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Jets in crossflow are used in a wide range of engineering applications and have been

studied for more than 60 years. The transversal penetration and structure of a jet placed

in a crossflow is known to be strongly three-dimensional. It is believed that, by using a

pulsed jet inclined in the crossflow direction, the momentum transport can be controlled

in two very efficient ways: the pulse can increase the jet penetration and the mixing

downstream, while the inclination avoids the creation of a reverse flow at the jet exit

and may extend the mixing area further downstream. Although some results are

available in the literature focusing on components of this problem, none addresses the

combination of these two factors. Moreover, most of these studies use elaborate flow

visualizations and 2-D velocity measurement methods that may not be adequate to

elucidate the complexity of such a flow.

This study addresses these issues by using stereoscopic PIV measurements for a

steady and fully modulated jet at a constant mean velocity ratio, VR, of 3.4. For the

steady jet case, the effect of the jet Reynolds number, Red, is investigated. For the
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pulsed case, the effect of a low pulsing frequency is considered as well as the pulse duty

cycle. For each case, the mean three-component velocity field is examined. Proper

Orthogonal Analysis (POD) of vorticity and turbulent kinetic energy are used to further

evaluate the vortical and turbulent characteristics of the jet. In addition, a vortex

detection algorithm, and 3D rendering of the flow streamlines are used to study the near

field vortical flow structure of the jet flow.
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NOMENCLATURE

A = Interrogation area for vortex detection

D = Jet exit diameter

F = Pulse frequency

J = Velocity gradient tensor = S +

J = Momentum flux in the x direction along z/D0

JT = Momentum flux in the x direction integrated from ziD=O to z/D2

= Mass flux in the x direction along z/D=O

= Mass flux in the x direction integrated from z/D=O to z/D2
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Re = Jet Reynolds number, V Div

Reynolds stresses

S Strain-rate tensor = symmetric part of J

S1 = Vortex strength function

St = Strouhal number, fD/V

= Jet on period

Tcycie Time length of a pulsing cycle.

u, v, w = Instantaneous velocities in x, y, and z directions

UM = Instantaneous velocity vector at point M

= Free stream crossflow velocity

V3 = Mean jet velocity based on flow rate

Vmag = Mean velocity vector magnitude



NOMENCLATURE (Continued)

Vp. Velocity ratio, V/V

x, y, z Locations from origin

2 = Unit vector in the z direction

= Boundary layer thickness

Boundary layer thickness

= Vortex detection function

A = pulse duty cycle, Ton/Tcycie
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=Mean vorticity in plane normal to the jet trajectory
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= Spin tensor = anti-symmetric part of J



Interactions of a Fully Modulated Inclined Jet with a Crossflow

CHAPTER 1

INTRODUCTION

Single jet and multiple jet interaction with a crossflow have been studied for more

than 60 years and have used in a wide range of applications. A literature review such as

Margason's [1] on jet(s) and crossflow studies involves no less than 300 publications.

Most of the jet and crossflow studies from the 1970's to the end of the 1980's focused

on the Vertical or Short Takeoff Landing airplane technology (VSTOL), which consists

of deflecting the main air flow of a jet plane turbine under the plane to create a boost

upwards. Other studies have been done to investigate the effect of environmental

release of gases and fumes in the atmosphere. Blowing a stream of fluid in a crossflow

typically results in the jet bending in the direction of the crossflow. Gas turbine blade

cooling is also an area where jets in crossflow have a lot of applications. These turbine

blades are typically exposed to very high temperature above 1,000°C and are extremely

costly to repair or replace in case of damage. The temperature gradient being a source of

stress for the material and the cause for rupture, it is essential to be controlled as

efficiently as possible and many solutions exist. Film cooling tecimology is one of

them: it consists in blowing cooler air from the inside of the blade through orifices

along the surface to create a protecting film of cooler air along the surface and therefore

reduce the thermal stress. But recently, aerospace engineering has found a new wide

range of applications for jets in crossflow too. Jets blowing air along the surface of an



airplane wing have been found very efficient to control the boundary layer separation

and therefore increase the wing's lift and control the airplane stall speed.

The transversal penetration and structure of a jet placed in a crossflow is known to

be strongly three-dimensional. Recent studies show that, by modulating the jet with

particular frequencies, the jet penetration can be dramatically increased.

It is believed that, by using a pulsed jet inclined in the crossflow direction, the

momentum transport can be controlled in two very efficient ways: the pulse can

increase the jet penetration and the mixing downstream, while the inclination avoids the

creation of a reverse flow at the jet exit and may extend the mixing area further

downstream. Some results are available in the literature, but none addresses the

combination of these two factors. Moreover, most of these studies use flow

visualizations and 2-D velocity measurement methods that may not be adequate for the

complexity of such a flow. This study proposes to address this problem by using

stereoscopic flow visualization and stereo-PlY measurements for a fully modulated

pulsed jet with a constant jet-crossflow velocity ratio. From these results, the near

region mean jet flow structure and turbulent characteristics over the flat plate are

determined. The effect of the jet Reynolds number, the pulsing frequency and the pulse

duty cycle are evaluated.

2



CHAPTER 2

LITERATURE REVIEW

This literature review covers the areas discussed in this dissertation. The main

topic on jets and crossflow is divided in three parts: steady jets, inclined jets and pulsed

jets and their interaction with a crossflow. The main technique used for this research

being Particle Image Velocimetry (Ply), a short review of the technique is provided.

Finally, two data analysis methods used for this research are discussed: the Proper

Orthogonal Decomposition (POD) and vortex detection algorithms.

JETS IN CROSSFLOW

Single jet and multiple jet interaction with a crossflow have been studied for

more than 60 years and has a in a wide range of military and industrial applications.

Military applications include Vertical or Short Takeoff and Landing airplane technology

(VSTOL), rockets and missiles active control. Other studies have been done to

investigate fuel mixing and the effect of environmental release of gases and fumes in

the atmosphere. Most recently, the focus ofjet in crossflow research turned toward the

use of some jet actuators mounted on airplane wing to help control the boundary layer

and stall speeds. While the first burst of research interests was typically efficiency

driven, the problem of jet-in-crossflow also found some strong academic interest. The

interaction of boundary layer flow with a shear flow proved to be a challenge for any

experimental and numerical approach. The jet interface proves to be sensitive to a many

parameters and initiated many studies on the effect of different parameters such as the



jet-to-crossflow velocity ratio, the jet exit orifice geometry, the jet streamwise and

spanwise inclination angles. Most recently, the effect of forcing the jet with a pressure

wave or by the cyclic action of valve revealed some unforeseen improvement to

reinforce the action for the above application.

Steady jet in crossflow with normal injection

Blowing a continuous stream of fluid in a crossflow typically results in the jet

bending in the direction of the crossflow. The jet centerline trajectory has been

abundantly studied. Using a similarity theory on their experimental data for 900

injection, Broadwell and Breidenthal (1984) concluded that a similarity relation of the

(xform: = A I I gives a better collapse of the jet trajectories. Karagozian (1986)
VRD VRD)

'0.314

found through simulation that a power law of the form: = 0.527
1.178( x

D
VR offers a

good similarity solution. Using various sets of available experiments data, the values of

the parameters A and B where found to range as 1 .2<A<2.6 and 0.28<B<0.34. Note the

value of B being close to 1/3. Recently, Hasselbrink and Mungal (2001) used similarity

theory similar to Broadwell and Breidenthal (1984) and found that the jet trajectory

1/2

scales the best with a relation of the form: = I I for the near field and
VRD (Cej VRD)

\113
X for the far field. Cej and Cew are the entrainment coefficient in the jet

region and the far field, respectively. Most recently, Muppidi and Mahesh (2005)

studies the trajectory using Direct Numerical Simulation and found that jet trajectory

r]



scales with VRD, but strongly depends on the jet exit velocity profile and the boundary

layer profile.

The interaction of the jet shear layer with the boundary layer flow gives birth to

a complex three-dimensional vortical structure where four essential structures are

identified. A schematic of the flow structure as described by Fric and Roshko (1994) is

shown in Fig. 2.1. The first major two structures are the horseshoe vortex upstream of

the jet exit and a pair of kidney-shaped vortices in the main stream following the core of

the jet. These two structures are steady in nature and appear in the statistical mean flow

structure, but can have some unsteady components. Two vortical structures of unsteady

nature have been identified: the shear layer vortices and the wake vortices. These

structures are rather difficult to observe.As the crossflow approaches the jet, an adverse

pressure gradient is created and the boundary layer flow is forced to roll up into a vortex

that wraps around the jet exit into a "U" shape. This structure received many names

over the years, such as "scarf', "necklace", or "horseshoe" vortex. The latter one will be

used in this dissertation. The second major vortical structure is somewhat more

controversial. As early as 1958, Scorer (1958) called attention to the presence of

counter-rotating vortices in the flow of a transverse jet in a crosswind. This counter

rotating vortex pair (CVP) received the major part of the attention jet in crossflow until

today. Scorer (1958) proposed that the counter-rotating vortices were formed from the

roll-up of the vorticity at the sides of the round orifice only. The shear layer vortices

originate from the Kelvin-Helmholtz instability of the aimular shear layer. These

structures are related to the vortex rings for a free jet. Prior the end of the 1980's, it was

agreed that the wake downstream of the jet was similar to the one found behind a solid
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Fig. 2.1 Schematic of the flow structure of ajet normally injected in a crossflow
adapted from Fric and Roshko's (1994) schematic and descriptions
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cylinder: McMahon et al. (1971) studied the similarity between vortex shedding behind

a cylinder and that behind a transversal jet in a cross flow. While some similarity

occurs, large differences in shedding frequencies or Strouhal numbers were found

between the two cases. Using flow visualization and a single probe hot-wire

anemometer, Fric and Roshko (1994) found that the wake vortices behind a cylinder

originate from the boundary layer developing at the surface of the cylinder. For a jet,

the tornado-like vortices convect downstream alternatively (more or less periodically)

on each side of the jet, but are not shed from the jet. Instead, they conclude that the

wake vortices vorticity originate from the support plate boundary layer. Using multiple

hot wire X-probes and a pattern recognition technique Rivero et al. (2001) studied a

single jet in crossflow for a jet-crossflow velocity ratio of 3.8. The authors confirmed

Fric and Roshko's (1994) results in that since there is no boundary layer separation at

the jet interface, the shedding frequency behind the wake is less periodic than the wake

behind a circular cylinder. Using flow visualization and a hot-wire anemometer, Kelso

et al. (1996) studied in details the structure of the jet. They indicate that the

instantaneous vorticity field structure is of complex nature, involving bent and distorted

vortex 'rings' which interconnect with each other. They suggest that individual vortex

rings do not simply tilt as though they were solid disks, but that their leading edges are

bent slightly towards the wall, and their trailing edges are bent away from it. As this

evolves, the trailing edge of one ring can be entrained upwards into its predecessor.

The effects of many physical parameters have also been studied to modify the

behavior of the jet interaction. Moussa et al. (1977) studied the difference between a

pipe jet and a flush mounted jet in a cross flow. They noticed that the wake is
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dominated by vortices shedding from the surface of the pipe until the velocity ratio is

set higher than 5.5, where the jet-crossflow interaction and vortex formation takes over.

Inclined and unsteady jets in crossflow

Various methods have been used to alter the details of the flow structure;

methods such as inclining the jet in various directions, imposing a modulation to create

pulses of fluid and varying the shape of the jet exit.

While many correlations for the jet trajectory of normal jet in crossflow can be

found, very few similarity solutions have been proposed for inclined jets in crossflow.

An empirical scale law was compiled by Abramovich and Schindel (1963). The

resulting relations can be found in Chapter 5. Inclined jets are usually tailored for

specific applications such as gas turbine film cooling. In this case, the capability to keep

the injected flow close to the surface while improving the mixing to replenish the film

fluid is critical, as Isaac and Jakubowski (1985) concluded. The effect of parameters

such as the jet hole geometry was studied by Thole et al.(1996), Brittingham and Leylek

(1997) and Berger and Liburdy (1998). The results showed that the counter rotating

vortex structure is affected and that the results are sensitive to changes in the shape

radius of curvature. The flow characteristics of a 35° degree streamwise inclined jet

were studied and compared to a normally injected jet by Lee et al.(1994). While they

confirmed that the flow in the downstream region is strongly three-dimensional for both

configurations, no reverse flow upstream of the jet was observed for the inclined case.

The cross flow entrainment for the inclined jet was found smaller than for the normal

injected case. Jet separation from the surface was observed for a velocity ratio VR>2



While film cooling benefits from keeping the flow close to the surface, jet

velocity modulations (excitations or full modulations) help increase the mixing and

depth of penetration and are typically used for boundary layer control. Crow and

Champagne (1971) studied the effects of a periodic forcing on a single jet blowing in a

quiescent environment. They showed that the surrounding flow entrainment could be

dramatically increased by a factor of 32% when the jet was forced with a frequency

corresponding to a Strouhal number of Stcz0.3. When applied to boundary layer control

on an airplane wing at low cross-stream velocities (M<0.5), McManus and Magill

(1996) showed that a 50% increase in lift with only a small drag penalty could be

achieved using a pulse frequency corresponding to a Strouhal number of St0.6. The

effect of periodic pulsing on the structure and the mixing of a transverse jet was also

studied by Vermeulen et al.(1990). Using acoustic pulses on a single steady jet, they

showed that mixing, jet spread and penetration can be significantly increased by

modulating the jet at an optimal Strouhal number between 0.22<St<0.27. Similarly,

Eroglu and Breidenthal (2001) studied the effect of the pulsing frequency on the

penetration and mixing of the jet. Their experiments showed that a 70 % increase in jet

penetration can be obtained for an optimum pulsing frequency (depending on the wing

geometry and pitch angle). While these results are exciting, the average pulse

frequency is related to the jet natural frequency and is usually above 100Hz. M'Closkey

et aL(2002)] observed that the highest level of jet penetration occurs for sub-harmonic

frequencies of the natural vortex shedding frequency. On the other hand, Joahri et

al.(1997) and later, Hermanson et al.(1998) found that the duty cycle is an important

parameter. For low pulse frequencies (f<6Hz), a low duty cycle can control the distance



between one puff of fluid and the next, and strongly modify the shape of the puff and its

ability to penetrate in the crossflow.

PARTICLE IMAGE VELOCIMETRY

Until the beginning of the 90s, the most advanced techniques for measuring the

fluid velocity were the hot-wire anemometer and the Laser Doppler Anemometer. The

first uses a very thin wire or film connected to voltage source and a Bridgstone bridge.

When the air is blowing on it, the convection coefficient at the surface of the wire

varies. It results in a change of voltage that can be measured and therefore related to the

air velocity. Since the method is intrusive the hot wire probe has to be at the location

of measurement- the use of a laser method was developed. By focusing the laser

through a complex optics system, an interference pattern at a single point in the flow

can be created. Due to the optical properties of the fluid, the interference fringe distance

is a function of the air velocity at the single point. Both methods are used to measure the

velocities at a single point, but can reach very high sampling frequencies in the order of

1kHz. The Particle Image velocimetry (PIV) technique was developed to answer the

spatial sampling problem. A typical Ply apparatus consists of three components: a

digital camera, a high power laser and an optical arrangement to convert the light from

beam to a light sheet (which can be done using a cylindrical lens). The fluid needs to be

seeded with tracer particles that need to follow the motion of the fluid as smoothly as

the rest of the fluid. The laser acts as a photographic flash for the digital camera, and the

particles in the fluid scatter the light. It is this scattered light that is detected by the

camera.. In order to measure the velocity at least two exposures are needed. They can be
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recorded on one or several frames. Once the frames acquired, the images are split in a

large number of interrogation zones. It is then possible to calculate a vector for each

zone with help of statistics (auto-correlation/cross-correlation). Further details are

shown in chapter 5, but an in depth explanation can be found in Keane and Adrian

(1992). Recently, a new PlY feature was made available but requires the use of two

cameras and a rigorous calibration procedure. The two cameras are set up to look at the

same flow area but with a different view angle. Taking a 2D Ply sample from each

camera, the third velocity component normal to the plane of the laser sheet can be

deduced and therefore the three components velocity field can be acquired.

The PJV technique has been used for a broad range of fluid mechanics problems.

Jets and crossflow haven't been spared, and a list of all the PIV papers applied to the

study of jet(s) in crossflow would be too extensive. Most recently, Meyer et al.(2002)

acquired stereo PIV data on a jet in crossflow. While the CVP was abundantly

examined, they were unable to capture the horseshoe vortex upstream of the jet exit.

They also suggest that the representation of the data with all 3D components is

somewhat of the problem and that only computer rendering is the best way to get a

better sense of the three-dimensionality.
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PROPER ORTHOGONAL DECOMPOSITION

The Proper Orthogonal Decomposition (POD) is the method of choice for

analyzing the variability of a field of a scalar variable. The method finds the spatial

pattern of variability and measure the importance of each pattern. While Karhunen and

Loève (1955) are at the origin of the method, it commonly agreed that Lorenz (1956)

brought the method to practical use for weather forecasting. Depending of the field of

application, the name changed as the technique was re-invented, adapted and

customized by its author. In mathematics, it is called the Karhunen-Loève Expansion

and in oceanography, it is called Empirical Orthogonal Function (EOF) analysis. In

statistics, it takes the name of Principal Component Analysis (PCA) and in life science

it is called factor analysis. Lumley (1967) was the first to bring the method to fluid

turbulence in engineering with the name of Proper Orthogonal Decomposition (POD).

Later, Sirovich (1987, 1991) introduced the method of snapshots. While the direct

method is usually applied to continuous time series or equations, the method of

snapshots can be applied to a sufficiently high enough finite number of uncorrelated

samples or snapshots. Typically, the N original data samples can be decomposed in N

spatial modes with a corresponding eigenvalues for each mode and a time series.

Assuming M time series dm with m=1 to M, and N observations (or time) n=1 to N, the

eigenvalues ak(t) and eigenfunctions Fk(m) are sought such that:

di,i(tm) = ak(tfl) Fk(m) (2.1)

with kPOD mode number,
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and with the orthogonally condition:

F1(m) Fk(m)=Jk (2.2)

The eigenvalues corresponds to the higher amplitude of the corresponding mode

and are usually sorted in decreasing order. The result from POD analysis can be used in

many different ways. First, careful observation of the first few modes can yield

important information on the distribution of the data in the field. The original data can

also be "reconstructed" using all or only a few modes. Used this way, the POD is acting

as a spatial filter. It is the backbone of engineering flow control where only the most

important modes are injected in the equations to model the effect of a parameter such as

the pulsing frequency of the angle of a flap for boundary layer control over a wing.

VORTEX DETECTION

While a vortex is typically located using vorticity components in different

planes, Dubief et al. (2000) and Adrian et al.(2000) define and review multiple

approaches to the detection of vortex in the middle of a flow field. Adrian (2000)

recommends subtracting a uniform convection velocity with increasing magnitudes

from each instantaneous velocity field and observing the convected vortices. Graftiaux

et al. introduced a novel algorithm for detecting these vortices. The vortex detection

function is defined by:

F(P)l5MUM)2dAl
$sin(eM).dA

(2.3)
4 1PM llU AM

A
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where M are the discrete grid points within the sub-area AM that correspond to velocity

data points. The strength of the vortex is calso calculated as a circulation:

S(P)=I J UM)UM dA=-1-- Jsin(OM).UM dA (2.4)
M MA lIPM hUM

hb
M

If the value of F1 is negative, then the flow within AM is following a counter-clockwise

(CCW) rotation. If F1 is positive, then the flow within AM is following a clockwise

(CW) rotation. If IF1 is equal to 1, then AM contains a perfectly rotating structure. The

method is further explained in Chapter 4. Appling this method to a swirling jet flow and

combining it with POD analysis, the authors successively showed that the displacement

and deformation of the large-scale vortex are correlated to the strongest modes in the

flow.

Jeong and Hussain (1995) proposed a definition for a vortex that is commonly

referred to as the 22-definition. The authors argue that a pressure minimum is not

sufficient as a detection criterion. In fact, in case of unsteady inotational straining, a

pressure minimum can be created without the presence a vortex. On the other hand,

viscous effects can eliminate a pressure minimum and therefore make the vortex

detection difficult. To remove these effects, the authors propose to decompose the

velocity gradient tensor J into its symmetric part, the rate of deformation or strain-rate

tensor S, and anti-symmetric part, the spin tensor Q, and consider the second highest

eigenvalues of S2 + c2 showing that this is a direct measure of local spin. Through

several analytical examples and direct numerical simulation datasets, the authors

demonstrated the effectiveness of the 2-definition compared to others. However, in

situations where several vortices exist, it can be difficult for this method to distinguish

between individual vortices. The method is further explained in data analysis Chapter 5.
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CHAPTER 3

MOTIVATION AND GOALS

The transversal penetration and structure of a jet placed in a crossflow is known to

be strongly three-dimensional. It is believed that, by using a pulsed jet inclined in the

crossflow direction, the momentum transport can be controlled in two very efficient

ways: the pulse can increase the jet penetration and the mixing downstream, while the

inclination avoids the creation of a reverse flow at the jet exit and may extend the

mixing area further downstream. Some results are available in the literature, but none

addresses the combination of these two factors. Moreover, most of these studies use

flow visualizations and 2-D velocity measurement methods that may not be adequate to

elucidate the complexity of such a flow.

The goal of this research is to investigate the near and mid field characteristics of a

450 inclined, steady and fully modulated jet in a cross flow for a single mean velocity

ratio VR=3 .4. The jet centerline trajectory, the mean flow characteristics and turbulent

quantities are studied for an ensemble of stereo-PIV measurements throughout the flow

field. For the steady jet case, the effect of the jet Reynolds number Rej is investigated.

For the pulsed case, the effect of a low pulsing frequency is considered as well as the

pulse duty cycle.
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CHAPTER 4

EXPERIMENT SETUP AND FLOW CONDITIONS

WIND TUNNEL FACILITY

The experiments were carried out in the low speed recirculation wind-tunnel at

Oregon State University. A schematic of the wind tunnel facility can be found in Fig.

4.1 and Fig. 4.2. A three-blade variable pitch propeller powered by a 2OHP AC drive

and motor generates wind speeds ranging from 0 to approximately 25m1s. Two sets of

0.2cm pitch mesh screen and honeycomb are used prior to the converging section to

break down any vortical structure due to the propeller rotation and corner turns in the

wind tunnel. Each corner is equipped with flow straighteners. The crossflow velocity

was measured with a ceiling mounted Pitot tube connected to a Flowkinetics DP1A

manometer. The turbulence level at the center of the 12m x 1.2m x 1.5m test cross-

section was measured to be on the order of 1.0%.

PULSED JET SYSTEM

The plate support for the experiment was a 61cm x 122cm x 1cm flat sheet of

Plexiglas®, with a 30 degree bevel at the leading edge to minimize the obstruction of the

oncoming flow. The leading edge of the plate was placed 4.25 m downstream from the

test section entrance and 35cm above the wind tunnel section floor. A schematic of the

plate setup and axis coordinates is shown in Fig. 4.3. The boundary layer is tripped

using a 2mm thick steel wire positioned 55mm from the leading edge of the flat plate
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Fig.4. 1 Schematic of Oregon State University Aero lab
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Fig.4.2 Schematic of the wind tunnel facility
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such that the boundary layer thickness at the leading edge of the jet is on the order of

the jet diameter. A dry air compressor with a 0.227 1 m3 tank supplied clean air to the

flow loop at an initial pressure of 120 PSI. A schematic of the flow loop is shown in

Fig. 4.4. The first pressure regulator, PR1, is used as a decompression stage down to 80

PSI before entering a 12m long supply line. Then, an air filter, AF, followed by a

second pressure regulator, PR2, set at 60 PSI were used to remove any impurity and to

get rid of any fluctuation due to the compressor cycling. Monitoring of the pressure

fluctuation during jet exhaust and compressor cycling found jet fluctuations under 0.05

PSI. The flow line was split in two lines to supply the upstream seeder, SD2, and the jet

independently. The air to the upstream seeder was controlled with a single needle valve.

The air flow to the jet was controlled with another needle valve. The air mass flow rate

to the jet was obtained using an inline flowmeter, FM (Kings Instrument rotameter), to

measure the flow rate, a pressure transducer, PT, to measure the flowmeter exit pressure

and a thermocouple system, TC, to measure the flowmeter exit temperature. The flow

line was then split into two lines to supply either the jet seeder, SD1, or to bypass it

completely. The air flow in each line, and therefore the seeding density of the jet, was

controlled using two needle valves. The two flow lines were reconnected at the inlet of

a solenoid valve. The valve used, an ASCO Scientific AL4124, was chosen for its fast

response time of less than Sms. The drawback is that orifice size of the valve is 0.O9in

with #10-32 UNF ports fitting. To ensure a smooth flow readjustment from the valve

exit to the 10 mm jet opening, a 30 mm long diffuser section was custom made. A

detailed schematic of the solenoid valve and diffuser assembly is shown in Fig. 4.5. The

diffuser was flush mounted and threaded into the jet opening. The pitched circular jet



results in an ellipse shaped jet exit with a minor axis of 10 mm and a major axis of

approximately 14 mm. The jet pulsing apparatus was designed around the hub and the

laser triggering system. An arbitrary function generator (Tektronics AWG2O2 1) was

used to create square waveforms with two frequencies: 1Hz and 5Hz and two different

duty cycles: 50% and 12.5%. The resulting signal was then amplified using a 40W

amplifier from Amplifier Research (model 4OADI). The amplified output was set to

reach the solenoid valve with amplitude of 24.5V. The arbitrary function generator was

externally triggered using the trigger going from the hub to the laser. A delay generator

was inserted in between to provide an accurate synchronization between the first laser

pulse and the first jet pulse. Refer to chapter 5 for laser and solenoid triggering and

timing.
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Fig. 4.3 Schematic of support plate and coordinates
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PARTICLE IMAGE VELOCIMETRY (PlY) SETUP

The velocity flow field was investigated using a stereo-PIV apparatus composed

of a two Kodak ES 1.0 8bit digital cameras, a Dantec DynamicsTM hub flow processor

with a 1.5Gb LIFO and a 400mJ dual head Nd:YAG laser. A schematic of the setup is

shown in Fig. 4.6. The laser beam was transformed into a laser sheet using an optic

apparatus that was set inside the wind tunnel section. A schematic of the optic apparatus

is shown in Fig. 4.7 and Fig. 4.8. The optics components were chosen such that no "hot

spot" (focusing of the beam in one tight point) were near any surface of the mirror and

lenses. The focusing of the beam into a hot single spot generally produces a light

sparkle, or flash which simply results from the vaporization of the humidity in the air.

Due to the seeding of the jet and the crossflow with an oil mist, hot spots are more

likely and great care was taken to avoid them. First, a cylindrical lens placed

horizontally creates a diverging spread of the beam. A 532nm coated minor is placed

before the focusing point of the cylindrical lens to redirect the beam in the streamwise

direction. The laser beam is only a vertical slit at this point. As the laser continues

spreading in the horizontal plane, a 150mm converging lens is placed such that the

beam is re-focused horizontally and spreads vertically. This focusing results in a thin

horizontal sheet and avoids hot spots. The resulting light sheet is aligned with the

crossflow streamwise direction and its thickness adjusted to approximately 2mm. A

manual translation stage supports the entire optics apparatus so that it can be adjusted

along the spanwise direction. The two cameras were equipped with Nikon Nikkor

35mm lens and mounted on Scheimpflug mounts. Typically, the camera has to be

mounted so that the plane of the camera CCD is parallel to the field of view to obtain a
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focused image. This special mount allows for the separate positioning of the camera and

the lens. When the plane of the camera CCD, the plane of the lens and the plane of the

field of view coincide on one line, the field of view will be in focus on the camera CCD.

A schematic of the Scheimpflug configuration is shown in Fig. 4.9. The two cameras

were mounted outside the wind tunnel, looking through the test section window with off

axis angles of 25° and 300 respectively. Each camera took pairs of pictures of the flow

within the thickness of the laser sheet resulting in pairs of 2-D velocity fields. Upon

calibration, the correlation of the two 2D-PIV fields obtained from the two camera

angles yielded a three component velocity flow field. The laser and the cameras were

controlled though the Dantec Dynamics software Flowmanager V4.50. The software

allows the user to change the exposition time, the time delay between successive laser

pulses, the number of samples acquired, and the timing and synchronization of the

cameras with the laser pulses.
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Fig. 4.6 PIV experiment Setup
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Fig. 4.7 Laser sheet apparatus schematic
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PULSED JET FLOW VISUALIZATION PRELIMINARY RESULTS

Prior to commencing this study, miscellaneous scenarios were investigated to

control the boundary layer over a flat plane. Among these, the combination of the fully

modulated jet and streamwise inclined jet appeared interesting and proved to be

scarcely documented. A series of flow visualization images were obtained to define the

best pulsing frequency for the well documented velocity ratio, Vr=3.4. Using a

continuous wave (CW) Nd:YAG laser, a series of is long exposure images were

obtained for various pulsing frequencies. An example of these images is shown in Fig.

4.10.

Fig. 4.10 Pulsed jet flow visualization at f=5Hz

In order to compare the results over a frequency range of 0 to 45 Hz, spectral slice plots

were obtained by stacking slices of each plot at a given frequency, next to the same plot

for the next frequency. The results are shown in Fig. 4.11. The large strip between 0 and

5Hz corresponds to the steady jet. The adjacent narrow strips, f5Hz, correspond to

slices for larger frequencies, in increments of 1Hz. Unfortunately, no unusual jet

behavior or major jet penetration depth are observed. A small peak is observed for
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f24Hz, but this is nowhere comparable to the dramatic increase observed to

M'Closkey et al. (2002). Due to the lack of documentation on simultaneously inclined

and pulsed jets, it was decided to fill this need, beginning with the steady case and

transitioning to full modulation with low to high frequencies. Using the pulsed Nd:YAG

laser, a series of snapshots of the jet under various pulse frequencies was obtained, as

well as digital videos. Examples of such snapshots are shown in Fig. 4.12. and Fig.

4.13. Upon examination of these snapshots and videos, it was observed that similar

patterns as Mc'Closkey et al. (2002) and Eroglu A and Breidenthal (2001) exist in the

flow, but instead of penetrating deeper in the crossflow, the penetration occurs behind

the main body of the "puff' or passes above it, sometimes catching up with the previous

pulse. This partially explains why the spectrum slice plots didn't detect it.
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Fig. 4.12 Sample flow visualization for f5Hz

Fig. 4.13 Sample flow visualization, close-up view for flHz
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BOUNDARY LAYER AND JET EXIT CHARACTERISTICS

Boundary layer characteristics

To assess the state of the flow over the flat plate and especially at the location

where the jet flow will interact with the crossflow, the crossflow velocity profiles were

obtained for the three different values of the crossflow velocity, V. Using a hot-wire

(HW) anemometer system, the HW probe was kept at x/D1 upstream of the jet exit

leading edge and translated upright perpendicular from the flat plate plane. The data

were acquired over 32k points at a 4kHz sampling rate. The test was repeated 4 times

for each location. The jet exit leading edge is located at 3 80mm from the flat plate

leading edge and 320mm from the trip wire. The crossflow velocity was set with the

micro-manometer Pitot tube system. Recall that the Pitot probe is located on the

ceiling of the wind-tunnel section, three feet above the flat plate. The results are shown

in Fig. 4.14 for the three velocities V. 1, 2 and 8mIs. The boundary layer thickness, ,

is defined as the height for which the velocity is equal to 99% of the crossflow velocity.

In practice, is obtained directly from the values used in Fig. 4.14. The displacement

thickness of the boundary layer, , is defined by reference to the volumetric flow per

unit width, Q, between the surface and a reference plane parallel to it in the fluid at

some great distance ó from it. Therefore, is obtained by integrating over the velocity

profiles with the following equation:

8* = J(1U/U)dy

Similarly, the momentum current between the surface and the reference plane is

0= f(U/U)(lU/U)dy



The results are summarized in Table 4.1. For each case, two values for the Reynolds

number are computed. The first one uses x as the distance from the flat plate leading

edge to the measurement location. The second uses x as the distance from the trip wire

to the measurement location.

Table 4.1 Boundary layer characteristics at xlD
upstream of the jet exit leading edge

Case # Vcc (mis) Re' Re2 (mm) 0
1 1 25,270 23,270 30 6.7 4.1
2 2 49,840 45,900 28 5.4 3.3
3 8 2.04x105 1.88x105 20 2.1 0.8
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As expected, as the crossflow velocity increases, the boundary layer thickness

decreases. This means that for high crossflow velocities, the fluid will be moving faster

close to the flat surface, which might affect the jet trajectory and the flow structure.

Jet exit velocity profile

Similar to the previous section, it is critical to assess the jet exit velocity

profiles. Using HW anemometer system, the HW probe was kept at y/D=O. 1 above the

jet exit. The data were acquired over 16k points at 1kHz sampling rate. The test is

repeated 4 times for each location and only the mean of each test was used. For the

steady cases 1 to 3, the probe was translated parallel to the flat plate plane, along the jet

exit symmetry axis. For case 4 to 7, due to the jet velocity cycle, it was difficult to

define a proper velocity "profile". Therefore, the probe was kept at a fix location,

x/D=l.

The velocity profile for the three steady cases ito 3, shown in Fig. 4.15, appears

to be roughly parabolic, albeit skewed in the downstream direction. For x/D<O, a non-

zero velocity component is observed and appears to be a combination of the boundary

layer crossflow component and the jet entrainment. As we get closer to the jet exit

location, the jet velocity starts to increase, then reaches a maximum before dropping to

a velocity that is slightly lower than the upstream velocity. The profile is not symmetric.

The maximum velocity for each case appears to be shifted further downstream for

increasing Re3. This is assumed to be the effect of the increasing crossflow velocity. The

peak velocity is also higher than the mean theoretical velocity: Vmax is approximately

4.4mIs for case 1, which represents a 28% excess. Vmax is 8m/s for case 2, which
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represents a 17% excess. Surprisingly, the maximum velocity for case 3 is slightly

under the theoretical values, with Vmax== 25.2m/s, which represents a 7% deficit. The

turbulence intensity (TI) profiles for cases 1 to 3 are shown in Fig. 4.16. As expected,

the turbulence intensity reaches a peak in the jet shear layer. It reaches a maximum at

x/D=-0.3 and its position appears to shift slightly downstream as Re increases. The

turbulence intensity drops to a minimum at the jet exit centerline, for x/D1 .1. Then, on

the downstream side of the jet orifice exit, the TI reintensifies and doesn't decrease until

after x/D=2.5. This is assumed to be the effect of a low pressure "bubble" between the

jet flow and the flat plate, balancing the jet exit momentum and the need to fill this low

pressure area. The typical result is a swaying motion during which momentum from the

surrounding fluid is periodically sucked in, and results in a high level of turbulence. The

exit velocity time trace for the four pulsed cases 4 to 7 are shown in Fig. 4.17 to 4.20.

For each case, the time trace over a period of 16 seconds is shown on the first plot.

Upon finding the exact pulse period, the dataset is re-plotted on a single period, phase

averaged and shown on the second plot. The mean velocity over the entire period is also

calculated and plotted as a horizontal dash line. While the jet exit velocity during the jet

OFF is no surprise, the ON period reveals interesting details.

For case 4, the jet exit velocity varies over a wide range of values: 5 to 15 m/s

instead of the measured 6.8m/s at the flow meter. The ON period appears somewhat

smaller than the ideal case, with Tmeas 480ms instead of the ideal 500ms. This results

in a 4.87m1s period average velocity vs. the ideal 3.4m/s, which corresponds to a 43%

excess. For case 5, the jet exit velocity ranges between 15 and 30m/s. The average ON

velocity is about 22m1s instead of the ideal 27.2m/s. The ON period is slightly smaller
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than the ideal case, with TmeaslOOms instead of the ideal 125ms. This results in a

smaller period average velocity of 2.3m/s, a 32% deficit. For case 6, similar to case 5,

the exit velocity ranges from 5 to 1 4nils and gives a ON period of 11 7ms (instead of the

ideal lOOms) and an average velocity of 4.23m/s instead of the ideal 3.4m/s. This is a

24% excess. Finally, for case 7, the velocity ranges from 10 to 27m1s. The ON period is

Tmeasl2ms (instead of the ideal 25ms) which results in an average velocity of 1 .4mls

instead of the ideal 3.4mIs. This is a 58% deficit.

32



E

8

>

30

o Casel
O Case2

Case3

25

20

,t"

15 --------- /
4

0

I

S

5 'a'--,
\SS

- ___ o------G, '_ ----a

' __.e- S

El- EJ -

------- --

61

-05 0 0.5 1 1.5 2 2.5

36

30

I-

-05

Location X/D

Fig. 4.15 Jet exit velocity profile for steady cases 1 to 3

o Casel
p i I

DCase2
LCaso3 0 0

D
-- /o 0

0
-

__/

' 113 -4t -----
--

IC

-

-

,
'I -- 0

i

II,/

g

I
- ----- . -------

-&

'-i -

----- /

-A'

0 0.5 1 1.5 2 25 3

Location 2</0

Fig. 4.16 Jet exit turbulent intensity profile for steady cases 1 to 3

33



- 15
E

.:' 10
0
0
a)

>

15

30

20

0
0
ci)

>

Case 4

0 2 4 6 8 10 12 14 16

time (s)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (s)

Fig. 4.17 Phase averaged jet exit velocity for case 4.

Case 5

0 2 4 6 8 10 12 14 16
time (s)

30 I I

E20-

0
a)

>

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (s)

Fig. 4.18 Phase averaged jet exit velocity for case 5.

34



15

110

C)
0

>

Case 6

0 2 4 6 8 10 12 14 16
time (s)

time (s)

Fig. 4.19 Phase averaged jet exit velocity for case 6.

Case 7

time (s)

Fig. 4.20 Phase averaged jet exit velocity for case 7.

35



CHAPTER 5

DATA ACQUISITION AND REDUCTION

FLOW CONDITIONS

In order to obtain the most valuable information on the jet and crossflow

interaction, the area of interest was defined as six jet diameters (6D) in the downstream

direction, 3D3 in the upstream direction and 2D in the spanwise direction. Two series of

tests were obtained. The first series of tests seeks to resolve the mean 3D flow and

describe some of the turbulent quantities. Two hundred stereo-PJV samples were

acquired for 11 slices from the symmetry axis z=0 to z=2D3 by increments of 0.2D3. The

second series focuses on PODs of the turbulence along the symmetry axis z0. For this

study, 2,000 stereo-PIV samples were acquired. For the entire experiment, the velocity

ratio, V was maintained at a constant value of V=3.4. In order to have comparable

results with past studies, the velocity ratio, Vi., was defined as the ratio of the mean jet

exit velocity to the mean crossflow velocity. When the jet is not pulsed, the only

parameter was V, which resulted in a jet Reynolds number change. Three Re3 numbers

were studied, resulting in 3 cases, shown in Table 5.1.

Table 5.1 Non-pulsed jet settings

Case
#

V
(mis)

V
(m/s)

Re1

mean
Re
peak

1 1 3.4 2,184 L14_
2 2 6.8 4,367 4,367

3 8 27.2 17,468 17,468

When the jet was pulsed, two parameters are varied: the pulsing frequency, f, and the

duty cycle, A. The crossflow was kept at the nominal velocity of V1 .Om/s, and
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therefore the mean jet velocity is kept at V=3.4mIs. Two frequencies and two duty

cycles are studied: 1Hz and 5Hz, and 50% and 12.5% duty cycles. Within the PlY

software, the acquisition time is set proportional to the inverse of the jet pulsing

frequency: for the 1HZ pulsed jet, the acquisition is repeated every 15 pulses (15x 1/15

= is =1/1Hz) and for the 5Hz pulsed jet, the acquisition is repeated every 3 pulses (3x

1/15 = 200ms = 1/5Hz). A schematic of the laser-solenoid synchronization is shown in

Fig.5.1. The four pulsed cases settings are shown in Table 5.2.

Table 5.2 Pulsed jet settings

Mean Values Peak Values
Case
#

f (Hz) V,
(mis)

V
(m/s)

Re1 St
x103

V
(m/s)

Re St
x103

4 1 1 50% 3.4 2,184 2.94 6.8 4,367 1.47
5 1 1 12.5% 3.4 2,184 2.94 27.2 17,468 0.37
6 5 1 50.0% 3.4 2,184 14.71 6.8 4,367 7.35
7 5 1 12.5% 3.4 2,184 14.71 27.2 17,468 1.84

To keep the mean jet exit velocity constant, the peak velocity is adjusted with the valve

in the open state. Then, the valve cycle is activated. From the mean flow viewpoint, the

four pulsed cases are comparable to Case 1, but from the peak values viewpoint, the

four cases are comparable to case 2 or 3.

A total of four specific times or "phases" during the pulses were analyzed. The

first, phase A, corresponds to the time at which the solenoid valve is opened. It gives an

overview of the jet initial burst and the state of the crossflow in which the jet is going to

penetrate. Phase B corresponds to the center of the positive part of the square wave

signal. Depending on the duty cycle, the data at this phase are the most likely to show

similitude with the non pulsed case. Phase C corresponds to the end of the pulse, when

the valve is closed. The results at this phase are expected to capture the initial crossflow
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recovery and the state of the wake. Finally, phase D give an overview of the crossflow

recovery. A schematic of the phase position for the two duty cycles is shown in Fig. 5.1.

In order to see the jet burst at phase 1 and the trail of the jet pulse at phase 3, a time

delay was added to the triggering times. The timing and delays values can be found in

Table 5.3.

Table 5.3 Phase timings

Phases

A B C D

Case# f(Hz)
öt

(ms)
ti

JJ_
t2

(ms)
t3

(ms)
t4

(ms)
4 1 50.0% 20 480 250 980 730
6 5 50.0% 20 80 50 180 130
5 1 12.5% 22 103 63 978 541

7 5 12.5% 22 3 191 178 91

Note that since a laser trigger was used all the timings in Table 5.3 are triggers from the

laser synchronization coinciding with the end of the jet pulse cycle. Another way to see

that is that the laser triggers are fixed and the jet trigger position has to be moved

around to coincide with the sync trigger. A detailed schematic of the phase timing is

shown in Fig 5.2. Also, a supplementary time delay, t, was added to take in account the

time for the flow to reach the nozzle exit. For case 4 and 6, the value of Et used was on

the order of the estimated value, öt =2Oms. But for case 5 and 7, the calculated value for

6t (öt-7ms) was strongly underestimated. A visual examination of the jet exit for

different values of öt and different phases showed that the optimal value would be

&22ms rather than 7ms. See Fig. 5.6 for a sample image using this optimal value.
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Fig. 5.1 Schematic of the laser-solenoid valve synchronization
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ACQUISITION METHOD AND ANALYSIS

The acquisition of the images was done with Dantec Dynamics Flowmanager

V.4.0. First, the field of view is calibrated using a specific target. This target is

composed of bumps and circles with a known size and depth. A picture of the target is

acquired from each camera. By detection of the position and alignment of the rows of

dots, the field of view is measured as well as the angle from which the target is

observed.

or I,ng mode' D,redUr1rrn,fom,

6O

gin9odI DirdUnrTmnm
3D io.JdI

Fig, 5.4 Images of the target viewed from the 2 cameras and
resulting calibration grid

The analysis yields a calibration file that can be used for de-warping a single image or

calculating the third component of velocity once the two 2D Ply velocity fields have

been calculated.

Recall that for each case 200 snapshots were acquired at each z location

(z=0,2,4,.. .20mm) and for the POD testing, 2000 snapshots were acquired for each case

but only for the location z=Omm. For the non-pulsed cases, it is important to avoid any

flow signal aliasing due to the 15Hz cyclic sampling. Therefore, the data were acquired

in smaller batches using a random manual trigger. In order to obtain the best images, the
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cameras are adjusted to have as little as possible of the surface of the flat plate in the

field of view. As a consequence, part of the flat plate sides and underside were in the

field of view, as can be seen in Fig.5.5. Therefore, the upper part of the image was

selected as the region of interest (ROT), which necessitated cropping the unwanted

bottom region in the acquired images, as can be seen in Fig.5.5. To optimize the

acquisition, the LIFO buffer was used for all acquisition.

PIV ANALYSIS

The PIV analysis was done with the Dantec Dynamics Flowmanager V.4.0 and

required 3 steps of processing: masking of the images, cross-correlation analysis and

export of the results.

Masking

As can be seen in Fig. 5.5, the laser sheet intersection with the plate leaves a

bright line that needs to be masked. The field of view of the acquired images contains a

dark area under the laser sheet line where some weak reflection of the jet can be seen.

This undesirable area needs to be masked. For each case and each z location, a different

mask was defined using the polygon masking tool. The bottom and side borders of the

mask are given by the limits of the image. The top border follows the upper part of the

laser sheet line and contours the brighter spots. Once the mask was created, it was

applied to all the images of the same group, i.e., the same case and same z coordinate.

During this process, a new masked image was created. The new masked image was

identical to the original image except that the masked area is filled with a solid color,

black.
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Fig. 5.5 Sample image using the camera's entire CCD

Fig. 5.6 Sample final image used for the visual examination of the
jet exit for case 5 and &-22ms.
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Cross-correlation and adaptive analysis

The Ply cross-correlation and adaptive analysis consists of three parts. First, each

pair of images (A-B) was divided into sub-regions defined by a square or rectangular

grid. Then, each sub-region of image (A) was compared to the corresponding sub-

region on the second image (B). The goal was to find an estimate of the average

displacement of the tracers from image A to image B. This comparison was obtained

using a cross-correlation of the two sub-regions. For data time series, it is much faster to

convert to the frequency domain, since that the cross correlation of two times series is

just a simple convolution in frequency domain. Similarly, the software uses 2D Fast

Fourier Transforms (FFT) of the data (gray levels) from each sub-region, to convert into

the spatial frequency domain. The two FFTs were convoluted and the result converted

back using an inverse FFT. The flowchart of the analysis is shown in Fig. 5.7. Ideally, a

map of the resulting cross-correlation would have a single peak in the map

corresponding to the average displacement of the tracers within the sub-region, such as

in Fig. 5.8. The highest peak usually corresponds to a highest probability for average

displacement, but sometimes it is not true. Therefore, a conditional filtering is

implemented based on the peak's width, peak's height and maximum realistic velocity

magnitude. Due to the rather large difference in velocity between the jet and the

crossflow, an adaptive method was also used. This method consists in simultaneously

comparing the sub-region (A) with the corresponding region (B) but also with the

adjacent regions of (B). Effectively, the region (B) is offset in both directions to look

for tracers that would have come out of the original area of (B). This method is



System Image I: Image 2:
input tt tt+t

Image subsampling
at position (ij)

,g (tu.aj
\Vindow fimnctioi

Fast Fourier (optional)

transformation FFT FFT

F (mLv) 0 (u.v)

Correlation in the Cross-correlation:
spatial frequency Vu) = F(u.vG(u,v)
domain

Filter ñiiicrion

Inverse Fourier
FFT

(optional)

transthrmation

I+(u,v)

Peak detection and
subpixel interpolation

(dxdy)

Conversion V(ij)
to velocity Vi.j)

System output Data file

Fig. 5.7 Numerical processing flowchart from Flowmanager software and
introduction to Ply measurement: Software user's guide (2002)

Fig. 5.8 Example of cross-correlation map, from Flowmanager software and
introduction to Ply measurement: Software user's guide (2002)
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implemented using many parameters such as the number of iterations, the criteria

for which a vector out the sub-region is replaced. The parameters used for the

analysis of all the data acquired for all the tests are summarized in the series of

snapshots from the software graphic user interface shown in Fig. 5.9. The method

was adaptive from 64x64 to 32x32 pixels with 50% overlap with no window or

filtering. The adaptive offset was applied on both interrogation areas. A peak

validation was used with a minimum peak height relative to peak 2 of 1. Finally, a

local 3x3 median filter was applied if a velocity gradient within the 3x3 neighbors

was bigger than the acceptance factor of 0.1.
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Fig. 5.9 Screenshots of the Flowmanager software adaptive correlations settings.

!r1



During the analysis, the darkened area originating from masking are treated like any

other part of the picture which means that vectors will be computed using these

areas. If the entire computing sub-region is a masked area, it results in null velocity

amplitude. If the mask covers partially the subregion, the analysis is still valid. An

example of raw pre-processed Ply result is shown in Fig. 5.10. One can see the

resulting number of spurious vectors under the figure: on average, the number of

bad vector after validation was about 300. But the bottom four rows of data

originating from the masking process, and therefore amount approximately to 60-

80% of the total number of bad vectors.

Maiy bnc W-ów

1J 4
____

', I m_tt.- -____.______._____.__.- - - -------- ----- - - - - - --- -

Ir
I I JO ?

DMb 1jI Ad25O-Ve,

/ 4ZO

Fig. 5.10 Example of raw Ply results from software (actual screenshot)
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Another issue arising from the volumetric acquisition is that the resulting grid

varies in size due to the various z positions of the laser sheet and field of view.

Typically, the further away from the camera, the larger the field of view is, resulting

in extra rows of data. This problem is taken care of during post-processing.

The cross-correlation process is the most time consuming portion of the PIV

analysis and is batch processed, hence the importance of using the right parameters.

Once both PIV fields for each sample are available, they are combined

geometrically using the calibration file to yield the third component of velocity, w.

Fig. 5.11 shows the principle of stereo Ply and Fig. 5.12 shows the details of the

stereo reconstruction of w.

Fig. 5.11 Schematic of stereo PIV analysis
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Fig. 5.12 Schematic of third velocity component reconstruction



Data export and post processing

In view of post-processing the Ply data, all the PIV results were exported into

ASCII files. Each file is composed of the following values: the x-position index, y-

position index, the x-position in mm, the y-position in mm, the three velocity

components: u, v, and w in m/s, and the velocity magnitude in (m/s). The x and y

position indices are used as a rapid indexing and are used to reshape the field of data

onto a rectangular grid. The batch process of exporting the data was relatively fast and

automatically created the filename for each sample. The filename syntax for each non-

modulated jet sample was defined as the following: the sample Cl_ZO0000l.txt

corresponds to case 1 (Cl), at the location zz=Omm from the symmetry axis (ZOO) and

sample number 1 (0001). For the modulated jet, the filename syntax was as follows: the

sample C4 Ti ZOO 000l.txt corresponds to case 4 (C4), for phase A (Ti), at the

location z=Omm from the symmetry axis (ZOO) and sample number 1 (0001). Up to this

point, all the analysis was done in Flowmanager. All the further analysis of the PIV data

was done in Matlab.

Before starting the analysis of the velocity fields, one last problem needed to be

resolved. The final Ply data still contained the null vectors resulting from masking. For

each sample, the data files described above were loaded in Matlab and using the x- and

y-position indices the column data was re-shaped to the original rectangular grid shape.

It was then a simple task to delete the undesirable bottom rows of data. For each set of

data, the 4 bottom rows of each field were removed. For the dataset away from the

camera, the top 2 rows were removed. Finally, the results on the edge of each grid were

removed. As this processing is relatively fast, it was automatically applied to the data
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during the import into Matlab. The final size for ll tests was a 56x34x1 1 three

dimensional grid.

MEAN AND TURBULENT QUANTITIES CALCULATIONS

For each case, 200 samples of the 56x34x11 flow field are imported into Matlab. While

all the following data were stored on a rectangular three dimensional grid, they can be

interpolated to obtain contours, isosurfaces and streamlines of the mean flow.

Mean velocity

For each velocity components (u, v and w) at every grid point, a corresponding

mean velocity component is calculated:

200
iixyz Yz

i=1

(5.1)

Where i is the index for the sample number and x, y and z are the indices for the grid

position. Each mean velocity component was stored in a 56x34x1 1 three dimensional

matrix. The combination of the three components of velocity yields the 2D or 3D

velocity vector fields, and can be used to generate the velocity streamlines.

Turbulent kinetic energy

For each grid point, the local turbulent kinetic energy (tke) was calculated and

averaged for all samples.

200

TKEZ =>((u xz)2 +(v
+(

XYZ)2) (5.2)
1=1
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The mean tke was stored in a 56x34x1 1 three dimensional matrix and was plotted as 2D

contours and 3D isosurfaces.

Reynolds stresses

As the 3 components of velocity were available, the three Reynolds stresses can

be computed. For each grid point, the local Reynolds stresses components were

calculated and averaged for all samples.

200

RXYZ (5.3)
200

200

RXYZ (5.4)
200

200

RXYZ - P (Uz iixYz

)
(w _xYz) (5.5)-

Ei'ô ,,

Where i is the index for the sample number and x, y and z the indices for the grid

position. The average Reynolds stresses are stored as three 56x34x1 1 three dimensional

matrices and are plotted as 2D contours and 3D isosurfaces. These three stresses

provide important information about the momentum in the flow field. Typically,

indicates increase of momentum towards the wall or away from the wall due to

turbulence.

Mean vorticity

For each grid point, the local vorticity components were calculated and averaged

for all samples. The vorticity components based on the mean flow was also computed. It

was found that the two were identical and therefore the latter method was used. For the
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inside grid points, a centered difference scheme was used. For the edges of the grid, a

forward or backward difference scheme was used.

-(x+I)yz 1y(xl)yz

J
I

(5.6)
dx dy )

Wx(y_l)z

J

(xy(z+I) -xy(z-I)

xyz

[
1

(5.7)
dy dz )

j.xy(z+l) -xy(z--l)

J

-j(x-l)yz '\ (5.8)
I

dz dx )

Where x, y and z are the indices for the grid position. The mean vorticity components

were stored in three 56x34x1 1 three dimensional matrices and were plotted as 2D

contours and 3D isosurfaces.

VORTEX DETECTION METHODS

Vortex detection using cell core circulation

As pointed out by Adrian et al. (2000), eddy structures in a boundary layer flow

can be identified by including convection velocities in all directions throughout the flow

field. They argue that this technique better detects small-scale structures very close to

boundaries and it is shown that it is sensitive to the assigned convection velocity of the

structures. This method is ideal for simple flow problems, like the boundary layer over a

flat plate. Since the flow being analyzed in this study has a highly complex mean flow it

is not conducive to the identification of an appropriate local convection velocity.

Consequently, the more traditional technique of Reynolds decomposition to remove the

mean flow based on the average of the N instantaneous vector fields was used. The
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instantaneous fluctuating fields in the x-y plane were analyzed to determine the local

swirl centered at each grid point within the flow. The vortex detection algorithm was

based on the algorithm used by Graftieaux et al. (2001). For all locations on the 3D

grid, the vortex detection function, F1, was calculated for each instantaneous flow field

over a sub-area centered on a given point, P. The sub-area size, A, centered about each

velocity grid point within the flow, ranged from a 3x3 to 1 lxii square grid with a grid

node spacing of 2,4 mm.

The vortex detection function is defined by:

FI(P)=_LJMUMdA=I Jsin(9M).dA (5.9)A
A

PLiIIiiUMi A
A

where M represents the discrete grid points within the sub-area, AM, that correspond to

velocity data points. The operator A represents the vector product of PM and UM. For

each point M within AM, the angle OM of the velocity vector with the "spoke" of A

passing through M was calculated as depicted in Fig. 5.13. If all the velocity vectors are

perpendicular to its respective spoke, then all the vectors in A are following a circular

pattern. Therefore, the mean value of sin(OM) was calculated over all the point M of the

sub-region A, excluding the center. If this value, F1, is negative, then the flow within A

is following a counter-clockwise (CCW) rotation. If F1 is positive, then the flow within

A is following a clockwise (CW) rotation. If IF1 is equal to 1, then A contains a

perfectly rotating structure. The arbitrary minimum value of Ui >0.95 was chosen as the

criterion for vortex acceptance.
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U

Figure 5.13 Area definitions for vortical structure detection

When the above criterion was satisfied, the total circulation inside this sub-area is

calculated using the following equation:

S1(P)=!
J
(PM'UM)UM dA=_L Jsin(&M).UM dA (5.10)

MeA IIPMi. UM MeA

The value of Si(P) is used as an indication of the relative strength of the vortex. Due to

the large number of samples (200 to 2000), the algorithm was structured to handle one

sample at a time. A first part detects all vortices present in the sample, saves their

locations and respective strengths in a matrix. Then, reading from this matrix, filled

circles of colors are plotted at each vortex position with the color indicating the

strength. The matrices used for the vortex location and vortex strength are replicas of

the domain grid, but with 5 layers, one for each vortex size. This matrix is originally

filled with "zeros". When a vortex is detected, the cell corresponding to the vortex

location is changed to a "one". Similarly, the matrix of vortex strength is originally

filled with "zeros" and the cell corresponding to a vortex location is changed to the

calculated vortex strength.
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Algorithm for vortex detection using core circulation

Pre-calculation and initialization

o Vortex locations matrices, CW and CCW initialized

o Vortex strength matrices, CWS and CCWS initialized

o Initialize Max vortex strength (Qmax=5)

> For each sample

o Calculate the Alpha matrix (for all grid points)

o For each subregion size (size=rl to 5)

Calculate Beta

For each point P of the domain

o Select subregion, SubAlpha, from Alpha

o Calculate the Theta from SubAipha and Beta

o Calculate f' and S from sum of sin(Theta)

Find locations of vortices according to criteria

Store location in CW and CCW

Store corresponding strength in CWS and CCWS

o If plot necessary

Calculate strength-color matrices CWSn and CCWSn based on

Qmax

For each point P of the domain

o For each subregion size

If vortex at this location

Draw vortex disk

+ location from coordinates of CW or CCW

+ size from actual subregion size

+ color from CWSn or CCWSn
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Vortex detection using the Lamda2 method

Jeong and flussain (1995) proposed a definition for a vortex that is commonly

referred to as the X2-definition. The authors argue that a pressure minimum is not

sufficient as a detection criterion. In fact, in case of unsteady irrotational straining, a

pressure minimum can be created without the presence a vortex. On the other hand,

viscous effects can eliminate a pressure minimum and therefore make the vortex

detection difficult. To remove these effects, the authors propose to decompose the

velocity gradient tensor J into its symmetric part, the rate of deformation or strain-rate

tensor S, and anti-symmetric part, the spin tensor , and consider only the contribution

from S2 + Q2. They define a vortex as a connected region where S2 + Q2 has two

negative eigenvalues. Because S2 + 2 is real and symmetric, it has only real

eigenvalues. Let X1, X2 and X3 be the eigenvalues such that X A2?23. If)2 is negative at

a point, then that point belongs to a vortex core. Through several analytical examples

and direct numerical simulation datasets, the authors demonstrated the effectiveness of

the )2-definition compared to others. However, in situations where several vortices

exist, it can be difficult for this method to distinguish between individual vortices. The

strain rate and rotation tensors are first calculated:

[ & 1Q-+) 1(5uSw)]
& 2y & 28z
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(ou )
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Where all the derivatives are obtained using centered differences in the interior

and forward and backward differences on the borders. The eigenvalues are calculated in

Matlab using the function eig(ST). The resulting eigenvalues are sorted and the value of

X2 is stored in a new 3D matrix for later use.

POD ANALYSIS METHOD

In order to obtain robust results for the POD analysis, a second set of data was

acquired, along z/D=O, with 2,000 samples instead of 200 samples. Due to the relatively

large size of the data sets, the proper orthogonal decomposition analysis was only

applied to scalar quantities such as the vorticity and turbulent kinetic energy field. The

POD values were obtained using singular value decomposition (SVD) which offers two

advantages compared to the eigenvalue decomposition. The first advantage is that the

SVD can be performed on non-square matrices. Second, the SVD produces real

eigenvectors while eigenvectors of unsymmetric real matrices can be complex.

Matlab offers 2 separate SVD functions: SVD.m and SVDS.m. The first

function decomposes the data into singular values for all 2,000 modes. The second

function decomposes the data into singular values but retain oniy the first N modes,

which can save a lot of space and reduce the computation time.

For each case, the data were imported in Matlab, where the vorticity, o, and the

tke were calculated. They were then reshaped into matrices such that each column

corresponds\ed to one of the 2,000 samples and each row corresponded to one single

spatial grid point. Once loaded, the mean value at each grid point was substracted from

each instantaneous vlaue. In Matlab, the use of SVD.m such as [U, s,V] = svd(X)



produces a diagonal matrix s of the same dimension as x, with nonnegative diagonal

elements in decreasing order, and unitary matrices u and v so that x = u*s*v;

Similarly, [U, s,v] svds (x, 500) computes the same quantities, but truncates the

results to the first 500 modes. The diagonal of the singular value matrix S. gives the

singular values cii. Since the relation between singular values () and eigenvalues (Xi) is

1= the eigenvalues ?j are easily calculated.

To obtain a specific mode, mode m for example, the mth column of U, the mth

values of S and the first mth colum of V transposed were used such as:

Xm =U(:,m)*S(m,m)*V(:,m)' (5.12)

To obtain an approximation of x to the th order, the first n columns of U, the first n

values of S and the first n columns of V transposed were used such as:

= U(:,l :n)*S(l:n,1:n)*V(:,1:n)V (5.13)

The eigenvalues are essential to interpret the modal contribution of each mode. The

percent contribution is easier to interpret visually and was calculated as follows:

2(%)= N

2,

(5.14)

As an example, a 56x34 grid points with 2,000 samples while retaining only the first

500 modes takes approximately 25 minutes to compute on a Pentium M, 1.6Ghz,

512Mb DDR-SDRAM.
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CHAPTER 6

MEAN FLOW CHARACTERISTICS

JET TRAJECTORIES

The jet trajectory is obtained from the mean Ply velocity fields. Starting from

the jet exit, x/D=0, the U-velocity is "scanned" for the maximum in the y-direction for

each x/D available. The trajectory is found from curve fitting the data points with a

power fit, using the least square method. For cases 1 to 3, the entire field x/D=0 to 8.7 is

used. For cases 4 to 7, the trajectory is obtained from phase B and C. For phase B, the

trajectory points are found for x/D= 0 to 6.2. For phase C, the trajectory points are

calculated for xID= 6 to 8.7. The trajectory is found by fitting a curve to the ensemble

of the data points from phase B and C. The resulting data points are plotted as open

circles and only every other point is shown for clarity.

Another way to define the jet trajectory is borrowed from numerical simulations,

such as Muppidi and Mahesh (2005), is to plot a streamline originating from the center

of the jet exit. The results are obtained using Matlab to plot a streamline based on the u-

and v- mean velocity fields. The starting point for the streamline is originating at xIDO

and y/D=0. 1. For cases 4 to 7, two streamlines are plotted: the dark streamline

corresponds to phase B, and the lighter grey streamline corresponds to phase C. The

empirical correlations from Shandorovand and Ivanov obtained from Abramovich

(1963) are also plotted on the same figure. As Shandorov's correlation is valid for

45°<u< 90°, and Ivanov's correlation is valid only between 60° and 120°, these

correlations are only plotted for comparison purposes. These empirical correlations are



functions of the dynamic pressure ratio between the jet exit and the crossflow, the

position y/D and the jet angle. For the pulsed jet cases, the peak exit velocity is used.

The two conelations are given by the following equations obtained from

Abramovich (1963):

2.55

x q' +11+.cot(a)
Ji5) D q1J

7 \1.3

x - i q I (y + -.cot(a)
-L;J J

Shandorov (6.1)

Ivanov (6.2)

where q = ø V2 and q1 = p.
j/2 the dynamic pressures of the crossflow and the jet,

respectively. One can see the similarity of the two equations with the power of y/D

close or equal to 3, a typical value used for normal injection of a jet in a crossflow.

Unfortunately, no information is known on the flow conditions and the jet Reynolds

number. Also, note the dependence of the inclination angle in the second term of the

equations.

The results for cases 1 to 3 are shown in Fig. 6.1 to 6.3. For case 1, both the

curve fitted trajectory and the streamlines bend progressively in the downstream

direction but with an angle somewhat lower than the expected 45°. The slope at the

origin is about 35°. Case 2 shows a similar trend with a slight increase in the bend, and

the slope at the origin is about 38°. Case 3 shows a larger deflection than the other two

cases, but the slope at the origin is still about 38°. For all steady cases, the trajectory is

systematically underestimated compared to the empirical correlations. This difference

and the last case's significant deflection can be explained by a combination of 3

components. First, as seen in Fig. 3.14, the boundary layer for case 1 and 2 are
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comparable, but the boundary layer for case 3 is about 2/3 of the other 2 cases. This

means that faster fluid is closer to the surface at the jet exit and will start acting earlier

on deflection the jet in the downstream direction. Similar results were found by

Muppidi, S. and Mahesh (2005). Then, a similar problem occurs in the wake region

between the jet core and the surface. The velocity gradient from the surface to the fast

flowing air in the jet, increase for each case and leads to an increasing pressure drop

that can influence the trajectory. Finally, the density at the jet exit is assumed to be

proportional to the ambient pressure measured in the wind tunnel, but it might be higher

due to the high pressure at the valve or much lower due to the diverging section creating

an over-expanded jet. The density modifications might influence the trajectory and

explain some of the deviations from the empirical correlations.

The results for the pulsed jet cases 4 to 7 are presented in Fig. 6.4 to 6.7. As for

the steady cases, the results for case 4 show a progressive bend in the downstream

direction with an angle lower than the expected 45°. The slope at the origin is about 40°.

The streamline for phase B is in good agreement with this trajectory, which seems to be

underestimated when compared to the empirical correlations. On the other hand, the

streamline for phase C appears to be in better agreement with the empirical correlations

for x/D=0 to 3.5. Further downstream, the streamline deviates such that it is parallel to

the streamline for phase B. As it is not clear at this point of what is the nature of the

flow behind the puff, these results indicate that the air flow behind the jet puff behaves

more like the predicted correlations. Case 5, which is one of the two cases with the

highest peak velocity ratio, shows a deeper penetration in the crossflow, but has a lower

slope at the origin of about 35°. The streamline for phase B is following this trajectory
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and underestimates the empirical correlations. As in case 4, the streamline for phase C

appears to be in better agreement with the empirical correlations, but with a large

deflection beyond 450 with an angle at the origin of about 800. For the higher pulsed

frequency, case 6 is somewhat identical to case 4 except that the streamlines bend

almost horizontally in the downstream direction for xID>6. Since the puff is smaller due

to a smaller injection time, the jet puff has not reached the region of x/D>6 yet. For case

7, the results are similar to case 5, but this time with the correct slope at the origin of

45°. The streamline at phase B is much lower than expected, while the one at phase C

also starts with a slope of 45° but deviates slightly beyond 45° until xID=6 where both

streamlines bend almost horizontally. These results are consistent with a low pressure

region in the wake region that pulls down the jet close to the surface. For the steady

cases, the low pressure is present and must be stronger for increasing jet exit velocity.

For the pulsed cases, the smallest deflection from 45° is observed for case 7, which has

the smallest injection time which means the low pressure region would not have formed

yet. The streamlines of cases 5 and 7 for phase C also give an idea of the recovery of the

flow behind the puff once the low pressure region is dissipated, with slopes at the origin

larger than 45°. These results suggests that the low pressure region in the wake deflects

the jet closer to the surface during the starting phase while overcompensating in the

upstream direction once the puff is past. This alternate deflection appears to give birth

to a swaying motion that could be the key to the understanding the evolution of the jet

and puffs structures.
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MEAN FLOW VELOCITY COMPONENTS

In order to characterize the differences between the various jet configurations,

the mean velocity fields in the streamwise/longitudinal directions are compared. The

three components of velocity, u, v and w are plotted using 2D contours for three

different slices along the streamwise direction, for z/D0, 1 and 2. The contours plots

are color coded and labeled. The color coding is retained from one plot to the other

whenever possible. Cases 1 to 3 have the same scale for the different z/D slices, but the

scale is typically different from one case to the other due to the different velocity

ranges. For cases 4 to 7, however, the scale is kept the same for all cases and all slices at

a given phase for comparison purposes.

U-velocity component

The mean u-velocity profile for all the steady cases is typical of a jet penetrating into a

crossflow. In this 45° streamwise inclined configuration, the u-velocity component

combines with the crossflow and accounts for most of the total velocity magnitude.

Contour plots for case 1 to 3 are shown in Fig. 6.8. At the symmetry axis, z/D0, the jet

enters the crossflow at a 45° angle and bends progressively in the downstream direction.

The jet envelope trajectory is very similar for cases 1 and 2. But case 3 appears to have

a higher rate of curvature for small x/D which brings the jet slightly closer to the flat

plate. For all cases, the jet core is not well defined. Instead, the maximum is

systematically found at a location away from the plates near yID=O.5. This means that

either the u-velocity component is gathering momentum while combining with the

crossflow, or that the fluctuations of the measured jet exit are high enough to yield a



lower mean until the fluctuations are reduced. Away from the symmetry axis, for

z/D=1, the jet contour is still highly recognizable. The jet spreads in the z-direction, and

appears to combine in a smooth increasing gradient. The u-component reaches a

maximum as the entrainment is the highest, and its location appears to shift downstream

from x/D4 for case 1 to x/D6 for case 3. The jet envelope trajectory stays unchanged

for case 1 and 2 but seems to drop closer to the plate for case 3.

For the pulsed cases 4 to 7, four phases are available for comparison. For phase

A, the data is acquired shortly after the valve is open showing the state of the flow as

the jet puffs just exits the nozzle. Contours plots for cases 4 to7 at phase A are shown in

Fig. 6.9.For z/D=O, all cases show a fairly smooth crossflow profile with increasing

velocity as y/D increases. A small reduced velocity region is observed upstream of the

jet exit location, which means that as the jet starts its penetration in the crossflow, the

crossflow itself experiences a reduced velocity, at least in the x direction. This is

expected to be due to a deflection of the crossflow in the other directions, and will be

discussed further when the other velocity components are discussed. Case 5 and 7

systematically show smaller values than the expected mean crossflow value. Away from

the symmetry axis, the crossflow appears uniform except for case 7. The latter case

shows a region of crossflow fluid even slower than the already reduced crossflow

stream. This region corresponds to x/D<O and extends away from the plate to the upper

limit of the field of view, as if there was an obstacle blocking the crossflow. For phase

B, the data are acquired halfway through the period when the valve is open. Contour

plots for cases 4 to 7 at phase B are shown in Fig. 6.10. For z/D0, all cases show the

jet entering the crossflow at a 45° angle with various rates of curvature. Similar to cases



I to 3, the jet cores are not very well defined, and show a maximum mean velocity for

y/D>O for all cases. While case 4 and 5 show a maximum at y/DO.5, the higher pulsing

frequency cases 6 and 7 show a maximum even further away, at yID2. Higher duty

cycles cases 4 and 6 exhibit the highest rate of curvature and bend smoothly in the

downstream direction. The smaller duty cycle case 5 appears to penetrate the deepest

into the crossflow. Case 6 and 7 do not penetrate as far into the crossflow as case 4 and

5, due to shorter delay time since the valve was open. For higher z/D, the contours

retain their shape except for cases 6 and 7 which show a rather undisturbed crossflow.

Phase C shows the end of the puff slightly after the valve is closed. Contours plots for

cases 4 to 7 at phase C are shown in Fig. 6.11. All cases show the tail end of the puff,

and confirm that case 5 and 7 have the higher depth of penetration. While case 5 shows

the highest mean u-velocity components at any z/D position, case 7 has the smallest

smaller spanwise disturbance and is unaffected for z/D=2. In contrast, case 4 and 6 have

almost identical shape for all z/D slices. Phase D shows the state of the crossflow after

the passage of the puff. Contour plots for cases 4 to 7 at phase D are shown in Fig. 6.12.

For all z/D, cases 4 and 6 show an almost undisturbed boundary layer, which means that

the crossflow recovers quickly after the puff disturbance. Case 5 and 7 systematically

show a much smoother u-velocity gradient with a maximum value about 20% smaller

than the mean crossflow velocity. This deficit can be explained either by a larger out of

plane component or by a deeper boundary layer disturbance that doesn't have time to

recover.
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V-velocity component

The mean v-velocity profile for all steady cases is typical of a jet

penetrating in a crossflow. Due to the 450 streamwise inclination, the v-velocity

component is rapidly reduced as the jet bends downstream. Contour plots for cases 1 to

3 are shown in Fig. 6.13. For all z/D positions, the jet envelope trajectory is similar for

all cases. Like for the u-velocity contour plots, case 3 appears to have a higher rate of

curvature for small x/D which brings higher positive v-velocity values closer to the

surface of the flat plate. The jet core is not very well defined. Instead, the maximum

velocity is systematically found at a location away from the plates at y/DO.5. Away

from symmetry axis, the v-velocity component rapidly decreases and completely

vanishes by z/D=2.

For the pulsed cases 4 to 7, four phases are available for comparison. Contour

plots for case 4 to7 at phase A, shortly after the valve is open are shown in Fig. 6.14.

For z/D=O, all cases show a fairly smooth crossflow profile with close to null velocity.

A small region of high velocity is observed at the jet exit location, showing the onset of

the jet puff. Away from the symmetry axis, the crossflow appears undisturbed, except

for case 7 where a pair of opposite velocities appears within a small region upstream the

jet exit. Although this potential vortex appears in the mean flow, it happens to be the

transient result of the sudden burst of velocity, since it doesn't appear for the following

phases (B to D). Contour plots for cases 4 to 7 at phase B, halfway through the period

when the valve is open are shown in Fig. 6.15. For zID=O, all cases show the jet

entering the crossflow at a 45° angle with high v-velocity values, and surrounded by a

zero-crossflow in the y-direction. No sign of the vortex found for case 7 at phase A can
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be found. The jet envelope trajectory is similar for all cases. Case 4 and 6 appears to

have a higher rate of curvature and the jet core is not very well defined. Instead, the

maximum is systematically found at a location away from the plates at y/Dl for case 4

to 6 and y/D2.5 for case 7. The jet envelope retains its shape for z/D1. Further away,

for z/D==2, small v-velocity values demonstrate a rather undisturbed crossflow. Contour

plots for cases 4 to 7 at phase C, the end of the puff slightly after the valve is closed, are

shown in Fig. 6.16. All cases show the tail end of the puff, and confirm that case 5 and

7 have the higher depth of penetration. Case 5 shows the highest mean v-velocity

components at any z/D position and the contours of the jet envelope are still observable

at z/D=2. For z/D=2, case 4 and 6 both show a small negative v-velocity component at

the same location x/D3 and yID2.5 and could be a trace of the existence of a vortex

adjacent to the jet exit, like the one found for case 7 at phase A. Finally, the contour

plots for cases 4 to 7 at phase D are shown in Fig. 6.17. For all pulsed cases and all

values of z/D, the boundary layer appears undisturbed, which means that, in average,

the crossflow recovers quickly after the puff disturbance.
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W-velocity component

The mean w-velocity profile for all steady cases is of high interest here, since it

was not measured in previous 2D PD! studies. As the magnitude of w-velocity is

negligible at the symmetry axis z/D=O, the results are shown for next available position,

z/DO.2. Contour plots for cases 1 to 3 are shown in Fig. 6.18. For z/D=O.2, as the jet

enters the crossflow at a 45° angle, "tongues" of positive and negative w-velocity are

found surrounding the jet trajectory. For all cases, a strong positive region extends from

the jet exit all the way downstream. The maximum positive w-velocity magnitude is

found at the jet exit, but does not exceed 15% of the total velocity magnitude. The first

negative region is found immediately above the positive region and stretches all the way

downstream. A second negative region is found immediately under the jet, extending

from x/D2 and vanishing at xID4. For z/D=1, the positive region is observable away

from the plate surface and extending from x/D2 all the way downstream. No negative

region is found above. Instead, a larger negative region is found at the surface and

extends from slightly upstream of the jet exit to about x/D6. Further downstream, for

z/D=2, the positive region has vanished completely. For case 1, the negative region is

still visible, extending further downstream form x/D0 to x/D6. For case 2 and 3, no

negative region is visible.

The pairing of the positive and negative regions demonstrate the presence of a

large vortical structure that is attached to the jet exit, expands in size in the z direction

and becomes weaker as x/D increases. This structure is similar to the structure of the

counter-rotating vortex pair (CVP) one expects to find in a jet in a crossflow. On the

other hand, the pairing of the positive and upper negative regions suggests that a rather

73



strong unexpected vortical structure exists close to the symmetry axis and the jet

trajectory, extending from the jet exit all the way downstream. The direction of rotation

of this vortical structure is opposite to that of the CVP, creating a pair of vortical

structures on each side of the jet where the inner vortex is not fully developed or

complete.

For the pulsed cases 4 to 7, four phases are available for comparison. Contour

plots for cases 4 to 7 at phase A, shortly after the valve is open are shown in Fig. 6.19.

For z/D=O.2, cases 4 and 5 show a fairly undisturbed crossflow profile with close to null

w-velocity magnitude. For cases 5 and 6, a large region of the flow upstream of the jet

exit appears to be deflected outward. For z/D=l, all cases except case 5 show a small

outward flow region upstream of the jet exit. While the jet puff is entering the

crossflow, the crossflow is deflected outward. For z/D=2, no crossflow deflection

around the jet exit is observed which means that the initial deflection is confined to

regions close to the jet exit. The positive region observed cases 5 and 6 at z/D0.2 is

replaced by a negative region. This seems to imply that for case 5 and 7, a large region

of the upstream flow close to the symmetry axis is wrapping around the volume where

the jet will be located.

Contour plots for cases 4 to 7 at phase B, halfway through the period when the

valve is open are shown in Fig. 6.20. For all cases, the maximum positive w-velocity

magnitude is found at the jet exit, but never exceeds 20% of the total jet peak velocity.

For z/D=0.2, case 4 and 6 show a similar pairing as in the steady cases, which means a

CVP is created while the jet experiences a swirl in the opposite direction. In both cases,

the swirl does not extend to more that z/D=1 and appears to vanish at x!D6. Cases 6
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and 7 show a single pairing of negative above a positive region that extends from the jet

exit to about xID6, which means the flow is dominated by jet swirl. The CVP, if it

exists, is very weak. Moving away from the axis of symmetry confirms the presence of

a weak CVP, while case 5 and 7 show a region of negative w-velocity under the jet but

localized at x/D3,. Recall the instantaneous injection velocity ratio is the highest for

case 5 and 7, with VRt1t= 27.2. This high value is. suspected to create a low pressure

under the jet which pulls in outward flow. While the crossflow is first deflected

outward, it is then pulled back under and entrained in the jet.

Contour plots for cases 4 to 7 at phase C, the end of the puff slightly after the

valve is closed, are shown in Fig. 6.21. For case 4 and 5, a small region of negative

velocity close to the surface and slightly upstream of the tail indicates that a small

volume of outer flow is entrained by the puff along the plate surface. For case 5 and 7,

the crossflow upstream of the jet appears to be slightly deflected outward while the flow

close to the puff is entrained in the jet.

Finally, the contour plots for cases 4 to 7 at phase D are shown in Fig. 6.22. For

all cases, the flow is similar to flow observed during phase A. Case 5 and 7 display a

large region of the upstream flow close to the symmetry axis wrapping around the

volume where the jet puff was.
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Composite velocity fields

To have a more complete picture of how the jet velocity fields behave,

composite figures of the three velocity components are produced. As velocity fields in

longitudinal slices don't show much detail due to the large u-velocity component,

transversal slices of the flow in the y-z plan are used. Vectors are plotted for the v and

w-velocity components and gray scale contours are used for the u-velocity components.

The domain extends from the symmetry axis, zlD=O to z/D=2 and from the plate surface

y/D=O to y/D=6. The results are shown for three positions downstream of the jet exit:

x/D=2, 4 and 6. The results for the three steady cases are shown in Fig. 6.23.

For the three steady cases, concentric contours of u-velocity with decreasing

amplitude indicate the center of the jet. As x/D increases, the center of the jets rises.

Large amplitudes of the vertical velocity components at the center and surrounding the

jet center indicate the strong upward momentum induced by the jet. As xID increases,

these amplitudes decrease which indicates that the jet is progressively bending in the

downstream direction. As the vertical momentum in the jet center is increased, the wake

area momentum seems to be balanced by pulling outward flow from z!D<l and close to

the plate surface. Meanwhile, this inward flow seems to entrain the above fluid in the

downward direction, creating a rather strong recirculation region on the outskirt of the

jet center. This vortex is observed for all steady cases and all x/D locations. The center

of the vortex is located on the figures by a yellow circle with a cross. Also, a slight

outward deflection of the vectors immediately under the jet center and inward above it

is observed for all steady cases and pulsed cases at phase B. For case 1, the vortex

location appears to rise with the jet center, and stays slightly above it, in the top left



corner. As the jet center spreads in all y-z direction, the center of the vortex appears to

move outward towards increasing negative z/D. While this feature was easily

recognized in Fig. 6.18, the above vortex identification is not trivial (described in

Chapter 6). For case 2, the vortex is much stronger, as indicated by the higher velocity

vectors surrounding it, and doesn't seem to rise as much as in case 1. In fact, as xID

increases, the center of the vortex stays at z/D=-1 and rises less than the jet center.

Therefore, the vortex location appears to rise more slowly than the jet center, and stays

slightly below it, in the bottom left corner. For case 3, the vortex is stronger than for the

other two cases. As seen in Fig. 6.18, the vortex stays close to the plate surface and the

bending of the jet is also stronger for this case. As in case 2, the vortex location rises

slightly, but remains below the jet center, near the bottom left corner. These results

confirm that this vortex is part of the counter-rotating vortex pair (CVP) structure

associated with typical jets in crossflow studies.

The results for the pulsed jet cases are shown in Fig. 6.24 to 6.27. For phase A,

shown in Fig. 6.24, the v-w velocity vector fields for all cases are rather weak. The u-

velocity contours for case 4 and case 6 show a typical boundary layer profile with

increasing u-velocity as y>D increases. For cases 5 and 7, the boundary layer appears

"blown up" for all x/D. This can be explained by the strong peak velocity ratio of these

2 cases. At the beginning of each puff, the crossflow has not yet recovered from the

disturbance created by the previous puff. No vortical structure is identified. For phase

B, shown in Fig.6.25, similar trends as the steady cases are observed. The jet center

rises up for increasing x/D. The increase of vertical momentum close to the symmetry

axis sets a vortical structure in motion. The vortex location rises up as the jet center



rises up. For case 4 and 6, the vortex's center appears to stay on the right of the jet

center while for case 5 and 6, the center of the vortex is found slightly above the jet

center. The result for case 7 and xID=6 show that the puff has not reached this location

yet, but creates a high pressure region that "chases" the air away in all directions. The

results for phase C are shown in Fig. 6.26. For cases 4 and 6, the slices intersect the tail

of the puff which is easily identifiable. A CVP can be found for x/D=4 and x/D6 and

its center's location rises for increasing x/D. No CVP is observed for x/D2, as the

vertical momentum is rather small. For case 5 and 6, a somewhat interesting flow field

is observed: the slices at xID=2 and 4, located behind the tail of the puff, show a

"splitted" velocity field with outward flow for O<z/D<1 and inward flow for z/D>l.

This can be explained by a low pressure region created in the wake of the puff that

entrains more air behind it. From case 5 and 7 at z/D=6, the air is entrained only

towards the center of the puff. As can be seen in Fig. 6.27, for case 5 at z/D=4, the flow

is mostly inward toward the jet center, but a small region above the tail already shows a

slight outward component. For case 7, the slice z/04 is behind the tail and both shows

the split flow characteristics. Finally, the slice at z/D=2 is behind the tail of the puff for

both cases 5 and 7, and both show the same split characteristics.

The above results suggest strong dissimilarities with the traditional normal jet in

a crossflow results. To summarize these results, a schematic of the vortex rollup for the

inclined jet as well as the schematic for a normal jet in crossflow described by Fnc and

Roshko's (1994) are shown in Fig. 6.28.
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Fig. 6.28 Schematic of the vortex rollup for (a) jet in crossflow normally (900) injected
from Fric, T.F. and Roshko (1990) and (b) 450 inclined jet in crossflow from this study.
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MASS FLUX IN THE X-DIRECTION

The entrainment of the air surrounding the jet exit is measured by calculating the

mass flux in the x direction. Two mass fluxes: ,ñ and ijir are calculated. The first one,

'k is obtained by integrating at any given x/D, the discreet u-velocity components

from the plate surface, yID=0, to the limit of the domain y/D=6 in the plane, z/D0.

N

= Ju.dy ,and becomes th(x)=u(x,y1,0)Ay (6.3)

The second mass flux, thr, is obtained by integrating the discreet u-velocity components

on a transversal slice at any given x position for y/D=0 to the limit of the domain

yID=6, across the jet in the z direction.

th
J

Ju.dy.dz, andbecomes th(x)= U(XI,YI,Zk)AY.AZ (6.4)
z=O y=0 k j1

The results of th for all cases are shown in Fig. 6.29. For the three steady cases, the

trend is similar. Starting with an almost uniform distribution, a slight increase starting at

about ID upstream of the jet exit is observed. While this increase appears small due to

the scale, it should be seen as a small burst, creating a 20% increase on average. Then,

at about x/D=2, the trends start to decrease uniformly as the increased mass flux due to

the fluid injection is diverted in the transverse direction. While the trends are similar,

the baseline or background mass flux increases with the case number. This is due to the

different crossflow velocity magnitude.

For the four pulsed cases, four phases are available. At phase A the trends are

almost uniform. The baseline of the curves is different depending on the duty cycle. For

the higher duty cycle of 50% (case 4 and 6), the baseline is about the same as for case 1.



For the smaller duty cycle of 12.5% (case 5 and 7), the baseline appears 25% lower than

the other 2 pulsed cases. A small burst is visible for case 6 and 7, which corresponds to

the higher pulsing frequency, f=5Hz. This is mostly due to the chosen trigger time that

is slightly later than the one for case 4 and 5, and therefore more fluid has been injected

in the crossflow. For all cases, at phase B, an increase of about 17% in the baseline level

is observed upstream of the jet exit. This shows that while the jet is "on", a substantial

amount of the crossflow is entrained into the jet. At about x/D-1, a rapid increase is

observed followed by a slow decrease as the increased mass flux due to the fluid

injection is diverted in the transverse direction. The two high duty cycle cases 4 and 6

show a total 50% increase and start decreasing at about x/D=2. On the other hand, the

two small duty cycle cases 5 and 7 show a completely different trend. For case 5, a huge

burst creating a 210% mass flux increase is observed, followed by a slow and uniform

decrease. For case 6, the increase is rather smooth and peaks at x/D4, with a 170%

total increase and is immediately followed by a rapid decrease back to the baseline, with

a slope similar to the one observed for the increase. This rapid decrease to the baseline

value is also observed for case 6 starting at x/D5. These two cases have a higher pulse

frequency of 5Hz, which corresponds to the two smallest injection times. Phase B

corresponding to the half period during which the jet is on, the trigger delay from the

time the valve is open is decreasing for increasing case number. For case 7 (f'5Hz,

A=12.50%), the trigger time is slightly smaller than for case 6 (f5Hz, A50%) which

explains the earlier rapid decay in mass flux. At phase C, as the jet puff has moved

further downstream, all cases show a smoothly increasing trend with increasing x/D.

This demonstrates that the crossflow perturbation recovery in the wake of the puff is



very smooth. The trends at phase D are very similar to the one observed at phase A,

without the effect due to the burst. One can observe that at phase A, the injection creates

a local drop upstream of the jet exit due to the obstruction of the crossflow.

As the mass flux th is only computed for z/D=0, one can see that any diverted

flow in the transverse direction is not taken into account. The total mass flux, th,

should be more reliable in this matter. The results of th for all cases are shown in Fig.

6.30. For the three steady cases, the trend is similar for all cases. The baseline is

unchanged. A 10% increase in momentum is observed at the jet exit, but the trend is

less abrupt due to the averaging in the transversal direction. After this mass injection,

the trend stays flat and uniform all the way downstream. No decrease is observed which

means that the mass flow diverted in the transverse direction is accounted for.

The results for the pulsed cases are also relatively comparable. At phase A, the

burst observed in Fig 6.29 is still observable but is smoothed due to the averaging of

data in the transversal direction. While it is comparable for case 4 and 6, the baseline for

case 5 and 7 registers a 45% drop at phase A and D and a 35 % drop at phase B and C.

At phase B, similarly to Fig. 6.29, case 6 and 7 show a rapid but smoother increase

followed by a smooth decrease. Case 4 and 5 also show a smooth increase at the jet exit,

but no decrease is observed downstream. While the trend for case 4 becomes flat and

uniform, the trend for case 5 keeps increasing until it reaches a peak at about x/D7. At

phase C, accounting for the transversal flow shows that the mass flux in the tail of the

puff are very similar. Finally, at phase D, the results are akin to the results in Fig. 6.29.

However, a slight difference appears in the slope of the curves. For case 4 and 5, the

increases during the passage of the puff due to the added mass, becomes flat at phase D

96



and decreases back to the original baseline value at phase A. For case 5 and 7, the

trends increases and reaches a peak, but when the puff has left at phase D, the trend still

goes up and is still seen rising during phase A. This can be explained by a continuous

entrainment that can still be felt from the previous puff. This is a very important and

practical result: while the puffs for case 4 and 6 are injected in a relatively smooth and

uniform crossflow, the puffs for case 5 and 6 are evolving in a crossflow with

continuously increasing mass flux due to the entrainment caused by the preceding puff.

For the steady cases, changing the peak velocity while keeping the same

velocity ratio does not appear to change the trend, but evidently change the offset of the

curves. The pulse frequency does not seem to have any significant effect for the higher

duty cycle of 50%. But for the lower duty cycle of A=12.5%, it seems that the flow is

more sensitive to the pulsed frequency. When the valve is closed, a 100% increase in

mass flux can be observed for cases with A=50%, probably due to the longer injection

time that affects the off period. When the valve is open, a low duty cycle appears to

have a deeper impact on the mass flux distribution.
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MOMENTUM FLUX IN THE X-IMRECTION

To further assess the effect of injecting momentum in the downstream direction, the

evolution of the momentum flux in the x direction was investigated. Two momentum

fluxes, J and Jr" are calculated. The first momentum flux, is obtained by

integrating at any given xID, the product of the velocity magnitude with the u-velocity

components from the plate surface, y/D=rO, to the limit of the domain yID6. The

definitions of the momentum fluxes are the following:

ix =JVC.U.Y

This, in discreet form becomes:

N

J (x1) = V (x1, y1 ,O).u(x , y ,O)Ay (6.4b)

(6.4a)

The second momentum flux, .J', is obtained by integrating the product of velocity

magnitude with the u-velocity components on a transversal slice at any given x position

for y/D=0 to the limit of the domain y/D=6.

.'r=*j fVmag.U.dY.dZ (6.5a)
z=O y'O

N, N

Jr(x,) = Vmag(Xi,Yj,Zk).U(Xi,Yj,Zk)AY.tZ (6.5b)
k=1 j=1

The results for J for all cases are presented in Fig. 6.31. For all steady cases, an

increase of about 70% for cases 1 and 2 but only 20% for case 3 are observed at the jet

exit. This increase is immediately followed by a smooth decrease all the way

downstream.
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For the pulsed cases, four phases are available. At phase A, cases 6 and 7 show a similar

burst as observed for the mass fluxes, but the trend is rather flat and uniform. At phase

B, all cases show a big increase starting at x/D=-1. While cases 4 and 6 show an

increase of about 200%, case 7 show a 900% increase and case 5 demonstrates an

amazing 1,250% increase in momentum flux. All trends decrease rapidly after the peak

due to transfer of momentum in the transverse direction. At phase C, all cases show a

smoothly increasing trend with increasing x/D. This shows that the crossflow added

momentum due to the injection of the puff is very smooth. At phase D, the trend

appears to be fairly smooth.

Similar to the results for the mass fluxes, integrating the momentum fluxes for

slices instead of lines should give a better perspective on the distribution of momentum

flux. The results for J are shown in Fig. 6.32. For the three steady cases, the trend is

similar for all cases and the baseline is unchanged. After the added momentum at the jet

exit, the trend stays flat and uniform all the way downstream. No decrease is observed

which means that the momentum diverted in the transverse direction is accounted for.

For the pulsed cases are also relatively comparable. At phase A, the burst observed in

Fig 6.29 appears to be amplified. Since the jet exit extends from z/D0 to z/D=0.5, the

added momentum is now taken into account. At phase B, the burst observed in Fig. 6.31

is also amplified. Surprisingly, the trend decrease rapidly and all cases have reached

back to baseline by x/D3. At phases C, the jet is turned off, but a peak is observed for

all cases at about x/D=3, followed by a rapid drop back to and even below the baseline.

As seen from previous results, phase C includes the tail of the puff that extends from

approximately x/D=3 to outside the domain. Therefore, these results suggest that the tail
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acts as a sink of momentum which in turns increases the momentum of the crossflow

upstream of the tail of the puff At phase D, the trends drop back to an almost uniform

and flat distribution.

As expected for the steady cases, changing the jet exit velocity while keeping

the same velocity ratio dramatically changes the baseline, but doesn't modify the trend.

The pulse frequency appears to have a more significant effect on the momentum flux

than for the mass flux: with a duty cycle tx=50%, a 45% increase in momentum flux can

be obtained during the off period by pulsing at a lower frequency. The effect of the duty

cycle is contentious. During the off period, an approximate increase of 200% is

observed while using the higher duty cycle. While the jet is turned off, a remarkable

peak 500% higher than any other case can be obtained while pulsing at a low frequency

with the smaller duty cycle.
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SUMMARY OF CHAPTER 6

The jet trajectory of the steady jet is shown to be dependent of the jet Reynolds

number, R. This can be explained by a combination of a low pressure region in the

wake of the jet and a smaller boundary layer thickness due to the faster crossflow

velocity. For the pulsed cases, the jet trajectory found from plotting a streamline issued

from the jet exit reveals a large difference before and after the passage of a puff. The

latter results suggest that the crossflow recovers after the passage of a puff with a

sudden upward burst. This result is consistent with the idea of a low pressure region that

is released creating an upward deflection. Longitudinal and transversal velocity profiles

show that a strong swirl is present in the jet core as well as a counter rotating vortex pair

(CVP) for all configurations. The small pulse frequency proves to dramatically increase

the mass and momentum fluxes for a low duty cycle but does not show any significant

effects for the high duty cycle. Also, the low duty cycle appears to strongly increase the

jet penetration for the price of a strong crossflow perturbation.
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CHAPTER 7

VORTICAL FLOW STRUCTURE

In this chapter, the vortical structure of the jet and its effect on the crossflow are

investigated. The three components of the vorticity field are described first. Then, the

vortex detection results from the X2 analysis are reported. The 2D longitudinal vortical

structure is mapped using the vortex detection algorithm described in chapter 4, bubble

plots and zonal statistics. Finally, the strong vortical structure identified in chapter 5, as

part of the counter-rotating vortex pair (CVP) is investigated as well as any other

significant findings.

VORTICITY COMPONENTS

In order to understand and compare the vortical flow structure between the

different jet configurations, the mean vorticity fields in the streamwise/longitudinal

directions are analyzed. Two components of vorticity are of interest for this study are:

w and cog. As a complement, w, the composition of co and o in transversal planes

normal to the jet trajectory will be analyzed. All vorticity maps are plotted using 2D

contours for three different slices along the streamwise direction, for z/D-0, 1 and 2.

The contour plots have color shading. The color shading is retained from one plot to the

other whenever possible. Typically, cases 1 to 3 have the same scale for the different

z/D slices, but the scale is different from one case to the other due to the different range

of values. For case 4 to 7 and a given phase, the scale is kept the same whenever

possible for comparison purposes.



o vorticity components

The mean (o-vorticity profile for all steady cases is typical of a jet penetrating in a

crossflow. Contour plots for cases 1 to 3 are shown in Fig. 7.1. As the jet exits with a

450
angle, the jet trajectory is surrounded with two rotating vorticity regions of opposite

sign. The positive region corresponds to a CCW rotation while the negative region

corresponds to a CW rotation. For z/D=0, the strongest vorticity region is found at the

jet exit. Case 1 and 2 have comparable vorticity structures, but different magnitudes. As

seen in chapter 5, the jet deflection is bigger for case 3 which brings the two counter-

rotating regions closer to the surface. This seems to enhance the negative vorticity

region which extends further downstream relative to the positive vorticity above. For

z/D=1, the two counter rotating vorticity areas are still present, but with a much weaker

magnitude. Finally, for z/D=2, the flow exhibits the characteristic undisturbed boundary

layer vorticity profile, which means that the jet does not affect the crossflow's spanwise

vortical structure.

For the pulsed cases 4 to 7, the vortical structure during the four phases are

compared. Contour plots for cases 4 to 7 at phase A are shown in Fig. 7.2. While cases

4 and 5 show a typical undisturbed boundary layer, case 5 and 7 demonstrate the

presence of multiple pockets of high vorticity. Case 5 and 7 also show the onset of the

puff as it starts its penetration into the crossflow: a pocket of positive vorticity builds up

upstream of the jet exit and appear to set the crossflow region immediately above into a

CW motion. Contour plots for cases 4 to7 at phase B are shown in Fig. 7.3. Similar to

cases 1 and 2, the jet trajectory is surrounded with two counter rotating vorticity regions

that extend all the way downstream for cases 4 and 5, but vanish at x/D7 for cases 5
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and 7. The highest vorticity magnitudes are found at the jet exit for case 5 and zID-0.

Moving away from the symmetry axis, the two vorticity regions extend all the way to

z/D=2 for case 4 and 5, but appears to leave the crossflow relatively undisturbed for

z/D>1 .8 for case 6 and 7. Phase C shows the mean vorticity at the end of the puff

slightly after the valve is closed. Contour plots for cases 4 to 7 at phase C are shown in

Fig. 7.4. All cases show the same counter rotating vorticity regions in the tail end of the

puff, extending from zID=O to zID=2. The strongest vorticity is found for case 7 and

z!D=O, underneath the tail of the puff. The wake of the tail for case 5 shows a large

number of pockets of vorticity, while case 4, 6 and even case 7 appear relatively

undisturbed. Finally, contour plots for cases 4 to 7 at phase D are shown in Fig. 7.5. For

all z/D, cases 4 and 6 show an almost undisturbed boundary layer, while case 5 and 7

demonstrate a rather chaotic crossflow recovery.
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Fig. 7.3 Mean vorticity w contours for pulsed cases at phase B, z/D=O,1 and 2
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Fig. 7.5 Mean vorticity o contours for pulsed cases at phase D, z/D=O,1 and 2
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POD analysis of o vorticity

Further analysis of the w field is obtained from POD analysis. This method

permits the decomposition of into modes that are used to describe the spatial

distribution of vorticity within the flow. The w data are decomposed using the SVDs

described in Chapter 4 that yields a series of eigenvalues, a set of eigenvectors, and a set

of "time" snapshot series that describe how the eigenfunctions are varying. Recall that

of the 2,000 samples, only the first 500 higher modes are retained. The eigenvalue

distributions for all cases and phases are discussed. Then, the first 3 most energetic

modes are described. The error associated with keeping only 500 modes was assessed

by calculating the standard deviation between the reconstructed w fields and the

original o field. The patterns that are obtained from each mode can be a great source of

confusion. The values reported are not scaled and should be observed as patterns that

can have a physical meaning or are just due to mathematical constraints.

Ei2envalues distribution of vorticity

A series of 500 eigenvalues, ?, are obtained in decreasing magnitude from the

POD analysis. For each case, the first plot shows the decreasing eigenvalues as a

function of the mode number. The values are normalized by the sum of all eigenvalues

for comparison with the other cases. The second plot shows the cumulative sum of the

eigenvalues normalized by the sum of all eigenvalues as a function of the mode number.

Fig. 7.6 shows the resulting distribution for cases 1 to 3. Note that not all of the markers

have been plotted on the curves for clarity purposes. For all cases, the trends decrease

rapidly until mode 50 where the curves flatten significantly. The eigenvalue for mode 1
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appears to decrease for increasing Re (i.e., case number) and is smaller than 4% for all

cases. For mode numbers larger than 70, it is hard to see the difference between the

trends of the three cases. The cumulative plots show that the curves converge rapidly

towards representing 100% of the variance. For case 1, 350 modes are necessary to

reach 95%. This number increase to 320 for case 2 and 400 for case 3. This means that

for increasing Re, more modes are necessary to characterize the flow and therefore that

the lower modes have less relative energy. The trends are similar for all pulsed cases 4

to 7, at all phases. Some big differences, however, are observed for the eigenvalues of

the first few modes. The first eigenvalue at phase A is recorded as the largest values

over all cases and tests. Mode 1 for case 7 reaches 23% but mode 1 for case 5 reaches

only 6%. The cumulative plots show large difference between the four cases. The two

high frequency pulse cases 6 and 7 appear to need fewer modes to reach 95% of the

total variance. For both cases about 300 modes are enough. On the other hand, cases 4

and 5 need another 100 modes to reach 95%. For phase B, The four cases show great

similarity. Only 250 modes are found necessary to reach 95% for all cases, and case 6

shows the largest eigenvalue for mode 1 of about 5%. The results for phase C are

similar to the results found for phase B for cases 4 and 6 but the curves for cases 5 and 7

drops about 20% under the curves for cases 4 and 6. Finally, the results for phase D

show similar trends to the results for phase A. Case 5 records the strongest mode 1

eigenvalue while case 5 registers the lowest slopes of all case. All cases need at least

400 modes to reach 95%.
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POD analysis mode mapping of vorticity

The results of POD analysis are shown for each case and each phases. On the

left, the mean 0),, is plotted with the first three POD modes plotted underneath. On the

top right corner is shown a random sample, then the reconstruction using 100 modes

and all 500 modes are plotted underneath. On the bottom right corner the RMS error or

the unexplained variability that the POD is not capturing is plotted. It is obtained by

calculating the standard deviation of the difference between all 2,000 instantaneous w

fields and their reconstructed version using 500 modes (as described in chapter 4).

The results for case 1 are shown in Fig. 7.7. Mode I shows a pair of hot spots of

opposite sign on each side of the jet trajectory, at about 1D above the surface and 1D in

the downstream direction. This pattern confirms the location of the shear layer on each

side of the jet core, and will alternatively strengthen one side while weakening the

other. This pattern suggests that the jet is subjected to a swaying motion. Mode 2

reveals a succession of hot spots of alternative opposite signs along the jet trajectory

and extends from the jet exit to about x/D=4. This pattern suggests that both the positive

and negative vorticity areas on each side of the jet core are subjected to successive

bursts, probably as a consequence of the swaying motion. Mode 3 confirms the findings

of mode 1. As seen from the eigenvalue distribution, the reconstruction with 100 modes

shows some similarities to the original map, especially in the vicinity of the jet exit.

With 500 modes, the reconstruction is almost perfect. The RMS errors are small at the

jet exit. On the other hand, high RMS values are found in the crossflow upstream and

above the jet.
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For case 2, shown in Fig. 7.8, the distribution is slightly different. Mode I

reveals a pair of opposite hot spots on each side of the jet exit leading edge. This

suggests a rollup of the boundary layer, and may be a sign of the horseshoe vortex.

Mode 2 shows the familiar pattern on each side of the jet centerline and implies a

smaller swaying motion than case 1. The reconstruction with 100 modes shows some

inaccuracies and the reconstruction with 500 modes agrees well with the original. The

RMS errors are very small near the jet exit and above yID=3. On the other hand, the

boundary layer and the entire area around the jet, upstream and downstream are

showing scattered high values about 4 times higher than found for case 1.

The results for case 3, shown in Fig. 7.9 demonstrated a similar pattern as case 1

but extending only from the jet exit to x/D=2. The reconstruction with 100 modes

shows some inaccuracies, but is significantly improved when 500 modes are used. The

RMS error map shows no recognizable patterns and is covered with scattered pocket all

over the field of view. The RMS errors increase to about 4 times as the RMS values

found for case 2.

The results for the pulsed jet case 4 are shown in Fig.7.10 to 7.13. For phase A,

no major pattern is detected. The reconstruction appears difficult both 100 and 500

samples. The RMS errors from the 500 mode reconstruction are almost uniform,

however, with small values under 10. For phase B, mode 1 demonstrates a similar

pattern as the steady jet case 1 and 3, but a third small region symmetric to the topmost

hot spot appears under the jet trajectory. This pattern suggests symmetric swaying

motion and could be a result of the pulsing effect that is lost for the steady cases. Mode

2 reveals a new pattern with 4 hot spots paired along the jet trajectory with opposite
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signs. While the first pair suggests a swaying motion, the second pair hints at a reverse

swaying motion which would create a meander-like flow pattern. Mode 3 suggests that

both the vorticity on each side of the jet core are submitted to successive bursts,

probably as a consequence of the swaying motion. The reconstruction with 100 modes

is poor but is improved with 500 modes. The RMS error the smallest at the jet exit. At

phase C, the first three modes reveal a succession of alternative sign hot spots located in

the middle of the tail end of the puff The instantaneous O) field reconstructed with 100

modes shows some good agreement, and 500 mode reconstructions appear to be quasi-

perfect. The RMS error is smallest inside and under the puff When the puff has passed

through the field of view at phase D, modes 1 to 3 reveal structure along the plate. The

reconstruction with 100 modes is poor, but 500 modes is greatly improved. The RMS

error is pretty uniform with small values.

The results for case 5 are shown in Fig. 7.14 to Fig. 7.17. Unlike for case 4 at

phase A, modes 1 and 3 identify a pair of single hot spots at the jet exit leading edge.

This pattern being similar to the mean o field suggests some variability in the onset of

jet pulse injection. Mode 2 on the other hand does not seem to catch any pattern

relevant to the physics of the flow. The reconstruction appears is pretty good with 100

and almost perfect for 500 modes. The RMS error is almost uniform with fairly large

values compared with the values from case 4. At phase B, the patterns are related to the

ones found for case 4, with a jet meandering swaying motion. The reconstruction

appears effortless with 100 or 500 modes. The RMS error is minimal in the jet and its

wake. For Phase C, the first two modes show pairs of hot spots of opposite signs on

each sides of the tail of the puff like the one found for case 4. The reconstruction
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appears difficult with only 100 modes but is improved with 500 modes. The RMS error

values decrease significantly compared to those of phase B with smallest values in the

jet. Finally, the results at phase D show a pair of hot spots on the top right corner of the

field of view that must be residual of the tail of the puff. The reconstruction appears

difficult even with 500 modes, and the RMS errors are fairly small and practically

uniform.

The results for case 6 are shown in Fig. 7.18 to Fig. 7.21. For phase A, a single

hot spot is detected at the jet exit for mode 1 and alternating positive and negative

values are found at the jet exit for modes 2 and 3. The reconstruction appears relatively

easy with most of the pattern reconstructed with 100 modes. The RMS error is null in

the vicinity of the jet exit location and stays small all over the flow. At phase B, the

same hot spot recognized for case 4 are detected again. The reconstruction is relatively

decent with 100 and perfect with 500 modes. The RMS errors are small at the jet exit

and at the tip of the puff. Phase C also has structure similar to case 4 for the same mode

numbers. The reconstruction is effortless with largest RMS errors above the jet and

upstream of the jet exit. The results at phase D show a single hot spot on the top right

corner of the field of view that must be reminiscent of the tail of the puff and structure

along the plate. The RMS error is small all over the field of view.

The w vorticity field for case 7, shown in Fig. 7.22 to Fig. 7.25, illustrates a

slightly larger and deeper penetration of jet fluid into the crossflow. Like all the other

cases presented above, modes 1 to 3 show a similar pattern of paired hot spots on each

side of the jet exit. The reconstruction is very good for 100 or 500 modes. The RMS

error is smallest at the jet exit and almost uniform in the crossflow. At phase B, mode 1
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detects a pair of hot spots located on each side of the jet trajectory but further

downstream at x/D4. Mode 2 shows a group of three alternating opposite sign hot

spots. These spots don't seem to be aligned with the jet trajectory. Instead, they seem to

tip downward toward the plate. Mode 3 is somewhat similar to mode 2 but better

aligned with the jet trajectory. The reconstruction is very good, even with 100 modes.

The RMS error reaches a minimum at the tip of the puff At phase C, modes 1 to 3

again show hot spots pairs in the tail of the puff The reconstruction appears fairly

difficult for both 100 and 500 modes. The RMS error is smallest in the tail and between

the puff and the surface. For phase D, nothing is really detected for mode 1 and 3, but a

small hot spot is found for mode 3, but not related to any features of interest. The

reconstruction is rather difficult and suggests at least 500 modes are needed. The RMS

errors, however, are practically uniform and stay within small values.
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Fig. 7.8 w POD analysis results for case 2
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o and WS vorticity components

In the previous section, the results from the previous section on the marginal

swirl inside the jet core and the vortical structure resulting from the lateral crossflow

entrainment on each side of the jet were investigated by looking at the streamwise

component of the vorticity: o. As a complement, the vorticity in the plane of the jet

core cross-section is also analyzed. The w-vorticity is examined for three transversal

planes along the downstream direction, x/D= 2, 4 and 6. In addition, the Ws-vorticity is

examined on planes normal to the jet trajectory at the intersection of the jet trajectory

and the transversal planes used for w. The cus-vorticity values are obtained by adding

the projection of the cc and w,, on the transverse S planes. The results are shown for all

steady cases ito 3. As Phase B and C are the only two phases with jet flow in it, only

these two phases will be shown for the pulsed cases 4 to 7. Each figure contains 7 plots:

the topmost plot shows a color mapping of the velocity magnitude field, with the

locations of the 3 vertical transversal y-z planes and the three corresponding S planes.

In addition, the 2D velocity profiles on the S planes along z!D0 are shown to visualize

the jet flow and surrounding crossflow entrainment. Immediately under, three contour

plots show the structure of W on the transversal plane normal to the trajectory. Finally,

the bottom three plots show the structure of co on transversal vertical planes.

For case 1, shown on Fig. 7.27, the three COS plots show concentric contours of

decreasing negative vorticity. No positive area is identified, which means that the entire

plane has CCW motion. For increasing values of x/D, the intensity of the contours

decreases significantly and spread in all directions. The cu plots show a comparable

structure but with smaller values compared to WS. A small region of positive vorticity is
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also found next to jet core along these transversal slices. This region is coincident with

the region of CW motion found in chapter 5 associated with the CVP and therefore

confirm this finding. From Fig. 5.23, the magnitude of the velocities inside the jet core

are much larger than inside the adjacent vortical structure, hence the washout of the

positive vorticity. For case 2, shown in Fig. 7.28, the results are very similar to case 1

but with larger magnitudes. The S plane vorticity show no sign of positive CW motion,

while the y-z plan vorticity show a somewhat larger area of higher positive vorticity.

Again, the positive vorticity is washed out by the stronger negative vorticity region

inside the jet core. For the last steady jet case 3, shown in Fig. 7.29, the results follow

the same trend but with a large increase in magnitude. It is important to note that

between case 1 and case 3, the positive region o, vorticity magnitude increase by a

factor 10. The core region values increase only by a factor 4, which suggests a

strengthening of the external CW motion.

The results for the pulsed cases at phase B are shown in Fig. 7.30 to 7.33. For

cases 4 to 7, the results show similar trends to the one found for the steady cases, but

with varying magnitudes. The three o plots for cases 4 to 7 show concentric contours

of rapidly decreasing negative vorticity. For increasing x/D location, the intensity of the

contours decreases significantly and spread in all directions. The o plots have

comparable distributions with reduced values compared to CON. Regions of positive

vorticity are identified next to jet core. From the jet center point of view, increasing the

pulse frequency does not change the Ws magnitude and increasing the duty cycle results

in doubling the w magnitudes. On the other hand, increasing the pulse frequency results

in an increase in of the magnitude of the positive vorticity region.
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The result of transversal vorticity 0s and w for phase C are shown in Fig. 7.34

to 7.37. For cases 4 and 6, the os vorticity contours show concentric contours of rapidly

decreasing negative vorticity which decrease as x/D increases. For case 4, both 0s and

co levels decrease by a factor 2 compared to ? while case 6 levels remain unchanged.

Moving upstream toward the end of the tail of the puff, the gradients are all

significantly decreasing. For cases 5 and 7, the slices at x/D=2 don't intersect the tail of

the puff but rather its trailing wake which is a great interest. While the ws vorticity

contours also show concentric contours of negative vorticity, the o vorticity

distribution shows a strong decrease in negative vorticity with a somewhat larger spread

of positive vorticity around it. The levels of positive io vorticity also appear to decrease

for case 5 but remain unchanged for case 7.

The above results are not entirely unexpected. Due to the high velocity

component in the x direction any flow characteristics that involve x dependent variables

will be biased towards the associated u velocity behavior. In this case, the gradients in

the transversal S-planes are unable to detect the CW vortical structure observed in the

mean flow results of chapter 5. Nonetheless, the above results allow two different

means of measuring the swirl in the jet and a comparison of the effects of pulse

frequency and duty cycle.
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Vortical structure from 2 analysis

Afler the vorticity comparison in the preceding section, some questions about

the vortical structure still remain unanswered. Jeong and Hussain (1995) showed that

for an unsteady irrotational straining flow field, a pressure minimum can be created

without the presence a vortex. On the other hand, viscous effects can eliminate a

pressure minimum and therefore make the vortex detection difficult. In chapter 5, the

effectiveness of the 21 eigenvalue of the S2 + tensor to elucidate vortical structures

in complex flows was described. The results are shown here along similar longitudinal

slices, zIDO, I and 2, as the previous comparisons. Also, transversal slices are shown

to verify if any part of the complex CVP is identified.

The X2 distribution for cases I to 3 is shown in Fig. 7.38. Negative values of X2

identify locations of vortices in the mean flow and are found on both sides of the jet

trajectory. The two regions, corresponding to the jet shear layer with the crossflow, are

separated by a thin band where X is equal to zero, which means that the jet trajectory

area defined by the jet core is not following any vortical motion. The vorticity results in

Fig. 7.1 already shown similar results, but the ?2 contours show a much smaller extent

in the transversal direction z. While the upper positive vorticity region is comparable to

the upper 22 regions, the lower region of ?2 appears much thicker. In the higher Re case

3, it extends in the boundary layer all the way downstream. For the pulsed cases 4 to 7,

shown in Fig. 7.39, the results are discussed for phase B only. The resulting ?2

distribution is very similar to the vorticity contours found in Fig. 7.3. A larger band

separates the low duty cycle cases 5 and 7. Away from the symmetry axis, at z/D2,

hardly any vortices are detected. In the transversal y-z planes shown in Fig. 7.40, the
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two vortical areas of Fig. 7.38 materialize as two semi circular areas on each side of the

jet core center.
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Characteristics of the counter-rotating vortex pair (CVP)

For each case, the CVP center position in y-z planes is tracked manually as a

function the longitudinal direction x. The results are shown in Fig. 7.42 and 7.43. For all

cases, the CVP appears to start at about the same yID location, y/D0.6. For case 1, the

trajectory of the CVP follows closely the trajectory of the jet centerline all the way

downstream. Case 2 appear to follow the jet centerline for only 3D then drops closer to

the surface. Case 3 on the other hand does not follow the jet centerline trajectory, but

stays close to the wall approximately 1D from the surface. Viewed in the y-z plane, all

the trajectories appear to move away from the symmetry axis, as the jet expands in the z

direction.

For the pulsed cases 4 to 7 at phase B, a large difference occurs between low

and high duty cycle cases. For cases 5 and 7, the CVP trajectory rise much higher, about

3 times higher than the CVP trajectory for the other two high duty cycles cases 4 and 6.

When compared to the jet trajectory found in Fig. 5.5 and Fig. 5.7, the trajectory of the

CVP for cases 5 and 7 is higher than the jet core, as if the CVP is deflected upward.

Cases 4 and 6 on the other hand appears slightly lower than the jet core trajectory.

Because of their shorter injection time, the two high pulsed frequency cases 6 and 7

show that the CVP drops significantly toward the surface in the downstream region that

the puff has not reached yet. In the y-z plane, all cases appear to follow a similar

deflection away from the symmetry axis plane, z/D0.

The above results were obtained by tracking the center of the CVP manually and

were reported as found. A more elaborated way to visualize the CVP is by plotting 3D
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streamlines. An extended study for the starting points of the streamlines revealed that

the vicinity of the jet exit is prone to give the most revealing results.

o

-2
z/D

7

6

S

04
>..

3

2

1

0 2 4 6 8

xID

2P -2 0 2 4 6 8

zfD x/D

Fig. 7.42 CVP center longitudinal location for (a) cases 1-3, and (b) cases 4-7
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Streamline visualization of the mean flow and CVP

There is another practical way to visualize the CVP pattern, using volumetric

plotting of particular components of the velocity field. It can yield some important

information on the flow structure. Using 3D streamlines is a good technique to observe

the mean flow pattern. However, with the strong downstream velocity components due

to the inclined jet injection, it is preferable to study the 2D projected streamlines in

transversal planes. Examples of streamline plots are shown in Fig. 7.44 to 7.51. The 3D

streamlines are plotted in black starting slightly upstream of the jet exit. The 2D

streamlines are plotted as blue lines originating on lines situated at z/D=O.5 and 1 and

y/D=O.4 and -O.8<x/D<O.8. These streamlines are obtained from the same mean

velocity field but with forcing the u-velocity components to zero. The trajectory of the

streamlines is constrained to the y-z plane they start from and show the trend of the

vortical motion. In addition, for the pulse cases, red streamlines originating on lines

situated at the same x/D and z/D, but for y/D=2.O are plotted to detect more of the

vortical trend in the upper part of the flow. One can see that, when deprived of the u-

velocity component, the 2D streamlines follow concentric circles which centers follow

the CVP trajectory.

All the steady cases show a similar trend. The CVP trajectory follows a slightly

outward path as the crossflow is deflected around the jet core, with the high Re case

showing a vortical structure much closer to the flat plate. For the high duty cycle pulsed

cases 4 and 6, a similar structure as the steady jet cases is found. For the low duty cycle

cases 5 and 7, a very tight vortical structure related to the CVP is observed, but

approximately 1D above the jet core with a strong inclination away from the flat plate.
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No vortical structure is identified using this visualization technique for cases 4 to 6 at

phase A and D. An example for case 4 is shown at phase A. All the streamlines appear

flat with little or no curvature. On the other hand, further examination ofcase 7 phase A

reveals some important information on the origin of this vortical structure at its early

creation stage. Fig. 7.52 shows the 3D and 2D projected streamlines for the higher pulse

frequency f=5Hz, low duty cycle A=12.5% at about 2Oms after the valve is opened. As

can be seen from 3D streamlines in black, a small amount has already been injected.

The 2D projected streamlines show a vortical structure that starts 1/2D upstream of the

jet exit leading edge, grows about 1D in size in both y and z directions, then decays and

vanishes near the location of the jet exit trailing edge and z/D=1. Therefore, it is

conceivable that this CVP startup will grow to a larger size as it extends in the

downstream direction. As more of the high speed jet flow is injected in the crossflow, a

concise CVP is created and then entrained with the jet puff. In the small duty cycle

cases, this CVP structure is apparently blown up away from the boundary layer region.
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Spanwise aligned vortices distribution and statistics

The vortex detection algorithm was used on all instantaneous longitudinal slices

along the symmetry axis plane z/D=O. While all the other slices for various z/D are as

legitimate for processing, the focus here is on slice z/D=O as it has reduced w-velocity

components and therefore the vortices reported are effectively longitudinal vortices. An

example of spatial distribution of the vortices in the flow is presented in Fig. 7.53 and

7.54 for case 1. The latter figure is shown without the smaller 3x3 vortices due to their

shear number, making it difficult to distinguish the other vortices. Two "bubble" plots

show the cumulative location and strength of the vortical structures for counter-

clockwise (CCW) and clockwise (CW) vortices, respectively. One can see that the jet

sheer layer generates a large number of CCW vortices and a much smaller number of

CW vortices. Due to the large number of vortices detected, statistics on location, size

and strength of the detected vortices are compiled for each case. Three zones are

identified: zone 1 corresponds to the region upstream of the jet exit; zone 2 corresponds

to the region above the jet centerline trajectory; and zone 3 corresponds to the region

between the jet centerline and the flat plate. A sketch of the different zones is shown in

Fig. 7.54. Due to wide range of velocities for the different cases, the relative strength

vortex strength is obtained by dividing by the jet exit velocity.

The zonal statistics on the detected vortices for the steady jet case 1 are

presented in Fig. 7.55. A small number of CW vortices are found in all zones. While the

number of CCW is comparable in zone A and B, it is much higher in zone C, and thus

for all vortex sizes.
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The results for case 2 are shown in Fig. 7.56. While the trend for the distribution of

vortices is similar to case 1, the overall number of CW and CWW vortices has

decreased by a factor 2. Note that the number of CCW in zone C is about twice as the

number of CW found in the same zone.

For case 3, shown in Fig. 7.57, the number of vortices decreases further, by

another factor of 2 compared to case 2. The number of small 3x3 weak vortices appears

to drop significantly. Also, a decrease in the range of relative vortex strength is apparent

for the distribution.

The results for case 4 at phase B are shown in Fig. 7.58. The number of vortices

found in zone A is insignificant. More CW vortices than CCW are found in zone B. As

expected, More CCW vortices than CW are found in zone C, with a ratio of 2 to 1. For

phase C, the results are surprisingly unchanged.

Changing the duty cycle appears to dramatically change the distribution. The

results for case 5 are shown in Fig.7.59. At phase B, barely any large size vortices are

found. The number of small 3x3 vortices also drop to about one half of the number

found in case 4. At phase C, this decrease is confirmed with another 25% drop in

number of vortices, vortex sizes and vortex relative strengths.

The results for the other high duty cycle case 6 are shown in Fig. 7.60. Pulsing

to a higher frequency doesn't appear to change much the distribution. Matching

numbers of CW and CCW are found in all zones. The overall number of vortices

decreases by 25% compared to case 4 at phase B. On the other hand, at phase C, the

number of CCW vortices of all size and all strengths drastically increases to about twice

the number of vortices found at phase B.
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For case 7, the results are shown in Fig. 7.61. The numbers for CW and CCW

vortices is comparable to the results for case 5, but with the number of small 3x3

vortices highly reduced. At phase C, all zones show a significant decrease of number

vortices, vortex sizes and vortex strengths.

Increasing the pulse frequency from 1Hz to 5Hz appears to decrease the number

of vortices by roughly 30% for all relative vortex strengths. Decreasing the duty cycle

also appears to have two effects: on the one hand, it decreases the number of vortices

with relative strengths lower than 0.03 by about 40%. On the other hand, it

approximately doubles the number of vortices with relative vorticity strengths of about

O.05±0.02.The number of vortices during the passage of the puff and in its wake tends

to decrease slightly due to the decreasing momentum. But for the high pulse frequency

of 5Hz, the number tends to increase, especially for the low duty cycle case of A50%.

In this latter condition, the number of CCW stays the same, but the number of "weak"

CW vortices increase by 60% while the number of "stronger" CW strength S/V>O.O2

increase only by 30%. The CW being concentrated in Zone B, under the jet core

trajectory suggests that the crossflow recovery behind the passage of the puff is done

through a downward flow to the surface.
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Summary of chapter 7

The analysis of w vorticity profiles reveals that a pair of counter rotating

vortices is present on either side of the jet core for all configurations. For the steady

cases, only a change in vorticity magnitude is observed for increasing Re

The POD analysis exposes 3 different modes of variability at the jet exit that

suggest that a swaying and meandering motion and a succession of alternative bursts

along the jet trajectory are inherent to the inclined jet nature. For the pulsed jet, a small

duty cycle to strongly perturb the crossflow appears during and after the passage of the

puff and spraying a large number of pockets of vorticity throughout the flow. The POD

results confirm the steady jet results for both phases where the puff is visible. The RMS

error from reconstruction is found to be highest for case 5 and for the phases where the

puff is outside the field of view. .Jn this case the maximum RMS is found in the region

upstream of the jet exit. This confirms that the crossflow is strongly disturbed.

The results of w and os vorticity appear inadequate to educe the CVP due to

the higher velocity gradient magnitude inside and around the jet core. While w shows

some traces of the CVP far from the jet core, WS shows no presence of a rotating

structure where the CVP was found. This shows that any flow component that involves

the use of a u-velocity component or a characteristics derived from it is biased in the

downstream direction and therefore can hide some critical information. The core

vorticity magnitude appears proportional to the Red. The pulse frequency does not

appear to have a significant effect. On the other hand, a small duty cycle appears to

increase the core vorticity and therefore its swirling motion.



While the ?2 distribution shows a more subtle vortical structure than the vorticity

contour, is also fails to detect a CVP. The center of the CVP was mapped using

projected 3D streamlines on the y-z plane. The CVP trajectory was found to drop closer

to the surface for increasing Red. It was also observed that for a low duty cycle, the CVP

trajectory penetrates much deeper than the other cases and that the pulsing frequency

has little effect. The trajectory was also found to shift away from the jet centerline as

the jet core is expanding in the z direction. Streamline visualization reveals the

interesting result from that a strong CVP starts up at the same time as the jet flow is

injected.

The use of the vortex detection algorithm reveals that increasing the Re leads to

a decrease in number, size and strength of the longitudinal vortices. For the pulsed

cases, the pulsing frequency does not appear to have a significant effect during the

passage of the puff. While the number and strength of the vortices systematically

decrease, the unique case of high duty cycle with high pulse frequency shows a

remarkable increase in CW vortices close to the surface. These findings can have some

serious significance for boundary layer control.
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CHAPTER 8

TURBULENCE CHARACTERISTICS

The turbulence characteristics of the jets are obtained from statistical analysis of

the fluctuation velocity fields. At each point in the domain, the three components

velocity data are used to calculate the turbulent kinetic energy and the Reynolds stresses

as described in chapter 5. Additionally, a second series of 2,000 samples at xID=0 was

obtained and is analyzed with POD.

MEAN TURBULENT KINETIC ENERGY DISTRIBUTION

The mean tke distributions for the three steady cases are shown in Fig. 8.1 for

three longitudinal slices at z/D=0, 1 and 2. All cases show similar structures but with a

drastically different range of magnitudes. For each case, a maximum of tke is found at

the jet exit. Then the tke gradually decreases along the jet trajectory in the downstream

direction and away from the trajectory. For case 1, the maximum value is in the order of

1 m2/s2. The spread in the z direction is noticeable: at z/D=1, contours on the order of

1/3 of the maximum are found for 1<xID<7. But for z/D=3, the crossflow appears

undisturbed. For case 2, the maximum value in the order of 15 rn2/s2 increases by a

factor of 5 compared to case 1. The distribution is identical except for the spread in the

z direction, which is much smaller than for case 1. A few nodes or pockets of tke appear

in the wake of the jet and at the surface of the plate for x/D=2, which means that either

the boundary layer is more turbulent due to the higher crossflow velocity or that the jet

flow is perturbing the crossfiow and increases the crossflow tke level. For case 3, the



gradient of tke is much stronger: a maximum tke on the order of 100 m2/s2 is found at

the jet exit but rapidly decreases to lower values. A large number of pockets of tke with

rather high levels are found throughout the entire field of view and for all zID locations.

The mean tke distribution for the four pulsed cases are shown in Fig. 8.2 to 8.5

for three longitudinal slices at z/D=0, 1 and 2. For each pulsed case, four phases are

available: phase A gives an idea of the tke level of the crossflow, phases B and C show

the tke field as the puff of fluid moves through the field of view and phase D shows

how the crossf1ow tke field recovers after the passage of the puff. For phase A, a large

difference is noticeable between the two different duty cycle cases. For cases 4 and 5,

the crossflow appears typical, with a high values in the boundary layer and rather

undisturbed free stream far away from the flat plate. A small pocket is visible at the jet

exit since the timing was chosen to observe the onset ofjet penetration in the crossflow.

On the other hand, for cases 5 and 7, the entire field is covered with pockets of tke. This

means that the entire flow in the field of view is turbulent. At phase B, the similarity

between cases is better, but some slight differences do occur. For the two low duty

cycle cases 4 and 6 the distribution is similar to the steady cases distribution. A

maximum of tke is found at the jet exit then the levels decrease gradually along the jet

trajectory and away from it. A second maximum of tke is found for the higher pulsed

frequency case 6 at x/D=2.5 and y/D=2. For case 5, the tke distribution in the jet is on

par with case 4, but the upstream flow appears covered with pockets of tke. The

distribution of tke for case 7 is unusual. The pockets of tke associated to low duty cycle

have mostly disappeared as well as the maximum at the jet exit. Instead, a maximum of

tke is found at x/D4.5 and y/D=4. While the maximum value is much lower than the
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other cases, the gradient contours are found further apart, creating a rounder puff. At

phase C, the four cases show similar distributions. The tail end of the puff is marked by

high tke values with a smooth decreasing gradient. The maximum value is found at the

tail end of the puff for cases 4 and 6, while it seems out of the field of view for cases 5

and 6. The value of the maximum is noteworthy for cases 5 and 7 which is found to be 3

orders of magnitude larger than the other two cases. The spread in the transversal

direction is also noticeable. Finally, for phase D, the tke distribution is comparable to

phase A distribution. Cases 4 and 6 show a smooth and low turbulence crossflow

distribution while cases 5 and 7 show a radically disturbed and turbulent flow. This

disturbed behavior can be explained by the combination of the superposition of two

problems that occur within the boundary layer. On the one hand, the crossflow velocity

is small, V=1m1s, and the boundary layer thickness is rather large and turbulent due to

the trip wire placed upstream of the jet exit. On the other hand, a massive flow is

injected at 27 times the crossflow velocity. Due to the timing between the pulses, the

flow does not have time to recover before the start of the next pulse, with no regard to

pulsing frequency. The fact that the case 5 injection time is much longer adds to the

disturbance effect and a longer recovery time is needed.
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POD analysis of tke

Further analysis of the tke field is obtained from POD analysis. This analysis is

similar to the POD analysis of vorticity in chapter 6. Recall that from the 2,000 samples

along z/D=0, only the first 500 higher modes are retained. The eigenvalue distribution

for all cases and phases is discussed. Then, the structure of the first 3 most energetic

modes are described. The error associated with keeping only 500 modes is assessed by

observing the typical error from reconstructing the original tke field. As before, the

modes reported here are not scaled and should be observed as patterns that can have a

physical meaning or are just due to mathematical constraints.

Eigenvalues distribution of tke

During the POD analysis, a series of 500 eigenvalues, are obtained in

decreasing magnitude. For each case, the first plot shows the decreasing eigenvalues as

a function of the mode number. The values are normalized by the sum of all eigenvalues

for comparison with the other cases. The second plot shows the cumulative sum of the

eigenvalues as a function of mode number. The values are also normalized by the sum

of all eigenvalues. Fig. 8.6 shows the resulting distribution for cases I to 3. Note that

not all the markers on the curves have been plotted for clarity purposes. For all cases,

the trends decrease rapidly until mode 30 where is flattens significantly. The eigenvalue

for mode 1 appears to decrease for increasing Re (i.e., case number). The relative

contribution of the mode 1 eigenvalue is smaller than 15% for all cases. For mode

numbers larger than 50, it is hard to see the difference between the curves. The

cumulative plots show that the curves reach the maximum of 100% fairly rapidly. For
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case 1, 150 modes are necessary to reach 95%. This number increase to 250 for case 2

and 300 for case 3. This means that for increasing Re, more modes are necessary to

characterize the flow and therefore that the lower modes have less relative energy. The

trends are similar for all pulsed cases 4 to 7, and for all phases. Some big differences are

observed for the eigenvalues of the first few modes. The first eigenvalue at phase A is

recorded as the largest values over all cases and tests. Mode I for case 7 reaches 58%

but mode 1 for case 4 reaches only 12%. The cumulative plots show large difference

between the four cases. The two high frequency pulse cases appear to need fewer modes

to reach 95% of the total. For case 7, only 25 modes are required while for case 6, 150

modes are needed. On the other hand, cases 4 and 5 need at least 350 modes to reach

95%. For phase B, The four cases show great similarity. Only 100 modes are found

necessary for all cases, and case 7 produces the largest eigenvalue for mode 1 of about

25%. The results for phase C are almost identical to the results found for phase B: the

trends stay the same but all the values drop by approximately 2%. Finally, the results

for phase D show similar trends to the results for phase A. The eigenvalues are at the

lowest for this phase, with case 7 registering the lowest slopes of all case. All cases

need at least 400 modes to reach 95%. The two high duty cycle appear to have more

energy in the lower modes.

POD analysis mode mapping of tke

The results of POD analysis are shown for each case and each phases. On the

left are plotted the mean tke on the top left with the first three POD modes lined up

under it. On the top right corner is shown a random sample, then the reconstruction
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using 100 modes and all 500 modes. On the bottom right corner the RMS error or the

unexplained variability that the POD is not catching. It is obtained by calculating the

standard deviation of the difference between all the instantaneous tke fields and their

reconstructed version.

The results for case I are shown in Fig. 8.7. Modes I and mode 3 show a

scattered pattern with a single hot spot: for model, the hot spot is above where the jet

core is going through and the hot spot for mode 3 is situated below. Mode 2 in the other

hand exhibits a hot spot right above the jet exit. As seen from the eigenvalues

distribution, the reconstruction with 100 modes shows some similarities, especially in

the vicinity of the jet exit. With 500 modes, the reconstruction is almost perfect. The

RMS values are minimal at the jet exit, where high values of mean tke are found. High

values of the RMS are found along the jet trajectory.

For case 2, shown in Fig. 8.8, the distribution is different. Mode 1,2 and 3

appear right at the jet exit with a typical pattern of orthogonal function. Mode 1 shows

one hot spot above the jet exit. Mode 2 shows two hot spots located on each side of

mode 1. Mode 3 shows three hot spots about the two found in mode 2. The

reconstruction with 100 modes and 500 modes show a rather difficult reconstruction.

The RMS error is found very small at the jet exit and above y/D3> On the other hand,

the boundary layer and the entire area around the jet, upstream and downstream are

showing scattered high values about 100 times higher than for mode 1.

The results for case 3, shown in Fig. 8.9 show a hot spot for mode 1 right at the jet exit.

Mode 2 displays a single hot spot above the jet trajectory, similar to the case 1/mode

imaximium. Surprisingly, mode 3 reveals a hot spot 3D upstream of the jet exit, at
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y/D4 above the flat plate. But the mean tke field demonstrated many pocket of tke

scattered in this area. The reconstruction of the instantaneous data is rather poor with

only 100 modes, but 500 modes appears to give good results. The RMS error

distribution shows no recognizable pattern and is covered with scattered pocket all the

field of view. The RMS error increase to about 8 times as the RMS values found for

case 2.

The results for the pulsed jet case 4 are shown in Fig. 8.10 to 8.13. For phase A,

a single hot spot is detected for each mode 1 to 3. The reconstruction appears different

for 100 and 500 samples. The RMS error is almost uniform, with small values in the

order of 0.04. For phase B, mode 1 shows a typical single hot spot at the jet exit. Mode

2 shows two opposite values on each side of the jet exit leading edge. Mode 3 displays

two negative hot spot on each side of a single positive hot spot located at the jet exit.

The reconstruction shows good results for 100 and even better for 500 modes. The RMS

error is large around the jet core and along the jet trajectory but the values remains

pretty small. At phase C, mode 1 and 2 show two single spots on each side of the jet

core, while mode 3 shows a single hot spot upstream of the jet exit. The instantaneous

tke field reconstructed with 100 modes shows some good agreements, and 500 modes

appear to be almost perfect. The RMS error is larger in the wake and under the puff.

When the puff has passed through, at phase D, mode 1 to 3 show single scattered hot

spots. The reconstruction with 100 modes in not good, but 500 modes seems

appropriate. The RMS error is pretty uniform with small values.

The results for case 5 are shown in Fig. 5.14 to Fig. 5.17. Like case 4 at phase A,

mode 1 to 3 identify three single hot spots at x/D=9 at various locations along away
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from the flat plate. The reconstruction appears fairly easy with 100 modes sufficient to

catch most of the instantaneous pattern. The RMS error appears higher upstream of the

jet exit, with scatted nodes high error. At phase B, mode 1 to 3 locates three single spots

that are scattered along the flow. The reconstruction appears the same with 100 or 500

modes. The RMS error is minimum where the mean tke is the highest and maximum

along the jet trajectory all the way downstream. Phase C modes 1 to 3 illustrate

comparable results to phase B: one or two hot spot are found throughout the flow. The

reconstruction shows some discrepancies, even with 500 modes. The RMS error values

decrease significantly compared to phases B and C and the distribution is uniform.

Finally, the results at phase D show three hot spots around the mean maximum

reminiscent of the tail of the puff The reconstruction shows some discrepancies, and

the RMS error appears uniform.

For case 6 at phase A, two single hot spots are detected at the jet exit for mode 1

and 2 and a pair of opposite values is found for mode 3. The reconstruction shows good

results with most of the pattern reconstructed with 100 modes. The RMS error is null in

the vicinity of the jet exit location and stays small throughout the flow. A secondary

large area with low RMS error is found at xID=5 and yID=6. At phase B, the same hot

spot recognized by mode 1 to 3 for phase A are detected again. The reconstruction is

fair for 100 or 500 modes. The RMS error is null in the jet core but increase away from

it. The secondary low RMS error found at phase A is still present. At phase C, Mode 1

and 2 seem pretty poor, but mode 3 shows a large wide hot spot located in the end of the

tail of the puff The reconstruction shows good results and the RMS error is high in the

boundary layer and between the puff and the flat plate. At phase D, Mode 1 to 3
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recognizes nothing of real interest here. The reconstruction is fair but need at least 500

modes. The RMS error is small throughout the field of view.

Case 7 displays a single hot spot at the jet exit, for phase A. Mode 2 shows

nothing interesting but mode 3 shows a pair of opposite values on each side of the jet

exit leading edge. The reconstruction is very good for 100 or 500 modes. The RMS

error stays very low and drops to zero at the jet exit. At phase B, modes 1 to 3

surprisingly show nothing of interest. The reconstruction is very good, even with 100

modes. The RMS error reaches a maximum slightly upstream of the jet exit, and shows

a minimum in the jet core, but does not drop to zero. At phase C, mode 1 to 3 again

show nothing of interest. The reconstruction shows good results but needs more than

100 modes. The RMS error is almost uniform. Similarly, for phase D, nothing is really

detected for mode 1 and 3, but a small hot spot is found for mode 3, but not of

significant interest. The reconstruction is rather difficult, with at least 500 modes

needed. The RMS is practically uniform and stays with small values.

All these results are overwhelming at first sight. As a reminder, the patterns

obtained for modes 1 to 3 are the results of POD analysis on the "de-meaned" tke data.

Each hot spot can be interpreted as a spatial mode of variability departing from the

mean tke. For the three steady cases, the reconstruction appears more difficult for

increasing Re. The RMS error increases significantly. In other word, the more turbulent

the flow is, the more higher the number of mode are needed to accurately reconstruct it.

For the pulsed cases, the two low duty cycle cases 5 and 7 show RMS error for

reconstruction at least one order of magnitude bigger than for the higher duty cycle case
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4 and 5. Modulating the flow with a faster pulsing frequency appears to decrease the

reconstruction error significantly. This can be explained by the difference in fluid

injection time: for high frequency, the perturbation is relatively shorter and the

crossflow has an easier time to recover after the passage of the puffs. A surprising result

is the scattered distribution found in the first three modes. This indicates that most of

the variability of the tke field is located in the mean tke and that apart from it not much

is happening, although, a few interesting patterns around the jet exit location have been

detected.
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Reynolds stress RU% distribution

Using the three-components velocity fields obtained from the 200 samples over

the 11 slices along the transversal direction, the three component of the Reynolds stress,

R, and are calculated and plotted as contour plots.

The results of the longitudinal Reynolds stress, are shown in Fig. 8. 26 to

8.30. For the steady jets, the pattern is very similar. A strong negative region is found

following the upper edge of the jet core, extending from the jet exit all the way

downstream. A second band of positive value is found on the opposite side of the jet

core, but does not extend as far downstream. The negative region appears to extend in

the z direction as well, but not the positive one. For increasing Re, the maximum values

increase significantly. An increase of 500% in
R1

magnitude is observed between case

1 and case 2, and another 400% increase is observed from case 2 to case 3. On the other

hand, the extension in the z direction appears to decrease with increasing Re.

For the pulsed cases, four phases are available. At phase A, all cases

demonstrate a mostly positive distribution. Cases 4 and 6 appear to be made of stratified

layers with increasing stress values. In addition, a small region located at the jet exit

shows a higher value. Cases 5 and 7 have a rather scattered stress field, with magnitudes

about 5 times bigger than for cases 4 and 6. At phase B, the jet shear layer on the upper

side of the jet core show a strong region of negative values that extends from the jet exit

to the end of the puff. Cases 5 and 7 demonstrate the highest range of values more than

3 times bigger than case 4 or 6. Both high pulse frequency cases 6 and 7 show an

extended tip of strong negative value as if the top region was folding over the front of

the puff. A few pockets of low positive stress appear on the under side of the jet core,
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near the jet exit. At phase C, most of the stress field is negative. Both high duty cycle

cases 4 and 6 show an extended region of negative value with a few pockets of positive

values underside. Cases 5 and 7 also demonstrate an extended region but of very low

magnitude. At last, at phase D, shows similar results at phase A with a mostly negative

stress field.

The two opposite regions of Reynolds stress on each side of the jet core mostly

occur due to the high gradient of velocity in these regions. On the upper side, and

moving vertically, the velocity rapidly decreases from the high mean jet velocity to the

mean crossflow velocity. The x momentum tends to flow in the positive y directions

and the turbulence tends to diffuse the gradient. On the under side of the jet core, the

gradient is smoother and tend to generate less turbulent stress which explains the

difference in magnitude of the positive side.
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Summary for Chapter 8

The analysis of the turbulent kinetic energy distribution reveals that, for the

steady jet cases, an increasing Re drastically increases the level of turbulence in the jet

core. Moreover, for the higher Re case, the boundary layer shows a significant amount

of pockets of tke scattered throughout the flow and suggests that the boundary layer is

strongly disturbed. Pulsing the jet with a small duty cycle appears to increase greatly the

levels of tke especially with a slow pulse frequency. The longer the high velocity fluid

is injected, the more likely the crossflow is capable of recovering after the passage of a

puff. The results of the POD analysis of tke shows that most of the variability is

contained for in the mean tke and that only a few marginal modes are detected. The

instantaneous results are increasingly more difficult to reconstruct for increasing Re

and for increasing decreasing pulse frequency, especially during phases A and D where

the crossflow is recovering from the passage of the puff. The Reynolds stress

amplitude is found maximum on the upper side of the jet core, where a sharp gradient of

velocity occurs. It strongly increases for increasing Red. For the pulsed cases, the

Reynolds stress RLIV distribution is similar to the steady cases. The duty cycle appears to

only have an effect on the magnitude of the Reynolds stress values, which increase with

decreasing Red. On the other hand, increasing the pulse frequency reveals a large

difference in distribution, The maximum Reynolds stress occurs at the tip of the puff

with a protrusion of negative towards the under side of the jet trajectory.
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CHAPTER 9

DISCUSSION AND CONCLUSION

The near and midfield characteristics of a 45° inclined, steady and fully

modulated jet in a cross flow was studied. An ensemble of stereo-PIV measurements

along the downstream direction was obtained. Upon analysis, the mean flow

characteristics, vortical structure and turbulent quantities were achieved for a single

velocity ratio of VR=3 .4. The effect of the Reynolds number, Red, the pulse frequency

and the duty cycle were investigated.

As the jet enters the crossflow, it gradually bends in the downstream direction.

For an increasing jet Reynolds number, the trajectory of the jet is shown to increase the

bend and bring faster fluid closer to the surface. This effect appears to be influenced by

a smaller boundary layer thickness and a lower pressure bubble in the wake of the jet as

the Re is increased. The mass and x-momentum are shown to increase proportionally to

the Re. Two vortical essential vortical structures were identified. A large spiral rollup is

observed away from the symmetry plane and roughly aligned with the jet trajectory. It

is identified as part of the classic counter-rotating vortex pair (CVP). The trajectory of

the CVP is shown to drop closer to the surface for increasing Red. The source of this

CVP structure appears to come from a combination of boundary layer flow and

inducted swirl due to the deflection away from the symmetry axis. The jet core also

appears to be submitted to an ilmer swirl in the opposite direction of the CVP. This core

swirl is shown to be strong enough to wash out any presence of the CVP in all vorticity

plots.
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Increasing Re3 drastically increase the level of turbulence in the jet core and

disturb the boundary layer but reduces the number of coherent structure motion.

Longitudinal vortices statistics show that the number, size and relative strength of the

vortices decrease with increasing Red.

For the pulsed case, the effects of a low pulsing frequency, f, and the pulse duty

cycle, A, are considered. The presence of a CVP and an iimer jet core swirl is confirmed

for all the pulse cases studied. A duty cycle A=50% is shown to slightly reduce the bend

of the jet trajectory. The CVP structure is similar to the one observed for the steady

cases. On the other hand, a low duty cycle of Al2.5% drastically increase the jet

penetration and raises the CVP trajectory far away from the surface. The CVP size

appears to be relatively insensitive to the pulse frequency or the duty cycle.

A large duty cycle appears to safely increase the level of the turbulence in the jet

without disturbing the crossflow. On the other hand, the level of turbulence of the jet

core and the surrounding crossflow are strongly increased when pulsed with a small

duty cycle. Reducing the injection time by using a faster pulse frequency appears to

reduce the disturbance.

The CVP swirl downward component is of great interest here, for it brings flow

from outside the boundary layer towards the surface and creates an adverse transversal

velocity that increases the fluid momentum at the surface. The CVP size appears

relatively insensitive the pulse frequency or the duty cycle. This result suggests that the

jet-jet distance for multiple inclined jets implementation on a surface can be easily

optimized. The CVP trajectory is shown to be very sensitive to the Re and the duty

cycle. Therefore, it is fully controllable. Increasing the jet Reynolds number is shown to
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bring the CVP close to the surface but increases the turbulent kinetic energy of the

boundary layer and the crossflow. The use of full modulation on an inclined jet appears

to have two entwined effects: the jet penetration and the capability for the crossflow to

recover smoothly after the passage of a puff. The detachment of the CVP away from the

surface can be controlled by decreasing the duty cycle but this causes a larger

disturbance throughout the crossflow. If this disturbance is undesirable, it can be

controlled by increasing the pulse frequency. The longer the high velocity fluid is

injected, the faster the crossflow seems to recover.

It is recommended to further study the formation of the CVP during the creation

stage. A full span of the rise of the CVP trajectory as a function of decreasing duty

cycles from 50% to 12.5% could yield a better understanding of the mechanisms that

leads to the detachment of the CVP trajectory and therefore would be a key to a better

control. These results have real industrial application for airplane wing boundary layer

control or for gas turbine blade film cooling. To further assess the realistic uses of full

modulation on this inclined jet, the CVP effect in the far field and further away from the

symmetry axis would be necessary. While the method used in this experiment appears

adequate, a time resolved stereo-PIV system would greatly help the observation of the

shear layer flow above the jet core. While the POD results of vorticity supplied ample

information it would be a great achievement to calculate the full 3D velocity field POD.
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APPENDIX A

UNCERTAINTY ANALYSIS

This appendix describes the uncertainty analysis performed on the following

parameters: Jet averaged velocity, x,y and z location and instantaneous velocities.

Jet exit and crossflow velocities

The jet exit velocity is obtained with a rotameter flowmeter. According to the

gas correction formula provided by the manufacturer, the readout volumetric flow rate

needs to be corrected according to the downstream pressure and temperature

immediately downstream of the flowmeter. A pressure transducer and thermocouple are

connected to a Fluke data logger to measure the exit pressure and temperature at the exit

of the flowmeter and used to calculate the actual volumetric flow rate using the

following relation:

Qm QRead xCF (A-I)

Where the correction factor CF is defined as:

cF'4(Psjg)
1 530

- xl (A-2)
14.7 1tj46O+T(F)

The mass flow rate stays constant from the flow meter to the jet opening, and is

calculated with the following:

MfmtQfm (A-3)
RTjm

The average jet exit velocity was calculated based on the jet exit area:
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ff
M fm

RT
Qfm = If exit = Qjet and Qjet = A1, Vjet

Therefore, the jet exit velocity Vjet is obtained from the following:

R7 'fm - 'f 'fm Qread' (A-4)Viet = Qactuai
F.rA1 RTfm Tfm 'f Ajet

The uncertainty associated with the jet exit velocity is obtained from the Kline-

McClintock theory:

V8Vjet
2 (V 2 ? V

2

Jet
u

2

UU/et =

L
aTfm

J

+ T1

J

Up

J

U.
J +

B

with B=[_J-!_ (a

CF
UCF +! I (A-5)

'3A je
jet }

The uncertainty of both thermocouple based temperatures is estimated at 0.5°C.

But for the flowmeter temperature measurement, the uncertainty was estimated at 2.5°C

when are included the data logger uncertainty. The uncertainty of the pressure reading

for the flowmeter pressure transducers is estimated at 0.5psi.The uncertainty of the

pressure reading for the crossflow is estimated at 0.0000lpsi.The uncertainty of the

flowmeter UQread is estimated at 4.4% at the lowest reading. The uncertainty in the

correction factor (CF) attributed to pressure sensor and thermocouple uncertainties are

ranging between 0.5 and 1.5%. The uncertainty associated with the jet exit diameter is

estimated at 0.005 inch. The total uncertainty in the jet exit velocity was estimated to be

4.2% for the smallest exit velocity and 3% in the fastest case.

The crossflow velocity was measured using a Pitot tube based velocity

measurement system from Flowkinetic. The Model FKT 3DP1A is equipped with a

sensitive differential pressure transducer with +0.03609 psi range with 0.0000lpsi
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accuracy. It results in a ±0.OlmIs which results in an uncertainty of 1% for the slowest

case and 0.12% for the fastest case.

Uncertainty of instantaneous velocity from PlY

Detailed information on the number of Ply samples, particles sizes and their impact on

the accuracy of the measurement is assessed in Appendix C and D. The eeror on a

particle position is taken as 0.1 pixel. Based on the scale of the acquired images and the

delay time between two laser pulses the uncertainty on instantaneous and mean

velocities can be obtained. The field of view is 82.9x135.5mm. The CCD size is

9.1x9.2mm with 1008x1018 pixels. The scale is found to be 133.lprn/pixel. Based on

the position error and the delay timing the error are computed. For a displacement error

of 0.1 pixel, the instantaneous velocity error is found to vary between 2% and 3% and

for a displacement error of I pixel, the instantaneous velocity error is found to vary

between 19% and 25%. The uncertainty on the mean velocity is obtained from the

Kline-McClintock theory and found to vary between 0.1% and 0.2% for a 0.1 pixel

particle displacement error. For a. 1 pixel particle displacement error, the uncertainty on

the mean velocity increase to a value between 1% and 2%.
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APPENDIX B

OPTIMAL NUMBER OF SAMPLES ESTIMATION

The following plot shows the spatial error difference as a function of number of samples

used. The error is obtained by calculating the ratio of the average difference between two

successive results and the average square value over the field.

(

Err(n)=

where Vf' represents the velocity magnitude at a given location (i,j) using n samples.
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APPENDIX C

CONSIDERATIONS FOR THE CHOICE OF THE PARTICLES

PARTICLE SIZING

Two undergraduate projects were the basis for the design of the seeder and the fluid to

be used as particle tracers. The seeder, based on a Laskin nozzle, was tested with water,

various alcohol and oils. The result was that canola or olive oil offered the more

reflective particles. Series of highly magnified images of the seeded flow were acquired

with different optic systems. The scale was obtained acquiring pictures of a slide with

two 0.1mm wide vertical slits and separated by a 0.3mm gap. A composite image of the

target used for measuring the scale and a picture of the seeded flow using an optical

apparatus with up to 114x magnification power is shown in Fig. D.1.

I,)

Fig. Cl. Sample image used for particle sizing
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As can be seen from the picture, about 10 particles are visible. Four of them are really

out of focus, creating a halo/ring. But a few are in focus and were labeled 1,2 and 3. The

resulting sizes can be found in Table Cl.

Slit width Slit-slit Particle 1 Particle 2 Particle 3
(Li) separation (L2)

Size
100 300 3 4.5 6(jim)

Size
(pixels) 66 202 2 3 4

Table C.i Results of particle sizing

Therefore, the biggest particle will be used with the following information:

Particles: Olive/Canola Oil
Diameter d 6 jtm
Density: 900 g/cm3

Particle response time and frequencies

The equation of motion for a spherical particle in a gas is given by:

dU
=

dU-3w1V+fdp1
Accelerating Stokes Pressure

Force Viscous gradient
Force force on

fluid

dV3 1 dVd-dp1 ----dpj lr/1p1 Jdpf
Fluid Drag force associated with

resistance unsteady motion
to

accelerating
sphere

where subscripts p relate to the particle, and subscript f relate to the surrounding fluid.

As a first approximation, the pressure gradient force, the fluid resistance and the drag

force due to associated motion can be neglected. Remains the acceleration force and the

viscous force to balance:

dU 181u(U Ui)
cit dp
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The result is a simple exponential, as shown in Fig.C.2, with 2 parameters, A and 'r:

U zA(le)

Velocity

with
dp

181u

t10%Time

Fig. C.2 Diagram of response time for a particle
in fluid submitted to a rapid change.

The time constant, 'r defines the response time of the particle to follow the surrounding

fluid. Based on the value oft, two indicative frequencies are defined:

f3dh = , the frequency within 3db (error 37%)

and the frequency leading to an error of 10%, f10% obtained from

0.9=
1

+ (21f0

For this study, using olive oil density, p= 900 g/cm3 and d 6 jim gives:

time constant: 'r 69 jis

f3dB 2.3 kHz

S flo%= 1.1kHz

These results seem appropriate for a turbulent flow ranging from I to 30m/s.
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Particle Imaging

When imaging a finite size particle on a screen or a camera CCD, the light

scattered by the particle goes through a somewhat complex optic system that increase or

decrease the actual size of the particle.

For a single point source, the measured size on the screen is given by the Airy disc

diameter, which corresponds to the first minima of the diffraction pattern. A scematic of

the optics is shown in Fig. C.3.

D=Aperture size Airy Disc

Point" light source

Lfocal length

Fig. C.3 Schematic of point source imaging through an optic system

This diameter is given by: dA,rr = 2.44 f (M + 1)2, where f# is the f "number" (f =

LID), M is the magnification factor of the lens, and X is the wavelength of the light.

For a finite size particle, the particle optical magnification, Mdv, needs to be

taken into account, which results in the following expression:

d,n1age = j(Il4'd)2 + dAiry2

In this study, the lens used was a Nikon NIKKOR 60mm, f# 2.8-16. The Kodak ES 1.0

camera has a rectangular CCD size of 9.1x9.2 mm resulting in a 1008x1018 pixels
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image with a pixel size of 9 tm. The field of view with the Nikon lens is approximately

135x83 mm. Therefore, the optics system has a magnification factor M 9/135 = 0.067.

Consequently, the particle image size is found to vary between 4 and 15 jim for lens f #

of 2.8 and 16, respectively. Meanwhile, the images acquired with f#=16 were found too

dark for PIV analysis.

According to the manufacturer of the Ply system, superior accuracy can be

obtained by sub-pixel interpolation. If a particle is smaller than 1 pixel, the accuracy on

its position is 1 pixel. If a particle is larger than 2 pixels, its location can be interpolated

from the half lighted surrounding pixels. The minimum size of for a particle images

being 2x9=1 8jim, one can see that "our" particles are close to the limit of the system.

Therefore, a side study on the ability of the software was investigated.

PlY software limits and accuracy

In order to test the software for sub pixel interpolation, artificial PIV data have

been created. Using Matlab, three types of Ply fields were generated with a regular

image size of 372x372 pixels. The first type consists of 2x2 pixels particles randomly

placed on a uniform dark background. The next two types are used to simulate sub-pixel

particles. First, a 11 16x1 116 pixels image with random lxi pixel particles is generated.

Averaging the light intensity resulting from the presence of multiple particles into

consecutive 3x3 areas results in a "binned" 373x372 pixels image. This image looks a

lot like actual Ply images and the seeding density can be adjusted as desired. Two

images were generated with this method, with 2 different seeding densities. The images
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used can be seen in C.3 and C.4 and a sample real PIV image is shown in C.5 for

comparison.

Fig. C.4 Artificial images for Ply analysis with Particle size = 2 pixels.

_ 11
Heavy seeding Light seeding

Fig. C.5 Artificial images for Ply analysis with Particle size < ipixel
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Fig. C.6 Actual images for Ply analysis with real particles.

Two test cases were examined: the first consists of a uniform diagonal translation of I

pixel and a second with a uniform diagonal displacement of 5 pixels. A schematic of the

diagonal displacement is shown in Fig. D.6.

Fig. C.7 Schematic of the 1 and 5 pixels uniform displacement.

Since all the particles are moving at the same known artificial speed, it is easy to find

the error induced by the analysis method. The following methods were investigated

with 0% overlap, no filtering and no range validation:

Cross-correlation, 64x64 interrogation region
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Cross-correlation, 32x32 interrogation region

Cross-correlation, 1 6x 16 interrogation region

Adaptive cross-correlation, 32x32 to 16x16 interrogation region

Adaptive cross-correlation, 64x64 to 1 6x 16 interrogation region

Adaptive cross-correlation, 32x32 to 8x8 interrogation region

Adaptive cross-correlation, 64x64 to 8x8 interrogation region

The flow being uniform, the mean velocity magnitude over the entire field was

obtained, as well as the standard deviation. The error was obtained using the following:

U U
err(%)= xlOO

Upiv

Figure C.7 shows the results for the different methods. Surprisingly, the 2x2 pixels

particles don't seem to provide better results, at least for direct cross-correlations

methods. This can be explained by the sharp color edge, which is rather unrealistic.

Decreasing the interrogation area increases greatly the error and the standard deviation.

For realistic seeding methods, the error systematically drops under 1%, except for heavy

seeding. Note that the last 2 methods (yielding a 8x8 results) the standard deviation

increase dramatically, due to sparse wrong vectors. Clearly, one can see the advantage

of using an adaptive method. Associated to a low seeding technique seems to give the

best results.
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Figure C.8 Error and standard deviation for different particle size,
seeding and analysis method.
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Dynamic range and flow structure resolution

The highest measurable velocity is constrained by particles traveling further than the

size of the interrogation area within the time, At. The result is lost correlation between

the two image frames and thus loss of velocity information. The dynamic range is

obtained from

M.VmAt <25%

M: Magnification factor
At: time delay between the two pictures

actual size of one pixel
N: Interrogation area size (in pixels)

The side length of the interrogation area and the image magnification are balanced

against the size of the flow structures to be resolved. One way of expressing this is to

require the velocity gradient to be small within the interrogation area:

M.V Vminl .At
IA <5%

These 2 equations are used to determine a minimum value for the time delay between 2

laser pulses. Meanwhile, due to the large difference in peak velocity between the jet and

the crossflow, priority to the jet velocity was given while trying to obtain the highest

pixel displacement in the crossflow resulting in the following delay timings:

Case # Atdamic Qis) AtgradientQIs) Atused (ts)
1 318 90 165

2 159 45 65

3 40 11 25

4&6 159 37 100

5&7 40 8 25

Table C.2 Resulting delay timing from dynamic range analysis
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