effect can be better observed from the turbulence
intensity profiles (Figure 4.30). However, near the combined point, profiles of the
two flow field are identical (x/H'=4.8). At downstream positions, the flow in the free
jet region of twin jet, having broader velocity profiles than that of offset jet, grows
faster (x/H'=5.6-6.4).
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Spreading rates of jets are plotted against the x distance from the nozzle exit plane,
in Figure 4.31. Both twin and offset jet grow linearly with the downstream distance
after combined point x/H'~4.4. Additional momentum loses near wall region of the
offset jet may cause lower spreading rates. The location of the virtual origin in the
redeveloping free jet flow of the twin jet configuration, approaches to the nozzle exit

plane.

The decay of the maximum velocity of the offset jet and twin jet are displayed in
logarithmic scales in Figure 4.32. The maximum axial velocity before reattachment
point decays nearly at the same rate. However, after the reattachment point smaller
Un/U, values for offset jet flow are clearly seen. The maximum velocity decay after
impingement region (or merging region), both in the wall jet region of the offset jet

and in the free jet region of twin jet, give linear curves.

To investigate the existence of similarity at far downstream, the mean non-
dimensional velocity profiles are compared in Figure 4.33. The profiles in the wall
jet region becomes similar at downstream positions greater than 5.6H'(or 56h).
Turbulence intensity profiles are also attained their self similarity at this downstream

location (Figure 4.34). This result is similar to that of identical twin jet.
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Figure 4.31 Spreading rates of the offset(®) and the twin jet(C)
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4.6 Convex Surface Between Jets at Exit

The turbulence is very sensitive to small amounts of curvature of mean streamlines.
This, in turn, affects the development of the mean flow [100]. Turbulence may be
nearly eliminated on highly convex surfaces, while on highly concave surface
momentum transfer by quasi-steady longitudinal vortices dominates the ordinary

turbulence processes [88].

In this part of the study, the effect of a cylindrical convex body placed between two
jets on the flow development is investigated. A half cylinder is inserted between two

slots as sketched in Figure 4.35 for all twin jet configurations.

Y,

-

78
Figure 4.35 Nozzle exit configuration

Velocity and turbulence intensity profiles are compared with the previous twin jet

measurements in order to examine the convex surface effects (Figure 4.36-4.40).

The surface curvature parameter is defined as the ratio of the jet width to the surface
radius (R). The flow characteristics of the convex wall jets have been studied
extensively by many researchers[89,90-92,95,96]. These studies represents the
effects of mild convex curvature where the half width of the jet is much smaller than
the surface radius. Surface curvature between twin jets may be classified as strong

convex curvature in the present study. The jet spreads and the levels of Reynolds
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Figure 4.36 Comparison of the twin jet velocity and turbulence intensity profiles
with (@) and without (©) the convex body between jets (for h=5 mm

case).

stresses on strong convex wall increase significantly as the wall jets develop along
the surfaces[101]. The convex surface effects can easily be observed from the Figure
4.36. The jets issued tangentially to the cylindrical surface, do not collide to the
surface as a wall jet, but approach to it by the Coanda effect. At a certain distance
from the nozzle exit they interact with each other and coalesce in to a single

free jet. Figure 4.36 presents the profiles in downstream positions from the solid
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with(®) and without(©)the convex body between jets( for h=7.5 mm case)

surface. It is obvious that the existence of the convex surface make the recirculation
region shorter. Thus merging point moves to upstream positions. Merging process of
jets results in the coalescence of two jets at upstream positions from the combined
point of twin jets (without convex surface) . Therefore, the effect of such a convex
surface between two jets, can be explained as follows; A convex surface deflects the
jets towards the symmetry axis more strongly and accelerates the flow development

procedure.
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Figure 4.38 Comparison of the twin jet velocity and turbulence intensity profiles
with (@) and without(©)the convex body between jets (for h=10 mm

case).

Comparison of the turbulence intensity profiles of h=5mm case indicates higher
values for twin jet with convex surface(TJCS) configuration. The appearance of
saddle back shaped turbulence profiles indicating the single free jet flow, is clearly
observed near the combined point of the TICS, located about x/H'~2.2.

The increasing surface curvature parameter does not give rise to stronger deflection
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Figure 4.39 Comparison of the twin jet velocity and turbulence intensity profiles

with(®) and without(©)the convex body between jets (for h=15mm case)

effects. Contrarily, for the highest curvature parameter flow structures seem to be
unaffected. Flow structure is altered strongly by the highest curvature radius
R=22.5mm. As the curvature radius diminishes, the influence of the surface

curvature on the flow field is vanished.

To investigate the influence of the surface curvature on jet growth rates, jet half
widths versus downstream positions are plotted in Figure 4.41. Even though the jet
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half width values decreases in near field of the TISC, after the combined point, in the
single free jet region the TISC flow grows faster especially for h=5, 7.5 and 10mm
cases. As a consequence, the flow reaches higher half width values at far downstream
positions. It should be noted that for all cases, jets grow linearly with the downstream

distance after the combined point.
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The variation of centerline velocities are represented in Figure 4.42. The influence of
the convex surface on the length of recirculation region can easily be noticed from
the figure. Centerline velocity curves are shifted upstream by the convex surface
effect. For that reason, the position of the maximum velocity which indicates
combined point is also shifted. Furthermore, the maximum velocity on the symmetry
axis is slightly increased. After the combined point centerline velocity decreases

rapidly due to high spreading rates of the TISC flow.
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Figure 4.43 Jet centerline turbulence intensities of twin jets with (®,A B,V ) and without

(0,2,0,9,9) convex surface

Turbulence intensity variations along the x axis are presented in Figure 4.43. Similar
shifted curves are observed for TISC flow. Turbulence intensities are in the same
magnitude except for the h=5mm case. Higher values obtained just after the merging point
may be attributed to the strong interaction between the jets.

Merging and combined point locations are determined and compared with previous twin

jet results in Figure 4.44 and 4.45 respectively. The equation between merging

86



point locations Xmp/h and nozzle spacing S/h of the TISC flow obeys again the
power law. However the coefficients of the equation are different. The position of

combined points does not follow the linear curve after S/h=4.
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4.7 Twin Jet Impingement

The impingement of two rectangular unventilated jets on a plane surface is

investigated.

Flow field is of particular interest in the design of efficient VTOL aircraft. The flow
field of two impinging parallel jets is classified into two types: Near field and far
field flows[46]. Far field flows are encountered when the jets are placed close
enough and when the jets are sufficiently far from the ground. Near field flows are
encountered when the jets are placed far enough apart. Two jets impinging on the
plate exhibit wall jet behaviors on the plate. The collision of the wall jets originates
an upwash flow between the jets which affects the forces and moments induced on
the aircraft when operating in ground effect. This study can be classified as a far field

flow since the jets are placed very close.

Twin jet impingement experiments were carried out for three different nozzle to plate
distances (Y). Non-dimensional nozzle to plate distances were Y/H'=2, 4 and 8.

Experimental parameters are listed in Table 4.3.

Table 4.3 Experimental parameters of twin jet impingement

nozzle high (mm) Y/H'=2 Y/H'=4 Y/H'=8
without 5 X X X
convex 10 X
surface 20 X
with 5 X
convex 10 X
surface 20 X

Experimental results are compared with the flow visualizations obtained by the oil-
film method.

88




Symmetry

Wall jet

|
|
y I m&gion
N7

77777777777 Y T 7777
Z X

Figure 4.46 Cartesian coordinate system

Cartesian coordinate system used in jet impingement experiments is shown in Figure

4.46.

The velocity and turbulence profiles on the surface are presented in Figure 4.47 and
4.48 respectively, for jet nozzle exit high h=5mm case. Experiments are carried out
for three different distances from nozzle to plate. For all three cases the converging
process is terminated and merging point takes place before the impingement. For the
first case (Y/H'=2), jets are not combined yet. Hence, the flow impinging on the
surface still retains its twin jet properties. For the second case (Y/H'=4), plate
position is very close to the combined point. Combining process has been terminated
however the single jet has not yet been achieved its self similarity. For the third case
(Y/H'=8), self similarity has been reached and flow has been attained its final state

before the impingement.

Figure 4.47 shows the development of the velocity profiles along the x-axis. As can
be seen from the figure, jet half width y;» approaches to the wall with increasing x
distance from the origin up to the position where the wall jet region starts. Jet widths
are plotted against to downstream distance x in Figure 4.49. Maximum velocities

also accelerates near the impingement region and then shows a slowing down
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Figure 4.47 Velocity profiles on the impingement plate (h=5mm)

characteristic in the wall jet region. It should also be noted that, as the nozzle to
plate distance increased maximum velocity values decrease.

Development of the turbulence intensity profiles along the x axis are presented in
Figure 4.48. Maximum turbulence intensities (outer peak values) decrease with

increasing nozzle to plate distance Y/H'. In addition, as the downstream distance

augments, the outer peak value becomes higher than the near-wall peak value.
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Figure 4.48 Turbulence intensities on the impingement plate (h=5mm)

Development of turbulence profiles show that the nozzle to plate distance act upon

the evolution of the wall jet. This result is due to the broader free jet boundaries

impinging on the surface, in the case of higher nozzle to plate distances.

Non-dimensional velocity and turbulence profiles of the wall jet region, are plotted
in Figure 4.50 and 4.51. Normalized velocity profiles are similar after x/H'=1.0 for
nozzle to plate distances Y/H'=2 and Y/H'=4. Nevertheless, when the plate position
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is Y/H'=8, normalized velocity profiles are reached self similarity at x/H'=1.8. This
result is consistent with Figure 4.49.

Non dimensional turbulence intensity profiles exhibit different maximum values in
the wall region (Figure 4.51). With increasing distance turbulence profiles

approaches to self-similar profiles.
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Figure 4.49 Jet growth on the impingement plate (Y/H'=2(0),Y/H'=4(2),
Y/H'=8(0)).
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Figure 4.50.a Velocity profiles in the wall jet region of impinging jet (Y/H'=2)
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Figure 4.50.c Self similar velocity profiles in the wall jet region of impinging jet
(h=5mm, Y/H'=8)

Pressure distributions on the impingement surface are presented in Appendix E.
Pressure coefficient C, is defined as the ratio of the measured pressure difference
between the pressure tab on the plate(p;) and ambient pressure(p,) to the dynamic

pressure at the nozzle exit.

C =-t—= 4. 3)
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Figure 4.51.a Turbulence intensity profiles in the wall jet region of impinging jet
(h=5mm, Y/H'=2)
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Figure 4.51.b Turbulence intensity profiles in the wall jet region of impinging jet
(h=5mm, Y/H'=4)

Pressure distribution on the plate at 100 mm distance from the nozzle exit (Y/H'=2)
is presented in Figure E.1. Pressure distribution contains four peaks which indicates
the existence of saddle back shaped profiles in x-z plane of twin jets. When the
plate is moved to downstream position Y/H'=4, although the twin jets are combined
saddle back shaped profile is preserved along a short distance (Figure E.2). Finally,
pressure distribution gives a single peak at the origin and circular constant pressure
lines for the plate distance of Y/H'=8(Figure E.3). In that case, before the

impingement, twin jet flow is formed a single (circular) free jet. Prevailing results
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Figure 4.51.c Turbulence intensity profiles in the wall jet region of impinging jet

(Y/H'=8)

show that the maximum pressure has been decreased with increasing plate positions.
Similar results are obtained for the twin jet issuing from 20 mm high slots (Figures
E4,E.S, E.6).

In fact, the maximal pressures on the surface are depend on the velocity field of the

impinging jet. Centerline velocity evolution of the impinging jets nearby the surface
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Figure 4.52 Jet centerline velocities of twin jet impinging on a surface at Y/H'=2 (O)
Y/H=4 (2), Y/H'=8 (U ) and twin jet without impingement plate (<)
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Figure 4.53 Velocity and turbulence intensity profiles on the impingement plate

(h=10mm twin jet impingement).

are plotted in Figure 4.52. As the jet approaches to the surface it is affected by the
presence of the plate and slows down. Higher deceleration rates indicate stronger
impact, hence higher pressures on the surface. For x/H'=2, whole flow field of the jet
is affected by the existence of the plate.

Velocity and turbulence measurements are repeated for 10 and 20 mm height twin jet
configurations and results are presented in Figure 4.53 and 4.54. As the jet slot
height increases, velocity profiles of the wall jet flow on the impingement plate
‘exhibit higher maximums. Turbulence intensities are also increased. However, flow
structure is remained same. This can be seen from the normalized velocity and
turbulence profiles (Figure 4.55 - 4.58). Velocity profiles reach the self similitude at

the same point.

Pressure distributions on the impingement plate for the twin jets issued from 10mm
high rectangular slots are presented in Figure E.7. The nozzle to plate distance is
Y/H'=8. The comparison of Figures E.3, E.6 and E.7 shows that maximum pressure

increases with increasing slot height. Furthermore, in order to investigate the
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influence of the convex surface between jets two additional experiments has been

performed. Figures E.8 and E.9 gives the pressure distributions on the impingement

plate at Y/H'=8 distance from the jet exit slots of 5 and 10 mm height respectively.
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Figure 4.54 Velocity and turbulence intensity profiles on the impingement plate
(h=20mm twin jet impingement).

5

.,

o /H'=18
4 v xH'=22

Figure 4.55 Self similar velocity profiles in the wall jet region of the impinging
twin jet (h=10mm, Y/H'=8)
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Figure 4.56 Turbulence intensity profiles in the wall jet region of the impinging
twin jet (h=10mm, Y/H'=8)
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Figure 4.57 Self similar velocity profiles in the wall jet region of the impinging
twin jet (h=20mm, Y/H'=8)

Photographs of flow visualization on the impingement plate with surface oil flow

technique are presented in Appendix F.

Flow visualization experiments are performed for 20 mm height twin jet case.
Visualization photographs for all plate positions are presented in Figure E.1.On the
plate at the nearest nozzle to plate position (Y/H'=2), flow visualization photograph
contains four stagnation points indicating the existence of four peaks in the velocity

distribution of the impinging flow. When the plate is moved to downstream position
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Y/H'=4, two stagnation points are observed. Single jet impingement flow pattern is
observed while the nozzle to plate distance is Y/H*=8. The effect of the convex
surface between two jet exit, is viewed in Figure E.2.
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Figure 4.58 Turbulence intensity profiles in the wall jet region of the impinging
twin jet (h=20mm, Y/H'=8)
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5. CONCLUSIONS

Subsonic, incompressible twin jet flow, emanating from identical rectangular slots is
investigated experimentally. The velocity field of two parallel jets with five different

nozzle heights and spacing has been measured using HWA.

In the present study, the initial boundary conditions of jets are examined first.
Experiments revealed that, the initial velocity profiles agreed well with the laminar
boundary layer profiles of Blasius. Even though the initial boundary layer is laminar,
the flow in the mixing layer is highly unstable and quickly becomes turbulent.
Displacement and momentum thicknesses and shape factors of initial boundary layer
are presented in Table 4.1. The turbulence intensity at jet exit of each slot was 0.8%
for the exit velocity of 30m/s. Spectral distribution measured inside the mixing layer
close to the nozzle lip did not show any preferred frequency. This result

demonstrates the absence of the facility dependent instabilities.

The dependence of the twin jet flow structure on the jet Reynolds number is
investigated. 20 mm high and 100 mm long rectangular twin jet is used in order to
study Reynolds number dependence of the flow. It is demonstrated by many
researchers that the Reynolds number range substantially affects the flow properties
at low Reynolds numbers. Nasr and Lai [9] who examined the effect of Reynolds
number, reported that the flow was independent of the nozzle exit Reynolds number
in the range 11000 to 19300.

Current experimental results indicated that, the distribution of mean velocity and
turbulence intensities are virtually independent of the Reynolds number in the range
13422 to 40468.

In accordance with the previous results, jet exit velocity is maintained constant
(V;=30m/s) in twin jet experiments. General flow field characteristics of twin jets are

observed by the smoke visualization experiments.
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The flow field of two parallel jets is classified into three distinct regions; converging
region which includes a recirculation region formed between the nozzle plate and the
inner shear layers, the merging region which is the region between the merging point
and the combined point and the combined region where two jets are combined to

resemble a single jet.

Different twin jet configurations are investigated. The spatial distributions of the
mean velocities and turbulence intensities clearly reveal the flow structure of

converging, merging and combined regions.

Normalized velocity profiles in x-y plane of all twin jet configurations exhibit a high
degree of similarity in the outer shear layer while they differ in the inner shear layer.
Inner shear layers approach to the similarity with increasing downstream distance x
and give similar profiles before the combined point. Downstream of the combined
point, jets combine to spread like a free single jet. Non-dimensional velocity profiles

in the fully developed single jet region agree with the theoretical curve of Gortler.

Saddle back shaped turbulence profiles indicate the appearance of the single jet flow.
Non-dimensional turbulence profiles in combined region reach self similarity after

the velocity profiles.

The normalized mean velocity and turbulence intensity profiles in the central x-z

plane exhibit saddle shape velocity profiles up to the downstream location 4.8H".

Flow characteristics such as spreading rates, maximum velocity decay rate and the
variation of centerline velocity are examined. Maximum velocity decay, retains its
rectangular jet characteristics and can be classified with three regions: potential core
region, characteristic region and axisymmetric region. Jet growth rates of twin jets
are related to the maximum velocity decay rate. Faster decay in the maximum

velocity implies higher jet spreading.

The relation between the position of the merging point X, and the nozzle spacing S

is expressed as follows;

X
—1‘1’"’— = 0.7100(S / h)*+3%
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and the relation between the combined point and the nozzle spacing is obtained as

follows;

ch
_h— =4(S/h)+9.62

Spectral measurements of velocity fluctuations show that the development of

coherent structures in the outer shear layer is the same as that of a single jet.

The spectral measurements in the mixing layer gives frequency information of the
vortex structure in the near region of the jet flow. Vortex passage frequencies of the
initial shear layers, at a distance of x/H'=0.2-0.3 from the nozzle, are measured.
Corresponding Strouhal numbers based on the momentum thickness St, are obtained.

Strouhal numbers of initial vortex formations are almost between 0.011 and 0.012.

The variation of the peak frequencies in the spectra, measured along the shear layer,
shows a staging behavior. The initial peak value is halved at successive locations
between the nozzle exit and the end of the potential core. These stages correspond to
the pairing locations. At the end of the potential core a preferred frequency
corresponding to the passage frequency of the dominant vortical structures can be
detected. Consisting Strouhal numbers (based on the jet exit height) of preferred

modes are obtained.

Common features of two parallel jets and the offset jets are investigated. The
symmetry plane that exists between two parallel jets may appear to affect the flow
field in the same way as a solid wall does in an offset jet. The symmetry plane
between two parallel jets is replaced with a solid wall in order to obtain an offset jet.

Therefore, identical initial conditions are provided for both flow structures.

Comparison of hot-wire measurements for twin jets and offset jet with the same
offset ratio (2h/S=4.5) indicates that general flow behaviors are similar.
Nevertheless, flow reversal occurs at slightly downstream position for the offset jet.
In the reattachment region, the offset jet is subjected to strong interactions with the
wall. Although the offset jet decay faster in the near field, in the far field the flow in

the free jet region of twin jet, having broader velocity profiles than that of offset jet,
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grows faster. It is concluded that the additional momentum loses at the near wall

region of the offset jet might cause lower spreading rates.

The effect of surface curvature is investigated by placing a cylindrical convex body
between two jets. Velocity and turbulence intensity profiles are compared with the
previous twin jet measurements in order to examine the convex surface effects. It is
observed that the existence of the convex surface makes the recirculation region
shorter. Thus merging point moves upstream positions. Merging process of jets
results in the coalescence of two jets at upstream positions from the combined point
of twin jets (without convex surface). Therefore, the function of such a convex
surface between two jets, can be explained as follows: A convex surface deflects the
jets towards the symmetry axis more strongly and accelerates the flow development
procedure. As the curvature radius diminishes, the influence of the surface curvature
on the flow field is vanished. HWA results indicate that the recirculation zone,
merging length and combined length have been reduced by insertion of a convex

surface between two jets while jet spreading and velocity decay have been enhanced.

Spreading rates of jets are affected by the convex surface. In the single free jet region
of the twin jet with surface curvature flow, jet grows faster than that of the twin jet
(without surface curvature). The highest growth rate augmentation is obtained for the

highest curvature radius case.

Merging and combined point locations are determined and compared with previous
results. It is found that the equation between merging point locations Xmp/h and

nozzle spacing S/h of the TISC flow obeys the power law.

Further experiments are intended to investigate the impingement of two rectangular
unventilated jets on a plane surface. Twin jet impingement experiments were carried
out for three different nozzle to plate distances (Y). Non-dimensional nozzle to plate

distances were Y/H'=2, 4 and 8.

Jet centerline velocity is affected by the existence of the wall. As the jet approaches
to the surface, it is affected by the presence of the plate and slows down. There exists

a stagnation point at the intersection point of the jet centerline and the wall.
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The development of the velocity profiles along the x-axis shows that the jet width
Y1 approaches to the wall with increasing x distance from the origin up to the
position where the wall jet region starts. Maximum velocities also accelerate near the
impingement region and then show a slowing down characteristic in the wall jet

region.

Non dimensional velocity profiles show similarity in the wall jet region. Turbulence

intensities are not fully reached self similarity inside the measurement area.

For all impinging plate locations the converging process is terminated and merging
point takes place before the impingement. For the first case (Y/H'=2), the flow
impinging on the surface still retains its twin jet properties while for the Y/H'=8 case
flow shows fully developed single jet properties.

Pressure measurements on the impingement surface and oil film flow visualization
technique give information about the impinging flow. Pressure distribution on the
plate at Y/H'=2 position, has four peaks. When the plate is moved to downstream
position Y/H'=4, two peaks are observed in x-z plane. Pressure distribution on the
surface illustrates that the switching of axes, similar to elliptic jets also occurs in
twin jet flows. After one switch of the major and minor axis; jet, attains fully
developed single free jet flow characteristics. In this region pressure distributions
give single peak value at the origin. The maximum pressure coefficient is decreased

with increasing plate positions.

As the jet slot height increases, velocity profiles of the wall jet flow on the
impingement plate exhibit higher maximums. Turbulence intensities are also

increased. However, flow structure is remained the same.

Experimental results show that the three-dimensional twin jet spreading
characteristics are different than that of two-dimensional case. Therefore, increasing
number of studies on three-dimensional twin and multi-jets are needed. Multi jet
configurations and its impingement on a flat or curved surface can be other related
research subjects. Present study, proposes to utilize a convex surface between two jet

exits for the passive control of the flow structure. However, only cylindrical surface
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is examined in the present study. Other convex surface possibilities may be

investigated in future studies.
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APPENDIX A AUTO-CORRELATION AND SPECTRUM

a) Auto-Correlation

The autocorrelation function for a random process x(t) is defined as the average

value of the product x(t).x(t + ) [102];

R, =x(t)x(t+1) (A.1)

Auto-correlation for a stationary process is;

x(O)x(t+1) = x*(t)p(T) (A.2)

where p is correlation coefficient and;

lp(v)] < 1= p(0) (A3)

Note: The random process is said to be stationary if the probability distribution do
not depend on the absolute time. This implies that all averages are independent of

absolute time.
b) Auto-Spectral Density

The spectral density is the Fourier transform of the Auto-correlation;

S _(0)= 511; R, (e dr (A4)

R, = [S.(@e”do (A.5)
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The most important property of Syx becomes apparent when we put 7=0 in

equation(A.4),
R, (0) = jis“ (w)dw (A.6)
and equation (A.1) gives;
R, (0) = X2(1) (A7)
from (A.6) and (A.7);
(1) = [ S, (@)do (A.8)

The area under a graph of spectral density gives the mean square value of a

stationary random process x(t).

Although Six is defined as a infinite continuos function of ® in equation (A.4),
experimental data of random processes are finite discrete time series. In order to
estimate spectra from the measured data it is necessary to use discrete Fourier

Transform. If x(t) is a periodic function with period T, spectrum can be written as;

l N-1 .
S, = N-ZR,e"”’““'“’ (A.9)
r=0
where;
1 N-1
R, = N—szxw (A.10)
s=0

It can easily be proved by using equation (A.9) and (A.10) that, Sy is related to X

(Fourier Transform of x,) by the simple equation;

S, =X, X' (A.11)
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Since we are calculating Fourier Transform of a periodic function which is actually
measured in a single cycle O<t<T, it is necessary for improving the accuracy of
calculations to use a window function. A window function modifies the data by

weighting the middle of the record more heavily than the two ends.

Data windowing is available in "AcqWIRE" software. The data windows smooth
discontinuities at the joints of the periodic function. This operation corresponds to

convolving the original spectral estimate St with a filter window.

S1(F) = [S(£)W(E - £,)df, (A12)

W is the Fourier Transform of the data window. Super Gaussian, Hanning, and
Hamning windows are available in acqWIRE software. Gaussian Window is used in

the experiments.

The coefficient of Fourier Transform of a discrete function (X;) repeats themselves
for k>N-1, so that the graphs of Xy versus wy repeat itself periodically. Therefore, we
can conclude that the coefficients Xi calculated by the Fourier Transformation are

correct only for frequencies up to wy=2nk/NA=n/A. If there are frequencies above

n/A present in the original signal, these introduce a distortion of the graph called

aliasing.
N N
S S
0 f, f 0 £, f

(a) (b)

Figure A.1 Aliased auto spectrum due to folding (a) true spectrum, (b) aliased
spectrum.
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Aliasing problem is inherent in digital processing. This error may be explained by
considering an experimental record with a sampling interval At (the sampling rate is
1/At). At least two samples per cycle are required to define a frequency component in
the original data. Hence, the highest frequency that can be defined by a sampling rate
of 1/At is 1/2At. Frequencies in the original data above this frequency (1/2At) will
appear below it and be confused with the data in this range(Figure A.1)

The maximum frequency that can be detected from the data sampled at time spacing

A is 1/2A. This frequency is called Nyquist frequency.
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APPENDIX B VELOCITY AND TURBULENCE PROFILES
OF TWIN JETS
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Figure B.1 Spatial development of the velocity and turbulence profiles of twin jet issued from 5 mm high rectangular jets.
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Figure B.3 Spatial development of the velocity and turbulence profiles of twin jet issued from 10 mm high rectangular jets.
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Figure B.4 Spatial development of the velocity and turbulence profiles of twin jet issued from 15 mm high rectangular jets.
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APPENDIX C VELOCITY AND TURBULENCE PROFILES
OF OFFSET JET
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Figure C.1 Spatial development of the velocity and turbulence profiles of the offset jet issued from the 5 mm high rectangular slot wi

an offset ratio of 4.5.



APPENDIX D VELOCITY AND TURBULENCE PROFILES OF
TWIN JET WITH CONVEX SURFACE

126



“WAY) USIMI3q d0BJINS

X9AUOO B YIIM S1O[s Jemnue)dar ySiy w ¢ woiy pansst 3of um) oy Jo sapgoid sousmnqm pue £3100[aA ays Jo Juowrdofaaap feneds 1°q aIm31g

X
ooy 00¢ 002 001 0
/X ; . —g . : ——gg s . —y : ; — g b
. . : d . . , . s q : : 3 ‘ . . . . : . h
X oo¥ 00¢ 002 001 0
' ! ! 08 ' ' ' o9 ' ' ' oy _ ' ' o 0
ﬂ\x T T T T T T T T T T T T T T T T T T T T ]

<
v

<
'

s/k

s/&

127



"WAY) UI9MIIq JOBLINS XIAUOD
® YJIA S)Os Je[n3ue)odl Y31y urw ¢*/ woiy pansst 3of um) g3 Jo sajyoid 20ud[ngimy pue K3190[A ay) jo juowdo[aasp eneds z'q omsyy

oov oog 00¢
T

001
y/x 09 " T T T T T or T r T T T o0z " T T

0
T T r T ?
14

x>
o

€ g/f

128



"WISY} US9MIOq J0BLINS XIAUOD
e (M s)ofs JepnSueloal Y3y wiwr (] woly pansst 3f uim) oy Jo sa[yoid sous[nqiny pue L10ofaA oy Jo juswdojaasp reneds ¢ ISy

ooty (1 00¢e 004 0
WX ! T T oy T T v T 0t 0z T T T T ot T T v T d
T T T

€ g/

Lowiedapesfasanbiagabranslenralarsy

-
'

(2]
v

N
0

-
]

o

boprbielo bt boslsnilnnlgle

v S/

129



400

300

200

100

Lo bovedeses b lona bewra baagbs

padvsva b gabesaalneatein

y/S

T O

w
<2
>

=
—
[ ]

400

300

200

100

Figure D.4 Spatial development of the velocity and turbulence profiles of the twin jet issued from 15 mm high rectangular slots with a
convex surface between them.
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Figure D.5 Spatial development of the velocity and turbulence profiles of the twin jet issued from 20 mm high rectangular slots with a

convex surface between them.



APPENDIX E PRESSURE DISTRIBUTIONS ON THE
IMPINGEMENT SURFACE
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APPENDIX F

FLOW VISUALIZATION ON THE IMPINGEMENT
SURFACE
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Figure F.1 Flow visualization photographs on the impingement surface (h=20mm,

without convex surface)

143



-

>

-

S

ingement surface (h=20mm,

imp

Figure F.2 Flow visualization photographs on the

with convex surface)

144



CURRICULUM VITAE

Duygu ERDEM, was born in IZMIT-TURKIYE, in 1971. She completed her
primary and secondary school education in Izmit. After having her lycée diploma
from Lycée of Izmit, she continued her education in the Faculty of Aeronautics and
Astronautics of Istanbul Technical University. She graduated from Istanbul
Technical University with a B.Sc. degree in Aeronautical Engineering in 1992. In the
same year, she started her graduate studies at ENSAE (Ecole Nationale Superiour de
I’ Aeronautique et de I’Espace)-Sup’Aero in France, with a scholarship from IAS.
She received her M.Sc. Degree from ENSAE on December, 1993. She has been
doing PhD in the Institute of Science and Technology of Istanbul Technical
University since 1994. She has been employed by the Faculty of Aeronautics and
Astronautics in 1995, as a research assistant.

145



