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ABSTRACT 

The present study investigates the interaction between two jets: a primary round 

jet and secondary jets formed by a manipulated co-annular jet. Secondary jets were 

formed by a combination of a co-annular jet issuing from a nozzle with convex surfaces 

and fluid injection into the co-annular jet perpendicular to the primary jet axis. 

Experiments reported here were carried out using a two-component Laser-Doppler-

Velocimetry system to determine the effects of the secondary jet on the primary jet. Mean 

velocity and Reynolds stress measurements were made along and across the primary jet 

centerline with and without the presence of the secondary jet. It was observed that fluid 

injection into the spacing between the inner jet pipe and the outer jet surface highly 

affects the characteristics of the mixing region. Fluid injection perpendicular to the co-

annular jet transforms the co-annular jet into two separate jets positioned at 180 degrees 

apart from each other. As compared to the primary jet only case, the interaction of the 

secondary jets with the primary jet results in a planar primary jet showing faster 

centerline velocity reduction. The spreading of the jet was also seen to be twice the 

values observed with the primary jet alone at each x/d location. The Reynolds number for 

the primary jet was about 16000. 
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CHAPTER 1  

INTRODUCTION 

  Studies on jet mixing and interaction in the past have shown to abet aerodynamic jet 

noise reduction. The noise generated by a jet varies with the eight power of the jet velocity for 

subsonic flows, and it varies with the third power for the supersonic flows[2]. It is hence highly 

desirable to reduce the velocity of the jet, in order to reduce the noise generated by the jet engine. 

However, since the thrust generated by a jet engine is directly a function of the exit velocity of 

the jet, reducing the exhaust jet velocity within the engine is not considered as a viable approach 

by the aerodynamic community. Research on reducing the jet velocity after the jet exit therefore 

continues to be of interest. Enhanced jet mixing has been observed to redistribute the noise 

energy, thereby decreasing the energy content in the low frequency range while increasing 

energy at high frequencies. Some of the methods used for the afore mentioned purpose include 

the use of multiple slot nozzles or multi-lobed nozzles, using vortices/swirling flow as mixing 

enhancers, and pulsed synthetic jets to generate a flapping effect at the exit of the jet. Different 

means of reducing the jet velocity by enhancing its mixing with the ambient air has been a topic 

of recent research work as well. 

  The purpose of this thesis is to study the flow physics of a free round jet under the effects 

of secondary jets which were formed by combination of a co-annular jet issuing from a nozzle 

with convex surfaces and fluid injection into the co-annular jet perpendicular to the primary jet 

axis. This research would shed light on the mixing between the two jets: primary round and 

manipulated secondary jets, as well as give an idea about the jet spreading rates. The 

experiments were carried out using both one velocity component and two simultaneous velocity 

component Laser Doppler Velocimetry (LDV) systems. Two mean velocities, two normal 



2 

 

stresses and one shear stress were measured for the flow. In order to ensure that the LDV system 

was measuring the right velocities and to compare the data obtained for the round jet under the 

influence of the secondary jets, additional data was also taken for the round jet flow case alone. 

  A literature review on previous jet missing and noise reduction related research is 

presented in Chapter 2. An overview on the different regions of flow in a round jet and the 

working principle of Coanda jets, by manipulation of which the secondary jets used for this 

research were obtained, are discussed in Chapter 3.  

  In Chapter 4, a brief history of the LDV system is presented along with the design of the 

system used for the current research. The experimental set-up including the LDV system on table 

optics, data acquisition and reduction units, flow generation and seeding system, jet stand and the 

design of the Coanda nozzle are described in Chapter 5. The experimental procedure and results 

obtained in this research are discussed in Chapter 6. The final Chapter 7 presents the conclusions 

reached from the collected experimental data and gives some ideas for future research in this 

area.  
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CHAPTER 2  

LITERATURE REVIEW 

High noise levels experienced by residential communities living in close proximity to air 

bases as well as the ground crew of aircraft carriers has been the topic of pertinent jet noise 

reduction research in the recent years. Although the crew noise problem is reduced to a large 

extent by personal protection equipment, the noise intensity level exceeds desired standards by 

high margins [3]. The fact that there are two distinct sources of jet noise: the fine-scale 

turbulence and the large turbulence structures of the jet flow was reestablished by Tam et al [2]. 

It was acknowledged that, these structures generated near the nozzle exit quickly grow as they 

move downstream, and are often longer than the jet diameter in the axial direction.  

There have been various methods proposed by researchers to overcome jet noise using 

mixing techniques over the last 50 years. These techniques can be broadly summarized as 

passive (geometric modifications) or active control and plasma/heat discharge techniques. The 

main physical principle in all the methods studied is to increase mixing of the exhaust jet with 

surrounding ambient air in the shortest distance possible. Jet mixing has been observed to 

redistribute the noise energy, thereby decreasing the energy content in the low frequency ranges 

and increasing energy at higher frequencies. A summary of the existing methods on mixing 

enhancement by Nedungadi [4] shows that generating streamwise vortices is a generally 

accepted way to enhance mixing. Research done in the past decade includes NASA looking into 

the sources of noise using experimental and computational methods on chosen configurations. 

Bridges et al [5] investigated forty three different mixing configurations. PIV technique has been 

used by Bridges and Wernet [6] to measure the flow field characteristics (mean flow and 

turbulence) and two-point velocity correlations to identify noise sources. Additionally, three 
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different Navier-Stokes solver CFD codes (CRAFT, WIND and NPARC) have been tested 

against carefully obtained flow data to show the need for further research on understanding the 

flow physics, since the predictions of the three solvers are much different than the data [7]. The 

results clearly demonstrated that better understanding of flow physics, better computational 

codes and better techniques to reduce jet noise are still in demand.  

  As suggested earlier, the most commonly investigated noise reduction technique is the 

use of multiple slot nozzles or multi-lobed nozzles to increase the mixing at the nozzle exit [8]. 

The serrated trailing edge, also known as Chevrons, is a recent version of nozzle modification 

studied by NASA, UTRC, Boeing and several research institutions. This technique is observed to 

reduce the sound-pressure levels (SPL) on the order of 5 dB at frequencies below 1 kHz, 

reducing the noise intensity by more than half [6]. 

  Reduction of radiated noise using vortices/swirling flow as mixing enhancers have also 

been previously demonstrated. The spreading characteristic of compressible jets with various 

nozzle geometries and using various tab configurations has been summarized by Zaman [9]. 

Zaman showed that triangular tabs inserted into the core flow and inclined away from the nozzle 

exit perform very well in increasing the mixing of compressible flows including supersonic jets. 

The spreading rate of jets is shown to double for all of the configurations he studied. He also 

showed that the noise levels for both circular and rectangular jets are reduced with the use of tabs 

on the order of 10 dB at frequencies below 20 kHz. Zaman describes the different vortical 

structures formed by different tab configurations.  The detrimental effects of the tabs in reducing 

the thrust are also given in his paper; tabs are shown to reduce the thrust by amounts ranging 

from 4% to 55%. In general it was observed that mixing enhancement redistributes the acoustic 

energy; while the noise levels at frequencies below 20 kHz are reduced, the noise levels above 
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this frequency are increased. Shifting the noise to higher frequencies is welcomed since 

attenuation of high-frequency noise is readily accomplished by the atmosphere[10]. 

  Another technique studied is the use of pulsed synthetic jets with the zero net mass flow 

and 1.5% of the core mass flow rate to generate a flapping effect at the exit of the jet. Large-

scale oscillations were generated in the jet resulting in drastic reduction of the potential core[11]. 

Results show that low-frequency forcing (250 Hz) results in better mixing enhancement 

compared to high frequency forcing. However, the technique reduces the noise levels below 4 

kHz on the order of 2 dB at a jet exit Mach number of M = 0.6. A novel technique studied by 

Anderson et. al [12] and Callender et. al [13] makes use of a filament attached to the jet 

centerline for supersonic-jet noise reduction and several filaments attached to the circumference 

of the nozzle for subsonic-jet noise reduction. The filament placed at the centerline is observed to 

reduce the noise levels on the order of 10 dB overall. However, the use of filaments for subsonic 

jets reduced the noise only on the order of 2 dB. The filaments extract the acoustic energy and 

convert it to vibrational energy in addition they enhance the mixing of the large-scale eddies. 

A jet noise reduction device involving steady injection of fluid from two diametrically-

opposed ports on a rotating center body was studied by Koenig et. al [14]. It was deduced that for 

the rotation speeds currently possible, Strouhal numbers: St = 0:06 (150Hz), St = 0:12 (300Hz) 

and St = 0:23 (600Hz), noise reductions are observed over a low frequency range, up to the 

rotation frequency. Working hypothesis of this device towards noise reduction is to generate less 

sound by exciting flow modes with low instability. Thus the unstable flow modes in the potential 

core region are deprived of fluctuation energy. 

  Increased demand for aircraft noise reduction by national and international organizations 

like the FAA and ICAO [15] has recently focused increased research in this area despite the 
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success of devices such as the chevrons. Wet chevrons, micro-jet fluid injection, plasma assisted 

flow control, swirling jets, modification to nozzle geometries, Coanda effect assisted flow 

control, etc. are different research avenues currently being investigated. A review of the 

technologies prior to 2006 can also be found in the paper by Knowles and Saddington [16], in 

which they discuss different nozzle exit geometries, pulsed jets, vortex generators, and counter 

flow ideas, and other techniques in the context of increased jet mixing to reduce IR signatures. 

They indicate that rectangular jets with an aspect ratio larger than three, decay twice as quickly 

compared to circular jets, while lobed mixers can result in a 380% increase in growth rate. Eight 

percent swirl added to the flow can reduce the potential core length by half, similar to the results 

obtained by Orlu and Alfresson [17].  Unfortunately, this swirl also results in thrust loss, similar 

to the counter jet flow control and with tabs protruding into the jet. Pulsed jets increase mixing 

and reduce the potential core length by 80% compared to an uncontrolled circular jet. The effect 

of jet exit area geometry and mixing in relation to combustion performance was also studied 

using nine different exit geometries, concluding that triangular nozzles increase the mixing and 

spreading rate of jets more than the other shapes tested [18].  

  The effect of microjets on noise reduction was studied using eighteen 400 micron 

diameter microjets oriented at 45 degrees to the main jet axis around the lip of a M=0.9 jet 1.12% 

of the main jet mass flow rate[19]. Sound pressure level and PIV flow field measurements were 

made to identify the effect of the microjets. Surprisingly, the axial and the radial turbulence 

intensities reduced by 15 and 20% respectively with the use of the microjets, and the near field 

noise level also reduced by 2 dB [19]. The influence on noise levels of an unheated jet at Mach 

numbers ranging 0.7 to 0.9 with changes in size, velocity, number and orientation of were carried 

out independently [20]. It was indicated that as many microjets as feasible should be used, with 
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velocities as high as possible without causing interaction noise between the jets injected and the 

main jet, to render noise reduction. In addition to this, the jets should be located as close as 

possible to the jet exit lip. The study showed a 2dB noise reduction using 0.3% of the main jet 

mass flux for the main jet at M =0.7. Behrouzi et al [21] studied the effect of two jet vortex 

generator tabs on the centerline velocity decay rate both in low and high subsonic flows. The 

vortex generators were placed at the edge of the jet, opposing each other on the circumference of 

the jet. They used 1% of the main jet mass flow rate for the vortex generators and showed that a 

pulsating injection at 2Hz results in a larger velocity decay in comparison to using steady jets. 

The velocity reduction achieved at different x/d locations without the pulsed jets was about 5% 

but was about 14% with pulsed jets 180 degrees out of phase. The effectiveness of the jets was 

less for the high speed flow. A recent paper however, indicates that while microjets reduce noise 

under static conditions, they seem to be rather ineffective under simulated flight conditions, 

rendering the technology not attractive in its current form to Boeing [22]. 

  LES was used to calculate the flow characteristics of an M=0.9 round jet with different 

prescribed exit velocity profiles by Bogey and Bailly [23]. Simulated exit flow velocity profiles 

were varied between a flat-top exit profile (δ=0.025 r0, δ=boundary layer thickness, r0=pipe 

radius) to profiles close to fully developed round-hat profile (δ=0.2 r0). The research was aimed 

to show that the thickness of the boundary layer of the jet prior to exiting the nozzle, thus the jet 

shear-layer has a direct effect on the spreading and mixing of the exhausted jet. They showed 

that the end of the potential core occurs at z=8 r0 for the thickest shear layer case and at z=18 r0 

for the smallest shear layer case. The calculations of the far field sound field indicate that the 

noise generated by the jets with the thinnest shear layer is about 10 dB less than the noise 

generated with the thickest shear layer at angular positions between 30 and 90 degrees. High u’ 
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occurring along the centerline close to the end of the potential core and the associated low 

frequency oscillations were considered as the source for the high noise levels obtained in the far 

field with the thickest shear layer case. However, their computational sound level results are 

about 15 dB higher than experimental results, indicating the need for experimental noise 

measurements in any new research. Experimental work by Xu and Antonia [24] showed that the 

flat-top jets develop more rapidly and reach self-preservation in a shorter length than a pipe jet.  

This result is contrary to the one described by Bogey and Bailly [23], showing the importance of 

the initial shear layer in the development of jets. 

  Previous research indicates that there are several mechanisms that can efficiently increase 

the velocity decay rate and increase mixing. However, additional requirements dictated by the 

application, coupled with difficulty in understanding the noise generation mechanism are issues 

that need to be carefully considered in the study of jet noise reduction. Further investigation of 

technologies that have not been eliminated by the government or the industry is required to 

increase the application potential of these technologies and to find their limitations.  
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CHAPTER 3  

FLOW DESCRIPTION 

This chapter discusses two types of flows relevant to this thesis research: axisymmetric     

free jet flow and a Coanda jet flow. Both types of flow have been widely studied experimentally, 

and numerically, and data for these flows is available for comparison. 

 

3.1 Axisymmetric Free Jet flow 

A jet is termed as a free jet if it is issued into an ambient fluid at rest or an infinite 

environment. In a pipe flow, the flow is termed laminar if the Reynolds number,       2000, and 

turbulent when      4000;      
  

 
 where U is the bulk velocity of the flow, ‘d’ is the pipe 

diameter (characteristic dimension) and   is the kinematic viscosity of the fluid. 

When the Reynolds number is between these established values, it is called a laminar-

turbulent or transition flow. The research undertaken was conducted using turbulent jets, and the 

following discussions are thus focused on turbulent jet flows. 
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Figure 3.1 Axisymmetric jet issuing into a uniform medium at rest [25] 

 

Figure 3.1 shows an axisymmetric jet issuing into a quiescent surrounding, and the 

coordinate system for such a flow. The coordinate x denotes the centerline jet direction in a 

round jet flow and the radial direction is denoted by r. A free jet is part of a family of free shear 

flows, which include wakes and mixing layers. Figure 3.2 shows the detailed flow field for a 

turbulent jet issuing from a nozzle, indicating the three regions of interest within the flow [26]. 

The dotted boundary in Figure 3.2 represents the outer edge of the shear layer between the jet 

flow and the stagnant surrounding fluid. There are three different defined regions in the round 

jet: the near-field, the intermediate-field and the far-field. The near- and intermediate-fields 

together are called the development portion of the jet, and are significant in practical applications 

of jets for which upstream conditions influence heat, mass, and momentum transfer.  

 

 

r 

x 



11 

 

 

Figure 3.2 Axially symmetric jet in a medium at rest [26] 

3.1.1 Near-field region  

For a laminar jet, near the jet exit the flow is generally believed to be essentially laminar. 

A conical section called the potential core is seen within this region. The laminar behavior of the 

flow could be attributed to the fact that the centerline velocity for the flow from the jet exit does 

not change considerably until the end of the potential core. Neither fluctuating velocities u’ and 

v’, nor shear stress   ̅̅̅̅  are present in this region. In the current research, measurements were 

made for a turbulent air jet issuing from a long circular pipe (with a fully developed turbulent 

velocity profile at the outlet section). Figure 3.3 shows the evolution of the longitudinal mean 

velocity profile, from the experiments carried out by Boguslawski et al. [27] to determine the 

initial region flow structure of a free turbulent round jet. Solid lines show experimentally 

measured profiles. Dashed lines show the calculated results using  
 

  
           (    ⁄ )

 
   

where a = -.5d. The flow has the characteristic features of fully developed turbulent pipe flow, 

and at distances beyond 8 diameters the velocity profile becomes self-similar[28].  
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Figure 3.3 Radial distributions for longitudinal mean velocity. [27] 

A summary by Hrycak et. Al [29], of various investigations carried out to determine 

potential core length of turbulent jets established that the potential core may vary between 4.4 to 

7.7 diameters downstream [29]. Details of an experimental study on the flow characteristics of 

turbulent jet impinging on a flat plate are presented and the length of potential core is also 

presented in that paper. Potential core length was determined by plotting the centerline jet mean 

velocity      ) decay rate against x/D (x is the axial distance measured from the jet exit and D is 

the nozzle jet diameter) on log-log scale. The approach was to use the intersection between the 

lines representing     and x/D in the near field region, to define the potential core length. They 

found that the potential core length was a function of the Reynolds number for laminar flow but 

was independent of Reynolds number for a turbulent jet.  
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Panidis et al [30] studied the flow properties of a pipe jet at Reynolds number 5500 

considering flow parameters, such as, jet spreading and entrainment. In the near field region, 

observations lead to the introduction of a “preserved core” concept similar to a potential core, 

where mass flow redistribution occurs rather than entrainment of ambient fluid. Mean axial 

velocity and turbulent fluctuations are lower compared to the results of earlier investigations on 

higher Reynolds number jets. In contrast, the stronger correlation of turbulent fluctuations, 

indicative of the different flow structure development of the present jet, leads to comparable 

turbulent shear stresses.  

 

3.1.2 Intermediate-flow region  

As the jet flows downstream, diameter of the jet increases and the mean velocity along 

the jet axis decreases. A transition region occurs following the near field turbulent flow region 

(where the flow is dominated by Kelvin-Helmholtz type structures). Figure 3.4 shows the 

turbulent structure for two types of round jets: smooth contraction/nozzle and long pipe, using 

Mie-scattering technique. Small scale turbulent structures are significant in the long-pipe case as 

compared to paired primary vortices giving rise to large single vortices for a smooth contraction. 

The all-white region in Figure 3.4 is observed as near-field region, and the white to gray scale 

indicates transition region. The ‘core’ length therefore is longer for jet exiting the pipe, and 

clearly doesn’t break down until 5 diameters downstream. From this experiment it was 

concluded that the flow development in the transition region is gradual[31] and that the regular 

formation of vortex structures is disrupted by turbulent exit conditions in the jet shear layer. 

Fully developed self-similar turbulent mean velocity profiles were obtained farther downstream 



14 

 

from and beyond 15 diameters[26]. Self-similarity in velocity fluctuations although are observed 

only after 35 diameters downstream[1].  

 

 

Figure 3.4 Mie scattering sideview of smooth contraction and long pipe jets respectively[31] 

 

Effect of different initial conditions on a turbulent round free jet was studied by Xu and 

Antonia[24]. They found that distances between ring vortices may be larger in the pipe jet exit 

case than in the contraction case. The pipe jet also possesses a thicker initial shear layer and 

larger turbulence intensity than the contraction jet. The larger initial shear layer thickness 

produces lower instability frequency resulting in longer wavelength structures. They develop and 

pair at further downstream distances. These observations are in agreement with the Mie 
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scattering carried out by Mi et al [31], reestablishing that in the case of a pipe jet, where the 

initial layer is turbulent, turbulence is spread over a wide range of wavenumbers, disrupting 

vortex formation and pairing processes needed for mixing[24]. 

 

3.1.3 Far-field region  

From the Figure 3.2, region III is described as the Tolliman’s solution region. This region 

begins at about 30 diameters downstream of the flow. Here on, every axial velocity profile is 

self-similar and are Gaussian curve shaped.  

  George[32] discovered a shortcoming in the self-similarity theory and determined that the 

self-preserving state can in fact be uniquely determined by the set initial conditions, or that the 

same flow can have different self-preserving states depending on different initial conditions. 

These conditions interlink self-preservation state and formation of coherent structures. 

 In comparison with previously established data for the flow, a direct relationship was 

found between initial conditions of the flow and the development of the self-similarity in 

turbulent flows [31]. It was argued therefore that the universally accepted classical hypothesis of 

self-similarity is flawed due to its asymptotic dependence on the initial conditions. Antonia et al 

[33] considered two circular jets issued from a contraction with a laminar top-hat profile and a 

pipe with its exit velocity showing a fully developed mean velocity profile. They authenticated 

that in spite of the initial conditions being significantly different, far field(x/d   30, d: jet 

diameter) non-dimensional velocity fluctuations showed an organized motion. 

 The half-width of the jet can be used to find the representation of mean velocity 

profile[34] in the form equation 3.1 
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   (    

 ) 3.1  

 

where    is the entrainment constant,   is the ratio r/x , r being the radial distance, U and Uc  are 

the mean velocity and centerline exit mean velocity respectively. A numerical investigation on 

the effect of inflow conditions on the self-similar region of a round jet in an orifice with same 

momentum flux was studied by Boersma et. al [1] and the value for    = 76.1 was found., which 

agreed with the Panchapakesan and Lumley [34] top-hat initial velocity profile value of    to be 

equal to 75.2. 

 

3.2 Turbulent Velocities and Reynolds Stress 

For studying a turbulent round jet, it is important to understand its fluctuating velocity 

components. Within a turbulent flow, the actual velocity averaged over a region fluctuates about 

a mean value. Calculation of the normal and shear stresses are based on the Reynolds averaging 

technique. In this technique, the instantaneous velocity is shown to be the sum of the mean 

velocity and fluctuations around this mean value. With a defined instantaneous velocity 

component, U,  

    ̅        3.1  

 

  ̅̅ ̅̅    ̅       )  ̅       )̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ 

=      
             ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  

3.2  
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  ̅̅ ̅     ̅̅ ̅̅        
 ̅̅ ̅̅ ̅̅ ̅̅ ) 

 

3.3  

 

The equation reduces to the above form, with       
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅   , since the time average of the 

fluctuating velocity, u, must be zero due to its definition as the variation of velocity from the mean 

velocity, where ̅  denotes time-averaging. The average value of the squared fluctuations is 

named as normal stresses. Reynolds stresses   ̅̅̅̅   are obtained by the time averaged values of the 

correlations between u and v. Adding in a second dimension to the flow, the procedure for 

evaluating the product of two velocity components simplifies    ̅̅̅̅   to be, 

  ̅̅̅̅       ̅ ̅) 

 

3.4  

The turbulent quantities are defined by the coordinate system shown in Figure 3.1. The 

fluctuations are denoted as   (the axial fluctuations),    (the radial fluctuations), and  , (the 

circumferential fluctuations). The geometry of the axisymmetric free jet flow requires that the 

normal stresses,  ̅̅ ̅,   ̅̅ ̅, and   ̅̅ ̅̅ , should be symmetric about the centerline of the jet. The only 

nonzero Reynolds stress,   ̅̅̅̅  shows characteristics of an odd function and is observed to be anti-

symmetric. Beyond the potential core region, a plot of the stresses non-dimensionalized by 

square of centerline axial mean velocity at a given axial location, versus the radial distance non-

dimensionalized by   
 ⁄
 can be shown to overlap. The radial distance where mean velocity is 

half of the centerline velocity for that axial location, is defined by   
 ⁄
 . Non-dimensional stress 

vs. non dimensional radial location is shown in Figure 3.5 [25]. 
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Figure 3.5 Profiles of the Reynolds stresses for self-similar round jet, curve fit [25] 

 

3.2 Coanda Jet Background and Flow Characteristics 

Coanda Effect is the tendency of a fluid to attach itself to a curved surface and remain 

attached even if the direction of curve is away from the initial flow direction. The principle was 

discovered by a Romanian aerodynamicist Henri Marie Coandă, who recognized the practical 

application of the phenomenon towards aircraft development. The Coanda effect is a result of 

entrainment of ambient fluid around the fluid jet. If a wall does not let ambient fluid to be 

entrained, the jet moves towards the wall instead. The fluid of the jet and the surrounding fluid is 

generally the same. Figure 3.6 shows an original device designed by Henri Coanda. 
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Smith et al [35], discuss Coanda jet’s key features as follows: 

 Inviscid effect whereby a curved flow will remain attached to a curved surface; 

 A low pressure created by jet entrainment will draw the jet (or flow) towards the surface 

attributed to its viscous effects; 

 There exists a destabilizing effect of the curvature on the outer part of the jet’s turbulence 

which results in higher entrainment for a curved jet than a plane wall jet. 

 When the trailing edge of an airfoil is rounded enough, the jet following the curved 

surface causes the mean air flow over it to remain attached. This will delay separation 

corresponding to that predicted by potential flow calculations with the same circulation. Usually, 

Coanda effect is used to increase lift over airfoils at high angles of attack by blowing air over the 

surface to delay the separation.  Instantaneous thrust vectoring can be achieved if the Coanda jet 

is deflected downwards following the trailing edge of the wing. This phenomenon is used as a 

method for directing the thrust. The thrust can be controlled by adjusting Coanda jet’s speed and 

results in the attainment of the lift without using mechanical high lift devices [36]. 

The current thesis involves studying the interaction between two jets: a primary round jet 

and a set of secondary jets created by blowing air through a device that exhibits Coanda effect. 

The set-up is similar to the one used by Allen and Smith [37] for Coanda assisted spray 

manipulation (CSM). In that work the variation in vectoring angle and the jet spreading rate for 

an axisymmetric Coanda-assisted flow, as functions of its exit geometry and flow parameters 

were studied. The main significance of the CSM device was that it enabled long-term operation 

of controllable jets without having to depend on moving parts.  
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Figure 3.6 One of the original devices designed by Henri Coanda 

The nature of the Coanda effect makes calculation of the flow field difficult due to the 

boundary layer separation and entrainment interaction [37]. The effect on aerodynamic drag on a 

two dimensional car shaped body using Coanda effect as a mode of active flow control to modify 

the ambient flow around the car model has been studied by Geropp and Odenthal [38]. This 

involved redirecting the air from the front of the car (where the pressure is high) and circulating 

it to the rear end through two horizontal slots that spanned over and under the car. Due to 

Coanda effect, both the flow that emerged from the top and bottom slots near the rear ends of the 

car prevented separation and reduced wake formation. An increase in base pressure in the wake 

area due to this effect resulted in total drag reduction of the model. 

Sokolova [39] studied the effect of spherical recess in Coanda flow characteristics and 

established that both in subsonic and supersonic vehicles the introduction of spherical recesses 
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result in increase of skin friction drag that is a function of the spherical recess size. Miozzi and 

Romano [40] experimentally investigated the effect of Coanda wall on a free-surface turbulent 

jet. The intent of study was to use Coanda effect as a flow control method to reduce pollution at 

river deltas. They investigated the effect on the jet configuration by changing the distance of a 

lateral wall from the jet outlet. The resulting velocity fields proved the Coanda jet dependence on 

the lateral wall distance. This dependence seems to disappear in analysis for wall distances larger 

than 5 jet diameters and no self-similarity is observed along the inclined jet direction hereon.  

Mason and Crowther [41] studied the fluid thrust vectoring capabilities using Coanda 

effect on a low observable aircraft. Thrust vectoring is a maneuver effector which can be used to 

augment aerodynamic control moments at high angles of attack for an aircraft. The reduction in 

size of horizontal and vertical tails and reduction in aircraft drag are some major advantages of 

using thrust vector control at lower angles of attack. There are two main types of flow vectoring 

techniques: 1) co-flow control, where a secondary jet undergoing Coanda effect flows in the 

same direction as the primary round jet and 2) counter flow, where the direction of secondary jet 

flow is opposite/ inwards as compared to the primary jet. For these experiments, co-flow control 

technique was used. The effectiveness of various jet geometries with zero free stream velocity 

(V
∞ 

= 0), increasing secondary jet blowing rates, changing the Coanda surface geometry and 

secondary jet gap height on the forces generated were investigated and found to influence the 

efficiency in vectoring capabilities.  

Another application of Coanda effect is towards industrial jet noise reduction, an 

established technique in the U.K since early 1980s. Li and Halliwell [42] used schliren system to 

study the near field mixing characteristics and noise spectra of differently shaped commercially 

available nozzles in U.K.’s manufacturing industries, namely: Soundscreen, Thrustr, Agron and 



22 

 

Plug nozzles. Reduction in near field viscous losses and uniform turbulent mixing regime for 

these Coanda nozzles ensured significant noise reduction while maintaining high thrust 

efficiency. A picture with all the nozzles is shown in Figure 3.7. 

 

Figure 3.7 Schematic diagrams of Coanda nozzles [42] 

 

Kim et. al[43] performed optimization studies on Coanda ejectors. They studied various 

flow patterns inside a Coanda ejector and the effect of change in geometric/design parameters on 

the mass flow rate of the induced flow. The working principle of Coanda ejectors is as follows: 

A primary flow is supplied from a high pressure reservoir and it follows the curved surface of the 

ejector due to Coanda effect. Expansion /compression waves are created depending on the 

pressure at the outlet section of the primary nozzle. Since the expanding primary jet ejects at a 

high velocity, a turbulent mixing zone is developed at the primary nozzle outlet when it comes in 
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contact with the ambient air. This results in the momentum transfer from the primary jet to 

stagnant air. Due to turbulent shear stress and viscous effects, a secondary flow is dragged 

towards the ejector exit while being mixed continuously with the primary flow. The main 

purpose of a Coanda ejector is to make the ratio of the induced mass flow rate to the primary 

mass flow rate high. Two parameters were found to strongly influence this ratio according to 

Kim et al’s[43] study, 1) the throat gap of the primary nozzle: a smaller throat gap led to 

increased turbulent mixing at the ejector throat resulting in better entrainment of the secondary 

jet into the primary flow, and 2) the stagnation pressure ratio which directly influenced jet shock 

cell structure, stability of the jet and the entrainment rates. 

Other prevalent studies on Coanda effect include Coanda Flare, used for burning waste 

gases in the petroleum industry and an extended application as clean combustion, pre-mixed 

flame stabilization etc [44]. 
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CHAPTER 4  

LASER DOPPLER VELOCIMETRY (LDV) TECHNIQUE 

 

In this chapter, the principles of the laser Doppler velocimetry technique are discussed in 

general.  First, the basics of laser technology are presented.  Next, the principle of Doppler Effect 

is discussed, followed by signal processing and data reduction techniques, and finally the particle 

seeding generation.   

 

4.1. Introduction to Lasers 

LASER stands for light amplification by simulated emission of radiation. It is an 

invention credited to Gordon Gould in 1959. Laser differs from ordinary light due to its 

monochromatic (maintaining a single colored light), highly coherent and directional beam. Laser 

is also classified as an electromagnetic radiation. Lasers are used for scientific research, medical 

applications, military uses, and for communication (spacecraft) purposes.  The high amount of 

power a laser beam can produce in a concentrated area is applied to cutting and drilling processes 

in the manufacturing industry.  For medical applications, narrow intense laser beams can be used 

to cut away damaged tissue without affecting the nearby healthy tissues.  The use of laser has 

been identified in the cosmetic industry as well. For surgical methods that include boring holes in 

the skull, welding the retina, sight correction, vaporizing lesion etc. laser technology is currently 

in demand. 
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4.2. Doppler Effect 

Doppler effect was discovered by Christian Doppler, an Austrian mathematician and 

physicist in 1842. It is defined as the change in the apparent frequency and wavelength of a wave 

as an observer and/or a source move towards or away from each other. For a stationary point 

source of sound, the sound waves are produced at a constant frequency, and the wave fronts 

propagate away from this source at a constant speed of sound in the medium. In such a situation, 

all the observers in the system will hear the actual frequency of the source. The Doppler effect is 

also observed for a light wave in the same fashion as described for acoustic waves above. For a 

laser beam, the term wavelength refers to the distance between wave fronts. 

           4.1  

where c is the speed of light,   is the frequency and   is the wavelength associated with it. 

 

Figure 4.1 Doppler Effect 

 

Equation 4.1 inversely relates the velocity of light with its wavelength and frequency. 

Suppose a source is coming towards an observer/receiver, the waves in front of this source are 

seen to be closer to each other, resulting in decrease of wavelength.  Since the wavelength 
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decreases, corresponding frequency must increase, marked by the blue shift in Figure 4.1. 

Conversely, for an observer standing on the right side of the figure, the source is moving away 

relative to the observer, resulting in a wavelength increase and decrease of frequency (red shift). 

In conclusion, by studying the change in wave frequency it is possible to determine if the source 

is approaching or receding with respect to an observer. It is crucial to understand that the original 

wave frequency of the source does not change; it is only the observed frequency for the receiver 

that changes. Thus, if the instantaneous change in frequency is found, then it could be used to 

estimate the source’s speed. 

The Doppler Effect can be applied to the measurement of particle velocity by observing 

the light scattered from the particles.  As a particle moves, the frequency of the light that is 

scattered shifts, proportional to 2v/c, where, v is the velocity of the particle, and c is the speed of 

light.  Current spectroscopic techniques do not have the capability to detect frequency shifts of 

the velocity of particle which is very much slower than that of the speed of light.  Thus, the 

heterodyne technique was developed to correctly detect this frequency shift.  In this technique, 

unscattered and scattered light are mixed together to measure the beat frequencies that are a 

result of Doppler Effect.  

Yeh & Cummins [45] were the pioneers who established a possibility of measuring the 

velocity of particles using laser light and Doppler Effect in 1964. An experiment was conducted 

by them using a helium-neon laser at a wavelength of 632.8 nm, where the Doppler shifts in 

Rayleigh scattered light at low velocities was examined using a laser spectrometer. 

Monodispersed polystyrene spheres of diameter 0.557 µm were introduced in water to act as 

scattering particles. The experimental set-up is shown in Figure 4.2. 
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Figure 4.2 Experimental set-up used by Yeh and Cummins [45] 

 

They successfully measured the velocity profile of a laminar flow of water through a 

10cm diameter flow tube, at five radial positions for three flow rates(Q = 0.033, 0.066, and 0.10 

cm
3
/sec). In the LDV technique, the flow stays undisturbed with the use of laser beams and 

properties such as temperature or density within the flow need not be measured for changes due 

to its use. Although the original design by Yeh and Cummins incorporated the use of LDV 

technique for one velocity component, modern systems usually are designed to have t3D- 

measurement capabilities.  

George and Lumley [46] had indicated that the primary problem in trying to relate 

Doppler frequency with velocity of say even a laminar flow is that Doppler frequency of the 

scattering particle is not steady. These particles have different phases and intensities depending 
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on their individual sizes and positions within the probe volume. This exists in spite of most of 

these scatterers having the same frequencies.  

 

4.3. Working Principle of LDV  

The popularity of LDV as a flow velocity measurement technique is due to its capability 

to accurately study fluid flow characteristics in both subsonic and supersonic flows ranging from 

flow within blood [47] and vascularized tissue [48]. In addition to these, flows in internal 

combustion engines [49], atmospheric turbulence, compressors [50] etc.; which were previously 

considered difficult have been successfully analyzed using LDV. The main advantage of using 

LDV for any flow measurement is because it is a non-intrusive method. The frequency shift due 

to light scattered when a particle passes through the probe volume in relation to the frequency of 

the receiver is given by Albrecht et. al [51]: 
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Figure 4.3 Working principle of LDV 

 

where fb is the frequency of light scattered by the particle, fr is the frequency detected by 

the receiver,    is the wavelength of laser beam,    is the Doppler shift frequency, the unit 

vectors in the directions of incident beam and in that of the particle towards the receiver are eb 

and epr respectively.   ⃗⃗⃗⃗   is the velocity of the particle and c, the speed of light. Conventionally, 

the speed of the source is taken to be positive if source is moving away from the observer and it 

is negative if source is moving towards the observer. Figure 4.3 presents a detailed vector 

diagram and equations 4.1 through 4.3 represent the relationship between scattered and detected 

frequencies. 
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Figure 4.4 Dual beam configuration 

 

In Figure 4.4, we see two mutually coherent incident beams intersecting with each other 

at an angle θ. The ellipsoidal region where this intersection takes place is called the probe 

volume or measurement volume. In this region, they form constructive and destructive 

interference fringe patterns as shown in Figure 4.5. The length    in between the fringes are 

determined by the direct relationship with individual wavelengths of laser beams used and 

inverse proportionality to the angle between the incident beams.  
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Figure 4.5 Fringe pattern with distance between fringes 

 

The simplified equation form of equation 4.6 for two laser beams is as follows: 
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where |  |is the particle velocity and     is the component of velocity perpendicular to the 

fringes. The period of fringe crossing TD is related to the resultant Doppler shift frequency (fD) 

between the two incident beams as 

        4.5  

 

Therefore, 
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Figure 4.6 Particle directions (a) without and (b) with frequency shifts respectively 

 

When a particle passes through the probe volume, a signal is obtained. The direction of 

the particle is not clear from this signal, meaning that for both particles shown in Figure 4.6, the 

measured signal will read the same value. To overcome this problem a frequency shifting 

method is used. Bragg cells or acousto-optic modulators are used to shift the frequency of one 

the beams. This results in the fringes moving with a constant velocity. When the particle is 

stationary, the receiver light frequency is equal to the Bragg-cell shift frequency. But if the 

particle moves in the direction of the fringes, the receiver light frequency is equal to the 

difference between the Doppler frequency and the shifted frequency. Similarly, if the particle 

moves opposite to the direction of fringes, the receiver light frequency is the sum of Doppler and 

shifted frequencies. 
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where     is the shift frequency, unit vectors   and   are the vectors along the beams, and were 

shown in Figure 4.4. 

 Figure 4.7 shows the intensity distribution of the scattered light as a particle passes 

through stationary fringes. A Gaussian envelope is observed due to the Gaussian intensity 

distribution within the measurement volume. 

 

 

 

 
Figure 4.7 Particles moving in fringe pattern and the distribution of the scattered light  
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4.4. Measurement Volume 

 Figure 4.8shows the measurement volume dimensions and the dimensions of the measurement 

volume are given with the following equations: 

    
  
  

  
     

    
 4.8  

 

    
     

           
 4.9  

 

   
     

           
 4.10  

 

  
     

                  
 4.11  

 

 



35 

 

 

Figure 4.8 Measurement volume dimensions 

 

Where     is the number of fringes,    is the diameter of the measurement volume,      is the 

diameter of the laser beam in the locations where the centerline intensity is    times the light 

intensity,    is the length of the measurement volume, f is the focal length of the lens used,   is 

the wavelength of the laser,   is the half angle between the intersecting beams.  

In order the measure the velocities correctly, the measurement volume has to be formed 

by laser beams that overlap at their respective waist positions. When a collimating lens focusses 

a laser beam, a converging-diverging beam is created. The sharpest point of focus or the point 

where the beam changes from a convergent beam to a divergent beam is the waist position. 
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Figure 4.9 shows the different types of distortions that can exist if the beams do not intersect at 

their respective waist positions.  

 

 

Figure 4.9 Distortion of the fringes at the measurement volume [51] 

 

4.5. Signal Extraction 

In Doppler signal processing, velocity and fringe spacing are assumed to be constant 

throughout the measurement volume. The required velocity components and turbulence 

parameters are measured using the signal obtained as the particle passes through the probe 

volume. 

Figure 4.10 shows an original signal in comparison to its analytical spectrum (which is 

the Discrete Fourier Transform in frequency domain) as the particle passes within the 

measurement volume. The spectrum takes the shape of a Gaussian intensity distribution. It is 

seen that there are noticeable disturbances or noise included in the signal, which affects the 

calculation of Doppler frequency and in turn the calculated velocity of the particle. The source of 

these disturbances could be electronic signal mismatch or light collected from sources other than 

the particle. 
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Figure 4.10 (a) Original signal and its spectrum- the top two figures and, (b) Low pass filtered 

signal and its spectrum- the bottom two figures.  

 

To reduce these unwanted set of signals or disturbances, the original signal is filtered 

using a low-pass filter. The new low-pass filtered spectrum shows only the required signal with 

the disturbances cut off. The peak of this distribution gives the usable signal frequency to 

calculate the respective velocity. 

Signal-to-noise ratio (SNR) is a measure of the noise level created, which is defined as 

the ratio of the power of signal fluctuations σs
2
, to the power of noise fluctuations σn

2
, and is 

given in decibels(  ) as: 

(a) 

(b) 
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4.6. Particle Seeding 

 One of the crucial steps in making velocity measurements using the LDV technique is 

seeding the flow with particles suitable for the flow conditions. These particles need to scatter 

enough light for analysis. Particle seeding may not be mandatory in some fluids such as water, 

which could have enough particles to study the flow. Some basic requirements that are expected 

from particles used for seeding the flow are: 

 Particles should closely follow the flow. 

 Particles must scatter enough light to give rise to measureable signals. 

 Particles must be present in desirable and optimum amounts in the flow. 

Some other factors that influence the choice of seeding particles include temperature of the 

system/flow conditions, reactivity with the fluid, light collection angle and even magnitude of 

velocity fluctuations. 

The performances of an LDV system can be improved to a large extent with the right 

choice of particle seeding. It is somewhat contradictory that the selection of the particle should 

take into consideration the following: the size of the particle should be small enough to follow 

the flow but large enough to scatter the laser light so as to obtain good signals. In short, the 

geometric parameters of the scattering particles, flow velocity, the fluid medium and its optical 

properties can influence the signal quality. The number of particles in the flow needs to be high 

enough to produce a good data rate. 
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The aerodynamic diameter of a scattering particle is defined as the diameter of a unit 

density sphere with the same settling velocity as the particle, and directly depends on the density, 

and the diameter of the particle. The equation for aerodynamic diameter is given in equation 

4.13. This is used to understand the ability of a particle to follow the flow. 

     √  (
  

   
) 4.13  

where da is the aerodynamic diameter,   is the density, Cd and Cda are the Cunningham slip 

correction factors for the particle and a unit density particle respectively and   is the diameter of 

the particle. 

Cunningham slip correction factor is defined as the ratio of resistance force (drag force) 

on the non-spherical particle to the resistance force on its equivalent volume sphere, when both 

move at the same relative velocity relative to the gas. For a perfectly spherical particle, therefore 

the aerodynamic diameter is simplified to 

     √  4.14  

Although repetitive, it is required to look into the other two factors of the particle that 

influence its selection: One is related to the ability of the particle to follow the flow through 

sudden changes in velocities, or in other words the chosen particle must be able to withstand 

high frequency fluctuations. The other factor is related to the settling velocity of the particle, 

meaning it should be suitable for low velocity flows, such as high viscous fluid flows or blood 

flow.  These particles are expected to be inexpensive and non-toxic as well.  
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The particle velocity at any given time after a change in fluid velocity is given by  

     

       
  

  
  4.15  

 

where Vg is the velocity for the gas after step change, Vp is the particle velocity at a given time t, 

Vgi and Vpi are the gas and particle velocities before the step change,   is the relaxation time for 

the particle. 

  
   

 

   
 4.16  

 

The relaxation time   is a function of density of the particle   , the aerodynamic diameter  , and 

  the refractive index of the medium. Frequency response for the same particle is given by  

   
 

   
[
 

  
 
  ]

 
 
 4.17  

 

where Ar is the ratio of the oscillation amplitude of the particle to the oscillation amplitude for 

the fluid.  

Suppose we select a particle that has a low density and a small diameter, then the 

relaxation time for that particle is small. From equation 4.17, frequency is inversely proportional 

to the relaxation time. Relating the small relaxation time for the particle to this frequency will 

result in a high frequency response rate for the particle.  
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The settling velocity of the particle     depends directly on the density difference between the 

particle and the fluid   , particle diameter a, gravitational acceleration   , and the dynamic 

viscosity   .  

Previously, it was discussed that the Cunningham correction factor takes care of the 

mismatch in signals due to resistance from the drag force on the individual particle which slow 

them down. A velocity lag can cause error in the mean velocity and turbulence measurements. 

Smaller sized particles can contribute to additional noise signals and larger particles tend to be 

heavy and therefore not follow the flow. An optimum uniform size is hence a requirement for the 

particles selected. Other than the particle size, shape, refractive index etc. the geometry of the 

receiver optics can affect the quantity of light reaching the photo detector. The amount of light 

from the scattering particles should be large enough to produce good quality signals for 

measurement. 

The number of particles should be high in order to get measurable signals. The 

probability of finding exactly one particle within the probe volume is high when 

      4.19  

where Np is the number of particles in the flow with its unit as particles/    and V is the volume 

of the probe volume in    . 

Therefore if more than one particle is required to be in the probe volume, the relation in equation 

4.20 must be true. 
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      4.20  

Conversely, if less than one particle is desired, Np should be chosen such that 

      4.21  

The concentration of particles within the flow is related to Np, by the volumetric output 

flow rate of the seeder Qs, the seeder particle concentration Ns, and Qt the total volumetric flow 

rate as follows: 

    
     

  
 4.22  

 

 

4.7. Particle Generation Techniques 

 Particle generation techniques have a direct influence on the particle size (diameter) and 

its concentration (total number of particles). These being important parameters in deciding the 

type of seeder to be used, it is clear why a discussion on the techniques is crucial. Some widely 

used particle generation techniques are: atomization, evaporation/condensation or by a dispersion 

of solid particles. 

 

Figure 4.11 Plot showing particle number relative to the input pressure for the atomizer 
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The atomization method generates liquid droplets using compressed air. In Figure 4.11, 

the particle number is plotted against input pressure. An increase in the input pressure to the 

seeding flow will result in more number of particles being generated. The particle generation 

technique used in this research is a six-jet atomizer consisting of a pressure regulator, dilution 

system and aerosol outlet sections. Figure 4.12 shows the schematic of the atomizer. The 

working principle of the atomizer can be summarized as follows: a) Pressurized air forms a high 

velocity jet when it enters the small orifice of 0.015” diameter, b) atomizer liquid is drawn up 

through the liquid tube due the sudden pressure drop created, c) the high velocity jet breaks the 

liquid into droplets, d) the bigger sized droplets hit the spherical impactor and the smaller 

droplets make their way through the drain towards the aerosol outlet. In case solid particles are 

required for seeding the flow, atomization of solutions such as salt or sugar in water may be 

done. Particle sizes of the solid particles are based directly on the concentration of the solution 

and on the downside; the particles generated by this method are polydisperse or are non-uniform.  

In the evaporation/condensation method, oil droplets are atomized using an atomizer and 

these droplets are evaporated and then condensed on nuclei. This method produces particles that 

are uniformly sized particles or are monodispersed. Using oil as the particle generating fluid 

would unfortunately render it unsuitable for high temperature flows.  
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Figure 4.12 TSI 9306 Impact Atomizer 

   

For LDV measurements of high temperature flows, usually, solid particle dispersion 

method is used. A fluidized bed aerosol generator is used to overcome the difficulty in both 

getting the right particle size from the material used and being able to feed these particles into 

the flow at the desired flow rate. This generator uses a bed of brass/bronze beads that float by the 

drag force of the air and break up the powdered solid particles. Highly stable flow rates and 

concentrations of the seeding particles are obtained with this generator.  
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CHAPTER 5  

EXPERIMENTAL SET-UP AND PROCEDURE 

This chapter describes in detail the experiment set-up including the LDV system used for the 

current research. The experimental procedure and various parameters taken into consideration 

while taking data are also mentioned. 

5.1. Components of the LDV System 

The on-table optics of the LDV system used for this research consists of a laser source, 

mirrors, beam splitters, polarizers, acousto-optic modulators, laser-to-fiber couplers, lenses, fiber 

optic cables and photomultiplier tubes. The right choices for all the transmitting system 

components depend on the predetermined type and range of flow field.  

5.1.1 Mirrors  

The laser light emerging from the laser is directed towards different components of the 

on-table LDV system including polarization rotators, beam splitter cubes, Bragg cells etc., using 

mirrors. Mirrors are also an integral part of the beam alignment system. The laser power is an 

important selection criterion for mirrors, as they should be able to withstand maximum damage 

due to the laser beam’s power. Flatness of the mirrors and their reflection loss (loss of light 

travelling between different mediums, glass and air in this case) are also two factors that are used 

to choose the correct mirrors. Figure 5.1 shows mirrors used as part of on-table optics for the 

current research. 
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Figure 5.1 Mirrors as a directional entity, part of on-table optics 

5.1.2 Beam splitters 

An incoming laser beam can be split into two or more beams by using beam splitters. 

Commonly used beam splitters have a 50/50 split ratio design. This means that the intensity of 

the outgoing beams split to beams of equal reduced intensity as compared to the original beam. 

The current research utilizes both polarizing beam splitter cube (BSC) shown in Figure 5.2 and 

Bragg cells or acousto-optic modulators shown in Figure 5.3 as beam splitters. The BSC is 

coupled with a polarization rotator (polarizer) in order to achieve variable intensity in the split 

beams. The direction of the incoming beam polarization passing through the BSC is 

perpendicular and the polarization of the reflected beam is parallel.  
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Figure 5.2 BSC, polarization rotator and mirror, part of on-table optics 

 

Figure 5.3 Acousto-optic Modulators, part of on-table optics 

 

BSC 

  Polarizer 
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Bragg cells are the second type of beam splitters used in this research. They split the 

single incoming beam into beams of different frequencies depending on the modulator frequency 

and its harmonics. Usually the zeroth order (non-shifted) beam and the first order shifted beams 

are used in the system design. The acousto-optic modulators can up-shift or down-shift the 

optical frequency depending on the orientation of the beam relative to acoustic wave. When the 

direction of sound field is opposite to the incoming laser beams Bragg cell angle, the optical 

frequency is said to be up-shifted.  If the field direction is same as that of the beam angle, then it 

is down-shifted. The schematic of the frequency shift obtained is shown in Figure 5.4, the 

incident beam is referred to as I,  zeroth order beam as    and the first order shifted beam is 

termed   . 

 

 

Figure 5.4 Working explanations for Optical Upshift and downshift 
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Figure 5.5 Bragg Cell working principle 

 

Figure 5.5 shows the working principle of the Bragg cell. In Figure 5.5,   is the half 

angle between the shifted and non-shifted zeroth order beam. 

        (
  
   

) 5.1  

where    is the wavelength of the non-shifted laser beam,     is the acoustic wavelength of the 

Bragg cell and it is defined as follows: 
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 5.2  

 

with Va being the acoustic velocity in the Bragg cell medium and fsh  is the frequency shift. 

 For this research, a solid state Bragg cell is used. The Bragg cell contains high quality 

flint glass as the interaction medium and Lithium Niobate piezoelectric transducers are used for 

the radio frequency generation. 

5.1.3 Laser-to-fiber couplers (LTFC) 

LTFCs are required to launch the laser beams into the fiber-optic cables. These devices 

hold the fiber optic cables in place and have 5 axes adjustment capabilities that help the beam to 

be centered (through the lens that focuses the beam) into the fiber optic cable so as to have 

minimal intensity losses. Figure 5.6 (a) and (b) show LTFC used for coupling differently colored 

beams. 
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Figure 5.6 (a) LTFC focusing green laser beam, left (b) LTFCs coupling different colored 

beams, right. Part of on-table optics. 

 

 

5.1.4 Polarizers 

Interference patterns are created only when the polarization of the beams in the study 

have the same direction of polarization. A polarizer is shown in Figure 5.2 and the various 

shapes of polarized light are shown in Figure 5.7. 

The type of polarization depends on    the required phase difference between the beams, 

which is given by 

          )
   

 
 5.3  

where d is the thickness of the polarizer,    is the direction of an ordinary wave, and    is the 

direction of the extraordinary wave (   and    are orthogonal to each other). A quarter-wave 
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plate generates circularly polarized beam whereas a half-wave plate is used to rotate the direction 

of polarization, therefore half-wave plates are commonly used in LDV system designs. 

 

 

Figure 5.7 Polarized light a) 45˚ linear, b) right hand circular c) left hand 45˚ linear, d) 

right hand 0˚ elliptical. 

 

5.1.5 Lenses 

Lenses are used to primarily focus the laser beams to a required focal point. Other 

purposes of lenses in the LDV system include getting the beam diameter of a desired size, 

launching beams into fibers (Figure 5.6(a)) and collimating the laser beams. Ultimately, the 

lenses help produce desired measurement volume. In Chapter 4, it was discussed that crossing 

the beams at their waist positions was critical in acquiring measureable signals for data analysis. 
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The size of the beam-waist is determined by the location of the front focal lens after the beam 

emanates from the fiber optics. Collimating a beam using lens is necessary for shaping the beam 

and for its waist adjustment and beams that are uncollimated can result in measurement volumes 

that are highly disturbed. Figure 5.8 shows a lens combination to obtain a desired focused beam 

location.  

 

Figure 5.8 Focusing a Gaussian beam [51] 

 

The distance between the two lenses shown in the figure can be changed. If f1 and f2 are 

the focal lengths of the lenses, 

    
  
  
 (          

  
  
) 5.4  

 

         |
  
  
| 5.5  

When the lens with the required focal length is selected and positioned at the right 

location, the beam expansion that is needed can be achieved. The size of the beam at the point it 
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is collimated directly affects the size of the beam at the beam-waist. The focal length of the lens 

is then determined by calculating the collimated beam’s diameter and the distance it takes to 

achieve that diameter.  

 

Figure 5.9 Expansion of the beam after fiber transmission and collimation using the front 

focal lens 

 

The collimating lens is then placed at a distance away from the fiber optic end equal to 

the focal length of that lens. If the desired radius of the beam at collimation is rw2, the focal 

length of the lens that is required is given by 

   
     

  
 5.6  

 

where   the laser light wavelength and     is the beam radius, a is the core radius of the optical 

fiber. Any desired parameter can be calculated using the above equation while the other 

requirements are known. 
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5.1.6 Fiber-optic cables 

 The laser beams are focused into fiber-optic cables using the LTFC. Fiber-optic cables 

consist of one or more optical fibers that primarily transmit the laser light that emerges from the 

LTFC, all the way to the probe head where the transmitting and receiving components of LDV 

are housed. Optical fibers consist of an inner layer called core and a cladding (the outer layer) 

which render total internal reflection due to the difference in their refractive indices. Refractive 

index is the ratio of the velocity of light in a specific medium to the velocity of light in vacuum. 

Total international reflection occurs when the angle of incident light between two mediums (or 

within a boundary between these two mediums) is greater than the critical angle (angle of 

incidence over which total internal reflection occurs) causing the light to not refract off the 

boundary but reflect within it totally and continuously. Cladding also protects the fiber from 

external damage. 

 

5.2 LDV System for current research  

  The LDV system includes on-table optics, and the data acquisition and reduction units. 

On-table optical equipment is used to generate the laser beams and to couple them to fiber-optic 

cables that transfer these to the LDV system head. The system head is used to generate the 

measurement volume and to collect the scattered light from the particles within the flow. The 

scattered light is further transferred to the data-acquisition and reduction units using receiving 

fiber-optic cables. An image of the on-table optics is shown in Figure 5.10 
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Figure 5.10 LDV system used in the current research 

 

5.2.1 On- table Optics 

  A Coherent-Innova-308, class IV Argon ion laser with a maximum output of 8W-all-

lines, equipped with an etalon and a single-line mirror is used as the light source. The LDV 

system is a single color (green, 514.5 nm), with two-simultaneous- velocity component 

measurement capability. The laser settings are adjusted such that green beam is obtained from 

the laser head. The green beam is reflected by a mirror into a polarization rotator and a polarizing 

beam splitter cube (BSC) splitter couple which acts as a variable intensity beam-splitter to obtain 

an equal power second laser beam. Both beams are next passed through acousto-optic 

modulators separately, (Bragg cell units:  Intra-Action AOM-70, and Intra-Action AOM-50), 

which splits each of the green beams into two separate beams. While the zeroth order beams pass 

through without a frequency shift, the first order beams emerging from the Bragg cell experience 
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+70MHz and +50 MHz frequency shifts. The three beams are then (one zeroth order and the two 

second order beams) coupled to polarization-maintaining optical fibers (Corning® PM 48-P-S) 

using laser-to-fiber couplers (Newport, F-91-C1) to transmit the beams to the LDV probe head. 

Figure 5.11 shows a schematic diagram of the on table optics and Figure 5.10 is an image of the 

same on-table system. 

 

M: Mirror, LTFC: Laser to fiber coupler, AOM: Acousto-optic modulator, BSC: Beam Splitter 

Cube, PR: Polarization rotator. 

 

 

5.2.2 Probe Head 

  The LDV system used for this research has two-simultaneous velocity measurement 

capabilities. The probe head contains optics for focusing three beams onto a single the 

measurement point and creating two overlapping probe volumes. The light is collected by a 

separate collecting assembly that is housed in the probe head. This research uses the back-

scattering technique to collect the scattered light. The probe head units house the transmitting 

fiber terminators, collimating lens, and focusing lens.  The mount for the probe heads contains 
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Figure 5.11 Schematic diagram of LDV On-table optics used in the 

current research 
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five degrees-of-freedom adjustment capability which means that the probe head can be traversed 

in three orthogonal directions and rotated about two orthogonal axes. In addition to this, the 

probe is mounted on a probe mount that has 360  rotation capability about its vertical axis. 

  The laser light that has been coupled into optical fibers using the LTFC is transferred to 

the probe head using fiber-optic cables. The ends of these fibers are terminated in fiber 

terminators and the beams emerging from each of them pass through different lenses used as 

collimators. The collimated beams are then focused at their focal points, 25cm away from the 

lens’s exit. Crossing these three beams to generate the measurement volume using a microscopic 

objective lens helps ascertain that the beams intersect at their waists, resulting in high data rates 

as the scattering particles cross the probe volume. Intersection of two beams gives rise to one 

measurement volume. In the current system, two separate beams intersect with one reference 

beam resulting in two overlapping probe volumes. Each velocity component can be identified 

within the respective beam intersections.  
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Figure 5.12 Entire LDV system 
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5.2.3 Co-ordinate System used and Beam Orientation  

The coordinate system for this experiment was set using the traversing system of the 

LDV mount. The vertical rail controlled x direction movements, a micrometer gauge was used to 

move the probe in the y direction, and the screw driven horizontal traverse was used to traverse 

the probe in the z direction. Figure 5.12 shows the entire LDV system with these components 

labeled. The three laser beams were then placed according to this coordinate system such that x 

and y components of the velocity vector could be measured. Figure 5.13shows the flow field 

orientation during this research with a defined cordinate  system. The coordinate system origin is 

located at the center of the primary jet tube at the exit plane. Figure 5.14 shows the LDV system 

orientation with the beams labelled. Figure 5.15 shows measured velocity component directions.  

The 0 shifted beam and the +50 MHz shifted beam were placed such that the angle 

bisector of these two beams was perpendicular to x direction; thus the fringes created by the 

beams measure only the U velocity, or the velocity in the x direction. The orientation of the 0 

and +50 MHz beams are such that a positive U value will correspond to an upwards velocity. 

Hence, the positive x coordinate is defined upwards. The angle between these two beams was 

measured to be 5.919˚, which corresponds to a fringe spacing of 5.1829 μm.  

The 0 shifted beam and the +70 MHz shifted beam were placed such that the bisector line 

of these two beams was perpendicular to the y direction; thus the fringes created by the beams 

measure only the V velocity, or the velocity in the y direction. It is important to understand that 

the perpendicularity referred to for velocity measurements is in the same plane as the angle 

bisectors. Due to the orientation of the 0 and +70 MHz beams, a positive V will correspond to a 

velocity in the direction from the +70 MHz beam towards the 0 shift beam. The angle between 
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these beams was measured to be 7.271˚, which corresponds to a fringe spacing of 4.1781 μm. 

Figure 5.14 and Figure 5.15 will help clearly understand the concept mentioned. 

 

 

Figure 5.13 Flow field orientation with coordinate system 
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Figure 5.14 LDV system orientation during research 
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Figure 5.15 Measured velocity component directions 

 

5.3. Data Acquisition and Reduction Units  

A schematic diagram of the data acquisition and reduction units is shown in Figure 5.16. 

The scattered light from the in-flow particles, collected by the LDV measurement volume is 

transferred to the data acquisition and reduction units using a 50 μm core diameter multi-mode 

fiber-optic cable. The light emerging from the fiber is directly coupled into photo-multiplier 

(PM) tubes (Electron Tubes, 9124SB) to convert the light information to electrical signals with 

minimum exposure to ambient light. The signal is next amplified using amplifiers in series, and 

down-shifted with a constant frequency by using a mixer and a radio-frequency generator (B&K 

2005B RF) such that the signal frequencies are around 1-10 MHz range. After mixing, the sum and 

difference between the radio frequency and the signal are the outputs.  In order to reduce mixing of 

the signals, both of the generators were set to below 70 MHz (about 65 MHz) and 50 MHz (42 

MHz) respectively.  Following the down-shifting process the signal is filtered using a 21.4 MHz 

low-pass, passive filter to further eliminate the high frequency contents within the signal. Next the 

signal is fed to the frequency domain processor (TSI- FSA-4000) to measure its frequency. The 

frequencies measured by the FSA-4000 are then used to determine the Doppler frequencies. The 
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FSA-4000 is capable of processing three-simultaneous velocity data, but only two channels were 

needed for this research.   

 

PM: Photomultiplier tube, HPF: 50 MHz high pass filter, AMP: Amplifiers, S: Signal splitter, 

MX: Signal mixer, RF:  Radio frequency generator, LPF: 21.4 MHz low pass filter, FSA: 

Frequency analyzer, PC: Computer 

Figure 5.16 Data Acquisition and reduction units 

 

The output of the FSA-4000 is directed to the PC using a USB port connection.  Software 

developed by TSI, FlowSizer (Version 1.1.0.0) was used to display and record the data collected 

from the LDV system.  This software has the capability to isolate velocity information by band-

pass filtering the data at 2-20 MHz for the U component (+50 MHz shift) and 2-20 MHz for the 
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V component (+70 MHz shift). This band passing value is variable depending on the resolution 

required for the flow and its range. A threshold was set on the voltage of the incoming signal to 

ensure that a majority of the noise produced by the system is taken out of the recorded data.  

 

5.4. Jet nozzle Set-up and Experimental Procedure 

 

The schematic drawing of the stereolitographically printed flow nozzle is shown inFigure 

5.17. The flow nozzle consists of a primary jet which is supplied through a 6.35 mm outer 

diameter (inner diameter d= 6 mm) stainless steel tube with an exit center nominal velocity of U 

= 40 m/s, and a stagnation chamber that surrounds the primary jet tube. The flow in the 

stagnation chamber is directed out and around the tube to generate a secondary jet. Two orifices 

opposing each other on both sides of the primary jet tube are used to generate additional jets that 

are injected perpendicularly to the secondary jet. These additional jets are used to modify the 

secondary jet stream to shape the secondary stream. The jets produced by the orifices modify the 

co-annular secondary flow to become two separate round jets with their centers on a plane 

perpendicular to the axis of the orifices. The smaller inner tubes which are opposing to each 

other are only in one plane, hence there are only two smaller inner tubes. The plenum chamber 

was generated by revolving a shape shown in Figure 5.18; all dimensions in this figure are in 

inches. The diameter of the hole in the stereo part is 0.332 inches. It leaves about a millimeter 

sized donut shape around the inner tube. And the holes connecting the plenum chamber to the 

hole inside are 0.066 inch diameter. Figure 5.19 shows the cross section of plenum chamber with 

axial direction, x and radial direction, r, indicated. 
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Figure 5.17 Schematic cut away drawing of the test fixture indicating the primary and 

secondary jets 

 

The exit of the primary jet was kept at the same elevation as that of the nozzle’s outer 

wall plane to simulate a free jet. This was considered to be important to ensure that the 

momentum rate at the exit of the primary jet was not modified by the secondary jets prior to 

exiting the nozzle. It was considered that if the primary jet was recessed into the secondary flow 

converging diverging annular section the flow velocity at the exit plane of the secondary jet 

would be different and probably slower than that of the primary jet. For an application such as 

for a jet engine this effect would be detrimental since it would result in reduced thrust produced 

by the engine. 

 

 



67 

 

 

 

Figure 5.18 2D shape revolved to obtain plenum chamber  

 

Figure 5.19 Cross-section of the plenum chamber indicating axial and radial directions 
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Figure 5.20 Experimental setup 

 

A picture of the entire experimental set-up is shown in Figure 5.20. The nozzle is 

mounted on a plexi-glass casing and sealed from all sides at the circumference so as to not to 
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allow any leakage of smoke. The plexi-glass casing which also acts as the plenum chamber 

consists of two openings into which rubber and steel tubes are inserted and fixed in position, to 

act as air supply conduits. The rubber tube that supplies the air for the secondary jets goes on the 

side of the casing and the steel tube with d= 6mm and D = 6.35mm is inserted through the 

bottom port of the chamber. The steel tube goes all the way through to the nozzle and is the 

source of the primary jet. The air from the plenum chamber is used to facilitate the secondary jet. 

The plenum chamber and the primary jet tube are both connected to an air supply line and a 

smoke generator. The smoke generator (TSI Model 9306A Six-Jet Atomizer) was used as the 

source for particle seeding in the experiments. The lines supplying air and smoke to the plenum 

chamber and the primary jet are separately equipped with pressure regulators and pressure gages 

that are used to adjust and monitor the line pressures. The flow velocity of the primary jet is set 

by measuring the total pressure using a Pitot - static tube, working together with an inclined 

manometer. The pressure read by the manometer is related to the flow velocity   using the 

definition of total pressure which is given as 

 

   √
        )

 
 5.7  

where    is the total pressure,    is the static pressure and   is the density of air. For calculation 

purposes it was assumed that the static pressure value could be set to equal the atmospheric 

pressure. 

During the experiments the nozzle top was carefully adjusted to be parallel to the ground 

and the primary jet was placed such that it was coaxial with the stagnation chamber and the 

secondary flow annular section. The r and y directions are lined up with the centerline of the 
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secondary jet tubes. The XY plane is a symmetry plane for the bi-jet case. The only technical 

difficulty observed was the oil accumulation through each of the pipes and in the plenum 

chamber. This caused the secondary jet flows to spew out oil sometimes; frequent cleaning was 

required through all the pipes/tubes used. 

 

5.5. Particle Seeding 

 

As discussed in the earlier chapter, seeding for a flow is very crucial in getting accurate 

velocity measurements from the LDV system. Seeding particles used for this research were Di-

Octyl-Phthalate.  Some properties of this fluid are listed below: 

 Density: 0.9861 g/cm
3                             

 

 Refractive Index: 1.49 

 Mean Aerodynamic Diameter: 0.7μm 

The smoke generated by the atomizer issues from a one inch diameter outlet.  The smoke 

is directed through a long section of pipe so that most of the larger particles will settle to the 

bottom or stick to the pipe’s interior, keeping the seeding particle size more uniform.  The smoke 

is then directed into the plenum chamber of the jet where it mixes with the jet flow before 

emerging from the jet exit. 
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CHAPTER 6  

RESULTS AND DISCUSSIONS 

 

This chapter presents the results obtained from current research and relates it to 

previously established data. Two types of flow were examined for this research: an axisymmetric 

free round center jet and a round center jet under the influence of secondary jets. The velocity 

data was obtained mostly using two-simultaneous velocity component LDV. Single component 

LDV measurements were made in situations when the cross talk between the two components 

could not be separated from each other using conventional frequency separation schemes.  Flow 

visualization images for both the center jet only case and the center jet-secondary jet cases were 

obtained to describe the general characteristics of this flow. 

 The two-component LDV velocity measurements were taken with a 10 μs coincidence 

interval.  At most measurement locations, 30,000 data points were recorded and at the edges of 

the jet flow, sometimes 15,000 data points were taken because of low data rates.  The 

efficiencies of the velocity data were normally more than 60%.  The velocity profile taken at jet 

exit starting at x/d=0.57, which was the closest possible station for full profile measurements. 

Subsequent profiles were taken at x/d ratios incremented by 0.25 inches so as to obtain 1, 2, 3, 4, 

5, 6, 7, 8, 9 and 10 diameters downstream profiles.   

At each measurement point, mean axial velocity, U, mean horizontal velocity, V, mean 

RMS fluctuating velocities  u’, v’, and shear stress   ̅̅̅̅  were obtained using a data reduction 

program. Instantaneous velocity component values acquired by the data acquisition system were 

first used to calculate the standard deviation of the data. Instantaneous data values which were 
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three standard deviations away from the mean velocities were discarded. The left over data 

values were then used to recalculate the mean velocity and the stresses using a residence time 

weighting scheme.   

The mean axial velocity calculation is described using the following equation: 

 ̅   
    
      

    
    

 6.1  

where, U  is the mean axial velocity, i
U  are the recorded axial velocities, i

t  is the length of 

time a particle spends in the measurement volume as detected by the processor, also known as 

the residence time or gate time as specified in the FSA-4000 manual, and N is the total number 

of data points.  The mean horizontal velocity is calculated in the same way.  The stresses are 

calculated after the mean velocities are found, as shown in equations 6.2, 6.3 and 6.4. 

The axial normal stress is calculated using the following equation: 

  ̅̅ ̅   
    
       ̅)    

    
    

 6.2  

 

The horizontal normal stress and the Reynolds stress by: 

  ̅̅ ̅   
    
       ̅)    

    
    

 6.3  

 

  ̅̅̅̅   
    
      ̅)     ̅)   

    
    

 6.4  

 

where  ̅ is the mean radial velocity,    are the recorded radial velocities. 
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For this research, the exit velocity was set to be UJ = 40 m/s, and the Reynolds number 

based on the jet exit parameters were calculated to be approximately 16,000. Precursory set of 

measurements made under these conditions indicated that the presence of secondary jets affect 

the primary jet spreading rate and alter the centerline velocity variation of the primary jet along 

its axis. 

 

6.1 Axisymmetric round center jet case 

 

The U mean velocity profile at the plane closest to the exit plane at x/d = 0.57, is shown 

in Figure 6.1. The mean velocity values are non-dimensionalized by the measured centerline 

axial velocity at jet exit, Uj, and the y locations or radial distance from the centerline is non-

dimensionalized by the jet exit diameter.  The radial distance is measured along the y axis 

direction, which coincides with the centerline of the secondary jet tubes. Figure 6.1 shows that 

near the exit the axial velocity has a “round-hat” profile; the velocity decreases slowly across 

the width of the jet.  Round-hat profile indicates that the flow at the exit of the primary jet supply 

pipe is fully developed.  
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Figure 6.1 Round-hat velocity profile at x/d=0.57. 

 

 

Figure 6.2 Mean velocity profiles measured for set I 
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Plots of U velocity component profiles were made only until 10d downstream of the jet 

flow. Specifically for comparison of these profiles with the center jet-secondary jet cases, they 

are further divided into three sets:  

1. Set I: covering the near jet exit profiles between x/d of 0.57 and 3.57 

2. Set II: covering the profiles between x/d of 4.57 and 7.57 

3. Set III: represents any higher x/d beyond 7.57, namely x/d = 8.57, 9.57, 10.57 

Figure 6.2 shows axial mean velocity profiles for set I. The peaks at 0.57d and 1.57d are 

at U/Uj = 1. The centerline velocity reduces for subsequent profiles, and stayed within 95% of 

the mean centerline axial velocity at jet exit (Uj) in this region. 

 

Figure 6.3 Radial mean velocity profiles for set I 
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Figure 6.4 RMS axial velocity fluctuations measured for set I 

 

Figure 6.3 shows the radial mean velocity component V, non-dimensionalized with the 

mean centerline exit velocity. The trend is anti-symmetric as expected and the values are close to 
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from centerline u’, is presented in Figure 6.4.  The fluctuations are minimal at the center of the 

jet and increase towards edges of the jet before decreasing near the outer edge of the shear layer 

between the jet and ambient air.  The increase in fluctuations is due to the viscous effects outside 

of the potential core.  As the distance from the exit increases, the turbulence intensity also 
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into the jet and therefore an increase in the centerline fluctuation values is observed.  At the outer 
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ejected into quiescent air. However, since the entrained flow near the edge of the profiles do not 

have any seeding thereby resulting in low data rates (on the order of 10 to 20 data points 

recorded per second), there are uncertainties in the measured values close to the edges, which 

will be accounted for towards the end of this chapter. 

The v’, RMS radial velocity fluctuations shown in Figure 6.5 displays a profile pattern 

similar to their axial counterparts. In general, the magnitudes of the v’ fluctuations are smaller 

than those for the axial fluctuations. Note that the centerline values of fluctuations stay in 

between 0.03 and 0.04 for the v’ and they are between the increased values of 0.04 and 0.06 for 

the u’.  

 

 

Figure 6.5 RMS radial velocity fluctuation profiles for set I  
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Figure 6.6 Reynolds stresses    ̅̅̅̅  profiles for set I  

The Reynolds stress values   ̅̅̅̅  for the near jet exit region are shown in Figure 6.6.  These 

values are non-dimensionalized by the square of the jet exit velocity and plotted against r/d in the 

y direction. The anti-symmetric trend of this profile implies that one side of the jet is same as the 

other side, except for the shear stress having negative values. As expected, the center values 
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have values on the order of     .  

The root mean square axial velocity fluctuations normalized with the centerline exit 
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Figure 6.7 against experimental data obtained by Tong and Warhaft (T&W) [52] and direct 

numerical simulation (DNS) results of Boersma et al [1]. In the near field region, the centerline 

fluctuations from experimental data of current research are smaller than T&W but higher than 

the DNS data; these values vary greatly based upon the jet exit Reynolds number.  The data from 

x/d = 7.57 onwards agree well with T&W’s curve. 
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Once the jet is more than four diameters downstream of the exit plane, the velocity 

profiles are entering the transition region, set II in our case, which is still within the ‘preserved 

core’ region of laminar jets.  A plot of the mean axial velocity for the x/d locations discussed as 

existing in this region is shown in Figure 6.8.   

Figure 6.7 Centerline axial fluctuations compared with experimental data of 

current research (   ) compared with numerical predictions at different axial 

distances from the jet exit [1] 
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Figure 6.8 Axial mean velocity profiles for set II 
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Figure 6.9 Radial mean velocity profiles set II 
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r/d as set I profiles, unlike in case of axial velocity fluctuations. But since the jet has spread 
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Figure 6.10 RMS axial fluctuating velocity profiles for set II 

 

 

Figure 6.11 RMS radial fluctuating velocity profiles for set II 
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The shear stress measurements are shown in Figure 6.12. It is clear that the centerline 

shear stress values corresponding to r/d = 0 are  about zero at all x/d stations in set II and the 

values peak at about r/d= ±0.4 with values on the order of  ±5×10
-3

. The profile is anti-symmetric 

as expected. 

 

Figure 6.12 Shear stress   ̅̅̅̅  profiles for set II 
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Figure 6.13 (a) Axial and (b) Radial mean velocity profiles for set III 
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towards the edges. In case of the RMS of radial velocity fluctuations shown in Figure 6.15, peaks 

are observed close to the center of the jets. The peaks are closer to the center and have much 

smaller magnitude than observed in u’ fluctuations.  

 

Figure 6.14 Axial RMS fluctuation velocity profiles for set III 
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Figure 6.15 RMS radial fluctuation velocity profiles for set III 

 

Figure 6.16 Shear stress profiles for set III 
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6.2 Center jet - secondary jet case 

 

In section 6.1, it was determined that the velocity characteristics for a center jet only case 

follow the trends of the  previously established data for a similar set-up, indicating the high 

quality of the measurements carried out throughout the current research. In the current section, 

the influence on the the primary round jet under secondary jets created by fluid  injection 

perpendicular to the co-annular jet is dicussed. The co-annular secondary jet changes in shape 

due to perpendicular fluid injection and becomes two separate jets oriented  180  opposite to 

each other in the radial direction. The following figures show the velocity and stress profiles 

along the centerline in comparison to the  center-jet-alone case profiles to determine the specific 

factors that have been largely affected within each region. Mean velocity components, two 

normal stresses and one Reynolds stress    ̅̅̅̅  were obtained using two component velocimetry 

system. 

 

Figure 6.17 Axial mean velocity variation along the primary tube centerline  
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Figure 6.17 shows the U mean velocity (non-dimensionalized with the jet’s mean exit 

velocity) variation along the jet axis.  Hereon, the secondary jet maybe referred to as bi-jet also, 

since it was thought to be a bifurcating jet. The measurements closest to the jet exit were made at 

x/d=0.57 for both the single jet and bi-jet cases. It can be seen that,  axial velocity component U 

does not change appreciably until two diameters downstream of the jet exit. However, at x/d=3, a 

reduction of about 19% and at x/d=4 a reduction of about 27% of the local centerline jet velocity 

is observed. The difference between the non-dimensional velocity components averages 23% 

between x/d=4 and x/d=13 and reduces gradually beyond x/d=13. 

 

 

Figure 6.18 Radial mean velocity variation along the primary tube centerline  
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Figure 6.19 Axial RMS velocity variations along the primary tube centerline. 
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Figure 6.20 Radial RMS velocity variations along the primary tube centerline  
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Figure 6.21 Shear stress variations along the primary tube centerline. 
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Figure 6.22 Axial mean velocity profiles for bi-jet case for set I 

 

Figure 6.23 Radial mean velocity profiles for bi-jet case for set I 
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At the first measurement station, x/d = 0.57, when the measurement points are outside the 

center jet pipe diameter of d = 6.35mm, there is a narrow region where the primary center jet and 

the secondary jets have minimal interaction. The non-dimensional U velocity component in this 

region attains values as low as 0.2. At farther r/d locations, secondary jets become the dominant 

flow field. The secondary jet velocity profiles show a distribution similar to a Gaussian 

distribution pattern with peak locations shifting farther away from the centerline with higher x/d 

values. These peaks reduce downstream of the jet exit. Towards the edges of the secondary jets, 

as they come in contact with quiescent ambient air, the velocity values reduce to zero as 

expected. 

The non-dimensional V mean velocity component is shown in Figure 6.23. The peak 

values are much higher than the single free jet case, as expected, since the introduction of the bi-

jet spreads the center jet and increases the radial component of velocity. Notice that the peak 

values occur at the same radial locations of the U/Uj profiles for the center jet-bi-jet case. The 

profiles are anti-symmetric as expected. 
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As shown in Figure 6.24 and Figure 6.25, the RMS fluctuating velocities u’ and v’ show 

symmetric variation in the center jet-bi-jet case. At x/d=0.57 for the center jet profile, fluctuating 

velocity values are minimal at the center of the jet and increase towards edges of the center jet (at 

about 6.35/2 mm from the center of the pipe), before decreasing towards the outer edge of the 

shear layer between the jet and bi-jet.  At the edge of the profiles the fluctuation velocity values 

are required to be zero since the bi-jet is ejected into quiescent air as well. Decay of the 

turbulence intensity is slower compared to the free jet case since the presence of the secondary 

jets result in symmetric additional double peaks about the centerline.  

 

Figure 6.24 Axial RMS velocity fluctuation profiles for bi-jet case for set I 
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Figure 6.25 Radial RMS velocity fluctuation profiles for bi-jet case for set I 
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Figure 6.26 Shear stress profiles for the bi-jet case for set I 
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Figure 6.27 U velocity profiles for the bi-jet case for (a) set II and (b) set III 
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Figure 6.28 u’ axial velocity fluctuations measured for bi-jet case for set II and III 
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In case of axial component of fluctuating velocities (Figure 6.28) although at x/d = 4.57, 

there are still double peaks seen in the profile, the profiles downstream of x/d = 5.57 show single 

peaks with decreasing peak values at the center of the jet as well as for the bi-jet. In set III, we 

can make an interesting observation that the peaks that are usually seen in the radial locations for 

the bi-jet case have vanished for both the mean velocity and stress distributions.  

Figure 6.29 shows V/Uj for set II and III. Typical anti-symmetric pattern is seen in both 

regions. Two more observations derived by comparing both the figures are: (a) towards the edge 

of the center jet, the velocity component values are high, meaning that the bi-jet is definitely 

affecting the center jet flow by inducing radially outward velocities and (b) at radial locations 

where the peaks for the set I were seen, are decreasing in magnitude, indicating that the bi-jet is 

becoming a single jet itself due to mixing of the center jet and the secondary jets. 

For the radial RMS fluctuating velocities, v’, in Figure 6.30, variations in set II and III 

show double peaks near the center of the jet pipe (x-axis) until x/d = 10.57, which is clearly not 

the case for the u’ fluctuations. Another trend observed is that the peaks are still seen at radial 

locations corresponding to the bi-jet peaks of U/Uj. 

The shear stresses for all profiles in set II and set III are combined and shown in Figure 

6.31. Data obtained for x/d=9.57 and 10.57 did not exhibit the common profile observed for 

other x/d locations in set III and hence is not included in this figure. The values of shear stress 

are zero at the centerline and the profile trend is anti-symmetric as expected. The peaks in the 

shear stress values decrease with increase in the x/d ratios and are still higher than those seen for 

center jet only case. 
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Figure 6.29 Radial mean velocity profiles for bi-jet case for set II and III 
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Figure 6.30 Radial RMS velocity fluctuation profiles for bi-jet case for set II and III 
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Figure 6.31 Shear stress   ̅̅̅̅  profiles for the bi-jet case for set II and III 
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were calculated using the standard deviation of two measurements at a fixed location. The 

equation used is shown as follows: 

    

 
          

 

6.5  

where      is half the difference between two data values at the same radial location. 

The 21:1 uncertainties were calculated as ±2σ  and given in Table 6.1. 

Table 6.1 Uncertainty values for a 2σ deviation for the five measurement variables 

                         ̅̅̅̅    
 
 

Uncertainty ±0.03357 ±0.0441 ±0.0068 ±0.0186 ±0.00379 

 

 

6.4 Flow Visualization 

 

Air seeded with Di-octly Phtalate particles of nominal particle size 0.7 m are introduced 

into the primary and secondary jet flows to help understand the growth and spread of the jet. For 

flow visualization, the laser used for LDV measurements was made to form a thin laser sheet by 

letting the unidirectional beam pass through a small cylindrical lens. The laser sheet was 

subsequently aligned parallel with the nozzle top. This sheet was placed at different x/d locations 

and pictures of the flow field were obtained using a camera oriented perpendicular to the plane of 

the laser sheet, using a tripod. The images obtained are at elevations ranging from the jet exit 

plane incremented by 1.0 inches, for a total of 11 locations. Figure 6.32 shows these images for 
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the center jet only and center jet bi-jet case respectively. The sequence of pictures is from left to 

right. 

Figure 6.33 shows detailed schematic of observed length L, width, W, and diameter, Dobs, 

for the centerjet-bi-jet case on top and the observed center jet diameter, Dobs at the bottom. A plot 

digitizer [53] code was used to obtain the change in dimensions from the flow visualization 

pictures, using number of pixels against the Coanda device diameter as a reference. Once a ratio 

was established by comparison of pixels against the reference outer diameter of Coanda device, 

first Dobs was obtained for the center jet only case. For determining the length, L of the planar 

cross section, the respective image was zoomed in on until a definite change in brightness was 

encountered. Then a point was chosen such that it laid approximately midway of the width, W. 

Width is the widest dimension (seen bright) in the circumferential direction and length is the 

longest dimension (seen bright).  A straight line is followed from this point through the center of 

Dobs to the other side of the image where there is a stark difference in brightness. The plot 

digitizer then calculates the co-ordinates of these two points in comparison to the reference 

Coanda diameter. Similarly, the width and Dobs are calculated.  

 

 



105 

 

 

Figure 6.32 Flow visualization pictures for center jet only and centerjet-bi-jet cases for all 

stations x/d= 0.57, 1.57, 2.57, 3.57, 4.57, 5.57, 6.57, 7.57, 8.57, 9.57, and 10.57: shown from left 

to right 
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Figure 6.33 Top: detailed schematic of observed length L, width, W, and diameter, Dobs, for the 

centerjet-bi-jet case; Bottom: Observed center jet diameter, Dobs. 
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Figure 6.34 Variation of the observed diameter Dobs for center jet only at different axial locations 

  

Figure 6.35 Variation in the observed dimensions at different axial locations for center jet-bi-jet 

case 
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Variation in different characteristic dimensions measured for the center jet and the center 

jet bi-jet cases are presented in Figure 6.34 and Figure 6.35.The observed dimensions are non-

dimensionalized with the jet exit diameter. There is no apparent change in L and W for the round 

jet alone since the flow is essentially circular and so the only dimension used to describe this 

case is the Dobs. In case of the center jet only case, with increase in axial distance from the jet 

exit, the cut plane visualization shows the jet to be circular and increasing in diameter, hence 

requiring only one dimension, its diameter Dobs to completely study the spread pattern. But for 

the center jet-bi-jet case, we see an interesting pattern in the variation of Dobs. For the same axial 

locations in Figure 6.33, the observed diameter is smaller for the bi-jet case compared to the 

single jet. This confirms that the center jet under the influence of secondary jets is shrinking and 

losing its circular nature, a possible reason for the combined jet tending to become planar as the 

flow develops. 

The trends for the Dobs, length and width variations are exponential as seen in Figure 

6.35. Length with a steeper curve and width, take higher values with increase in axial distance, 

indicating that the flow starts out as thin planar and grows out to be a wide combined jet. The 

radial growth is faster than the growth in the circumferential (width) direction.  

 

6.5 Determination of Mass flow rate 

 

 One of the major difficulties encountered in the flow system was quantifying the mass 

flow rate for the secondary jet. Axial velocity was experimentally measured at different radial 

locations around the center jet as discussed in the previous chapters. The velocity profile 
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obtained from the same was used to obtain volume flow rate. Subsequently, density was 

multiplied to the volume flow rate to calculate the mass flow rate. In the absence of bi-jet 

mixing, the flow around the center jet is symmetric. Therefore, the flow volume was created by 

revolving the measured round hat velocity profile about the center jet axis, as depicted in 

schematic drawn Figure 6.36 and the volume under the flow surface was calculated by 

integrating thin slices cut along the z axis. A 2D velocity profile which was generated for the exit 

axial location using a smoothing spline fit is shown in Figure 6.1. The experimental data was 

obtained for r/d= -0.45 to 0.45. Assuming that the axial velocity will be zero at the lip of the 

center jet (r/d = 0.5), an extra data point (r/d=0.5, U=0) was added to the data set. This profile 

was revolved about the centerline to obtain the volumetric flow rate and the full 3D volume after 

revolving in presented in Figure 6.37. The non-dimensional volume under the surface was 

calculated to be 0.5722. The MATLAB code (volume_centerjet_only.m) used for this calculation 

is included in Appendix.   

 

 

Figure 6.36 Schematic showing thin slice of volume 
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Figure 6.37 3D contours showing the volume for center-jet only case 
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case is shown in Figure 6.39. Multiplying volumetric flow with the density would give the mass 

flow rate. Negating the center jet mass flow rate from this value should result in the mass flow 

rate of the secondary jets alone. A short computer code was written to determine the volume 

under the resulting contour of the profiles by integration of smaller elements within the profile. A 

detail about this element is shown Figure 6.38. The accuracy in calculation of the flow rate from 

this code was determined by first running it for the circular centerline center jet part of the 

combined profile.  

 For generating the volumetric flow rate, it was assumed that half the volume is made of 

many quadrilateral volume elements of the shape in Figure 6.38. If ( i,j ) is any point within the 

volume,  the new point after moving in the    direction would be (i+1,j), similarly if the new 

point is obtained after moving in the direction    is (i,j+1). The volume element shown can be 

split into a cuboidal element and a triangular element. Then the resultant volume would be given 

by the following equation: 

           (
     

 
)     6.1  

Only the U component of velocity was used for calculation of the flow rates, for both the 

combined jet and the single free round jet cases. Equation 6.1 represents the formula derived 

using quadrilateral volume elements in the calculation of volumetric flow rate. In order to obtain 

the mass flow rate, the total volume generated for the 3D objects were multiplied with the 

density of air.  
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Figure 6.38 Quadrilateral volume element used to set up the MATLAB code 

 

 

Figure 6.39 3D Isometric view of the volume generated  
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Figure 6.40 3D volume for center jet-bi-jet case showing X-Y plane 

 

Figure 6.41 3D volume of center jet-bi-jet case showing X-Z plane 

-0.5

0

0.5

-6-4-20246

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

Circumferential Direction z/d

Radial Direction y/d

M
ea

n 
A

xi
al

 V
el

oc
it

y 
U

/U
0

-0.5 0 0.5
-10
0
10

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

Radial Direction y/dCircumferential Direction z/d

M
e
a
n

 A
x

ia
l 

V
e
lo

c
it

y
 U

/U
0



114 

 

 

Figure 6.42 Experimentally obtained velocity profiles at different locations for x/d = 0.57 

Figure 6.40 and Figure 6.41 are views of the 3D volume shown in Figure 6.40, in the 

radial and circumferential planes. As shown in Figure 6.42, the circumferential or z-direction 

mean velocity profiles were taken at seven locations for x/d = 0.57. Since the flow was observed 

to be symmetric with respect to the X-Z plane from the flow profiles and the flow visualization 

pictures, only one half of the flow in the radial direction was considered for measurements. 

These measurements were made by traversing in the z-direction, at only predetermined radial 

locations so as to try and cover the entire flow without having an exhaustive number of profiles. 

Therefore, there may be error in calculations. The Z-axis velocity profiles were plotted over the 

length of radial axis and reduced to smooth curves using smoothing spline fit in MATLAB.  
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The non-dimensional volume for center-jet bi-jet case was found to be 1.96 which is 3.4 

times higher as compared to the center-jet only case. Therefore, a parametric study was 

conducted to see the effect of circumferential distance covered in the volume calculation. If the 

circumferential distance was kept to be one radius on both sides from the center, the volume was 

found to be 0.65. Ideally this number should match the volume found in center-jet only case, 

which is 0.5722. But after adding secondary jet volume is 1.13 times higher compared to the 

volume when secondary jet is not present.  The reason behind that is that when the secondary jet 

is added to the primary jet, flow is seen to be wider in radial Y direction as compared to the 

center-jet only. The ratio of volume flow rate for the center-jet bi-jet case and center-jet only 

case was obtained for different circumferential limits for volume calculation. The variation of 

this ratio with the circumferential distance included in the volume calculation is presented in  

Figure 6.43. The r/d = 0.5 point is marked on the plot to show that the volume in 1.129 times 

higher for center jet-bi-jet case as compared to center jet only case. It is believed that the 

presence of the secondary jets result in flow entrainment from the ambient flow and results in a 

mass flow rate much larger than the fluid injected through the secondary jet ports. 
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Figure 6.43 Variation in ratio of volume flow rate for the center-jet bi-jet case and center-

jet only case plotted against 
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CHAPTER 7  

CONCLUSION & FUTURE SCOPE 

 

 The objective of the present work was to study the effect of secondary jets on an 

axisymmetric free round jet. Secondary jets were formed as a result of fluid injection into a co-

annular flow surrounding the free jet. The mixing characteristics, variations of U and V mean 

velocity components, u’, v’ RMS fluctuating velocity components and the   ̅̅̅̅  shear stress, and 

the spreading rate of the jets were experimentally examined. Two component Laser Doppler 

Velocimeter was used to collect the velocity data for the jet flow experiments. Two flows were 

analyzed: 1)The free round jet case, so as to get a baseline comparison , and, 2)The combined jet 

case, where combined jet refers to the combination of primary round jet in interaction with the 

secondary jets. In this study, the primary jet’s exit and the secondary jet exits were aligned to be 

on the same plane. 

Initially, an attempt at determining the center jet mean axial velocity reduction with and 

without the influence of a secondary jet set was done. The following axial locations were 

selected for the same: x/d = 0.57, 1.57, 2.57… etc all the way till x/d = 25.57 at 1 inch 

increments. Once a trend of rapid velocity reduction was found with the addition of secondary 

jets, a detailed study was conducted to obtain the near exit mean velocity and the stress 

component profiles in the X-Y plane at 11 particular axial stations (x/d = 0.57, 1.57, 2.57, 3.57, 

4.57, 5.57, 6.57, 7.57, 8.57, 9.57, 10.57).  In the jet flow experiments, the data rate was on the 

order of 30,000 samples/ second since seeding particles were easily introduced into the jet flow. 

The Reynolds number based on the primary jet exit parameters for this experiment was set to 

16,000 for both cases. 
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Experimental results show that there isn’t a significant change in the spreading rate or 

mixing at the jet exit plane with the introduction of secondary jets. Increased mixing resulting in 

rapid centerline jet velocity reduction and wider jet spreading was observed for the center jet-bi-

jet case. At x/d = 3.57 the axial velocity has decayed to 6.5% from the centerjet only case value 

and the jet has spread 33.3%. The velocity reduction at different locations is as follows: 11% at 

x/d = 4.57, 24% at x/d = 5.57, 37.5% at x/d = 6.57, 40% at x/d = 7.57, 48% at x/d = 8.57, 43% at 

x/d = 9.57 and 10.57.  The spreading rates were at 65% between x/d = 4.57 to 7.57 respective to 

the center jet only cases. And between x/d = 8.57 to 10.57, the spreading was at 120%. The 

center jet hence becomes essentially planar and lengthens in the radial direction.  Horizontal 

velocity component increased with increase in the location from exit plane signifying that the jet 

was spreading outward. Axial and radial fluctuating velocity component values were higher in 

case of the combined jet and the flow is fully developed at the jet exit. An interesting fact about 

the axial and radial turbulence intensities are that in case of the combined jet, the profiles were 

showing an M-shaped profile and the values of each of these parameters were same at the 

centerline radial locations. 

From the flow visualization pictures, it was confirmed that the center jet changes its 

shape from being a round jet at the exit to become ellipsoidal while merging with the secondary 

jet as the distance from the jet exit increased. The results of the experiments were positive 

towards an objective of faster velocity decay, where the primary flow exit velocity was the same 

for both single jet and bi-jet cases. It is hence concluded that, the device/flow set-up could be 

used as an application when a flow needs to be slowed down faster than in the round pipe jet 

case. Some preliminary experiments showed that the spreading rate of the jets could be modified 

by changing the amount of air injected as the secondary jets. Also the movement of the center jet 
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pipe above and below the current exit plane location resulted in changes of flow rates in the 

secondary flow due to change in the slot diameter. At a certain point of movement of the pipe in 

the axial location Coanda effect was observed with the Coanda device, the secondary jet flow 

turned by 90˚ in all directions, thus following the entire surface. 

Further research could investigate the following: 

 Effect of secondary jet radius of curvature and thrust vectoring capabilities. 

 Effect of primary jet exit plane location. 

 Effect of increasing the number of orifices that used to spread the secondary jet. 

 Effect of a similar nozzle shape in a supersonic environment. 

 Acoustic tests to determine how much of a noise reduction actually happens with the current 

flow. 

 Far field and three dimensional measurements of this flow field to study the velocity in the z 

direction and other velocity correlations.  
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APPENDIX 

 

MATLAB code for center jet only contour plot (volume_centerjet_only.m) 

 

clc;clear; 

 

    fileName='cj_z0.txt'; 

    DATA = dlmread(fileName); 

    x = DATA(:,1); 

    z = DATA(:,2); 

xmod = [x;0.5]; 

zmod = [z;0]; 

     

    fz = csapi(xmod,zmod); 

    xmax = max(xmod); 

    xmin = min(xmod); 

    dx = (xmax-xmin)/1000; 

    fx = (xmin:dx:xmax)'; 

    m = size(fx,1); 

    xDATA(1:m) =fx;  % creating a mesh for surface plots x coords to make the data symmetric 

    zDATA(1:m) =fnval(fz,fx);     % creating a mesh for surface plots y 

coords 
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% %     figure(1) 

    plot(fx,fnval(fz,fx),'-k'); 

% %     hold on 

% %     plot(x,z,'ok','MarkerFaceColor',0.5*[1 1 1]); 

% %     grid on; 

vol=0; 

for i=1:m-1 

    xi = (xDATA(i)+xDATA(i+1))/2; 

    df = abs(zDATA(i+1)-zDATA(i)); 

    vol = vol + pi*(xi^2)*df; 

end 

vol 

 

 

MATLAB code for center-jet bi-jet case contour plot (mass_flow_gaussian.m) 

 

clc;clear all; 

fileName = 'cjbj_u_0.txt'; 

    fopen(fileName); 

    Data = dlmread(fileName); 

    Data = sortrows(Data,1); 

    y = Data(:,1); 

    U = Data(:,2); 
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    ly = size(y,1); 

k=1; 

% plot(Data(:,1),Data(:,2)); hold on 

for i=1:ly 

     if(abs(y(i))<=(4/6.37)) 

         xfitData(k,1) =y(i); 

         UfitData(k,1) =U(i); 

         k=k+1; 

     end 

end 

%  plot(xfitData,UfitData,'ok'); hold on; 

cubic_fit = polyfit(xfitData,UfitData,4); 

% hold on 

 

 

% xydata = dlmread('profilez0.txt'); 

% xnew = (xydata(:,1)-0.004)*1000/6.37; 

% ynew = xydata(:,2)/max(xydata(:,2)); 

% cubic_fit = polyfit(xnew,ynew,6); 

% plot(xnew,ynew,'ok'); hold on; 

x = (-0.5:0.01:0.5)'; %((-4.1:0.01:4.1)'/(6.37); 

% plot(x,polyval(cubic_fit,x),'r') 

ymin = min(y); 
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ymax = max(y); 

dy = (ymax-ymin)/100; 

ymod = ymin:dy:ymax; 

lx = size(x,1);lymod = size(ymod,2); 

ly=size(y,1); 

for i=1:lx 

    for j=1:lymod 

        xDATA(i,j) = x(i); 

        yDATA(i,j) = ymod(j); 

        for k=1:ly 

            if(ymod(j)>y(k)&&ymod(j)<y(k+1)) 

                U1 = U(k);U2=U(k+1); 

                y1 = y(k);y2=y(k+1); 

            end 

        end 

        if j==1 

            Uj = U(1); 

        else 

        Uj = U1 + (U2-U1)/(y2-y1)*(yDATA(i,j)-y1); 

        end 

        zDATA(i,j) = Uj/max(U)*polyval(cubic_fit,x(i)); 

%         if(j>1&& zDATA(i,j)<U1&&zDATA(i,j)<U2) 

%              
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%             disp('Its is right'); 

%         end 

    end 

end 

figure(1) 

hSurf = surf(xDATA,yDATA,zDATA,... 

    'EdgeColor','none','LineStyle','none','FaceLighting','phong'); 

        

hx = xlabel('Circumferential Direction z/d'); 

hy = ylabel('Radial Direction y/d'); 

hz = zlabel('Mean Axial Velocity U/U_0'); 

set(gca,'FontName','Times New Roman','FontSize',12); 

set([hx hy hz],'FontName','Times New Roman','FontSize',12); 

 

vol1=0;  

k=1; 

ylimARR=0:0.1:6; 

for ylim=ylimARR 

for i=1:(lx-1) 

    for j=1:(lymod-1) 

        if(yDATA(i,j)>-ylim&& yDATA(i+1,j+1)<ylim) 

        deltaY = yDATA(i,j+1)-yDATA(i,j); 

        deltaX = xDATA(i+1,j)-xDATA(i,j) 


