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ABSTRACT 

The evolution of 3-D pulsed disturbances in a plane mixing layer is studied 

experimentally. The disturbance is effected via amplitude modulation of a spanwise 

uniform time-harmonic wave train which provides a clear phase reference for the phase

locked velocity measurements. The evolution of the pulsed disturbance depends critically 

on the time delay between the modulation pulse and the carrier wave train, the plane mixing 

layer is most receptive to pulsed excitation when the pulse appears in the braid region 

between adjacent primmy vortices of the base flow. An amplitude demodulation technique 

is applied to decompose an isolated pulsed disturbance into a family of modal wave 

packets, and the evolution of the fundamental wave packet was studied in detail. The wave 

fronts of the wave packet in plane mixing layers are almost parallel to the span, in contrast 

to a boundary layer wave packet where wave fronts are bowed. The span wise spreading 

speed of the wave packet is approximately equal to Uz=O.2Uc, while its growth in the 

stream wise direction is limited. The wave packet is non-dispersive, in agreement with the 

theoretical results. The effect of a pulse train having temporally and spatially periodic 

pattern is also studied. Wavelet transforms, both I-D MorIet and 2-D Are, are applied to 

study scales of the flow structures. The large-scale structure exhibits a staggered "chain

link"-like pattern in the streamwise and spanwise directions, whereas the small scale 

structures are initially generated half way between spanwise centers of pulses. The power 

spectra indicate that the energy at these small scales increases with increased x. This may 

suggest that pulsed disturbances may be used to enhance mixing. 
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PART I 

EVOLUTION OF A WAVE PACKET 
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1.1. INTRODUCTION 

In the past two decades or so, the subject of coherent large scale vortical structures 

in the shear flows has been studied very actively, both in numerical simulations and 

experiments. In the earliest approach, experimentalists used the education (pattern 

recognition) technique to investigate the coherent large scale structures in various types of 

uncontrolled flows, some references are given by Latigo (1989). The main disadvantage of 

this technique is the phase jitters of the measured signals due to the natural temporal and 

spatial irregularities of the flow, thus making the ensemble averaging of the signals 

difficult. Subsequently, attempts were made to control the flow through excitation. Two 

types of excitation wave forms are generally used in the experiments: one is time-harmonic 

(periodic) and another is anharmonic (transient) disturbances. 

For the first type of disturbances, modifications of the flow structure in plane 

mixing layers have been commonly achieved by manipulation of instability modes via time

harmonic excitation wave forms. These wave forms can be span wise uniform in amplitude 

and phase (e.g., Oster and \Vygnanski 1982), or spanwise periodic in the amplitude 

distributions (Nygaard & Glezer 1991). Other types of time harmonic excitation have 

'.ltilized spanwise non-uniform phase or frequency distributions (e.g., Nygaard 1991, 

Nygaard & Glezer 1994). It is important to recognize that, within the stream wise domain 

of influence of time harmonic excitation, the flow can only evolve spatially while its 

temporal evolution is restricted to the forcing frequency and its higher harmonics. 

In real-time control applications of mixing layers of practical interest, however, it is 

a nontrivial problem that these flows are not only irregular both in time and space, but they 

are also subjected to temporally and spatially complex disturbances, with important 

consequences to the mixing. In fact in an unforced shear layer, the large coherent vortical 



14 

structures do not appear at regular time intervals and may develop both in time and space. 

A fundamental understanding of the evolution of three-dimensional anharmonic 

disturbances and their interaction with the base flow structure owes much of its importance 

to technological applications, such as in chemical reaction and unsteady combustion 

processes. One example of such unsteady combustion processes is the pulsed combustion, 

known as early as in World War II. Compared to conventional combustion systems, 

devices using pulse combustion yield higher heat transfer rates, combustion intensities, and 

thermal efficiencies, accompanied by lower emission levels of nitrogen oxides (Keller & 

Westbrook, 1986; Keller, Bramlette, Dec & Westbrook 1989). Pulsed combustion 

involves three-dimensional, transient flow field that is highly turbulent and has variable 

physical properties (Barr, Dwyer & Bramlette 1988). Therefore, investigations of three

dimensional transient flow fields are important for the advancement of this attractive 

technology. 

The importance of the difference between the harmonic and anharmonic excitations 

in the boundary layer transition was established by Gaster and Grant (1975), who studied 

the evolution of a wave packet formed in a laminar Blasius boundary layer by a momentary 

acoustic pulse. The flow disturbances caused by the passage of the packet were detected 

by a hot-wire anemometer positioned just outside the boundary layer. The authors observed 

that at some distance downstream from the pulse generator the packet, which was initially 

smoothly contoured and with peak amplitUdes close to its center, gradually distorted and 

developed nonlinear characteristics, which eventually led to the breakdown to turbulence. 

The authors further stated that "The non-linear development of a wave packet and its final 

breakdown into a turbulent spot involves processes akin to those of natural transition and a 

controlled experiment of this regime may provide fresh insight into the various interactive 

mechanisms that arise." In a complementary study, Gaster (1975) proposed a theoretical 

linear model of a wave packet in a flat plate boundary layer, and compared the experimental 
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and analytical evolution of frequency-wave number spectra of a fiat-spectrum input. He 

found that the overall shapes of the disturbed region of the wave packet and the manner in 

which it spreads as it traveled downstream could be predicted by the model. Gaster later 

concluded (1987, private communication) that an isolated wave packet may lead to 

transition to turbulence much Jaster than a continllolls wave train. 

In their experiment in an axisymmetric air jet, Kleis, Hussain, and Sokolov (1981) 

showed that a momentary disturbance, resulting from the triggering of a three-dimensional 

turbulent spot by a spark at the nozzle boundary layer upstream of the exit, is amplified 

much faster than the flow instabilities of the surrounding axisymmetric shear layer. In an 

early study Sokolov, Hussain, Kleis, and Husain (1980) found that the spot is a large-scale 

elongated turbulent structure spanning the entire width of the shear layer but does not 

appear to exhibit a self-similar characteristics. Maestrello, Bayliss, and Turkel (1981) also 

investigated, both experimentally and numerically, the behavior of a sound pulse from a 

simulated source in a jet. The effective source is the orifice of a small tube at the axis of 

the jet, and the tube extends 1.25 jet diameter downstream from the jet exit. Using a 

conventional shock tube type of a chamber with a diaphragm, the pulse is created by 

breaking the diaphragm. Measurements of the time dependent pressure in the far field are 

made inside an anechoic chamber. The experimental results are compared with the 

axisymmetric mode (the zero mode) of the numerical solution of the full, time dependent 

Euler equations, linearized about a realistic model of a spreading jet. They showed that in 

the low and medium frequencies the far field acoustic power exhibits a marked 

amplification as the flow velocity increases, and this amplification is traced to shear noise 

terms which trigger the instability waves that are inherent within the flow. In a later 

numerical simulation, they (Bayliss, Maestrello & Turkel 1986) also examined the 

nonlinear effects of the interaction of a sound pulse with the shear layer of an axisymmetric 

jet. Their results showed a significant spectral broadening in the flow field due to the 
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nonlinearity. In addition, they found that large scale structures are broken down into 

smaller scales. 

The interaction of the coherent structure in a plane mixing layer with span wise

uniform impulsive acoustic excitation was studied by Latigo (1989). Periodic plane 

acoustic waves consisting four discrete pulses are used to trigger the Kelvin-Helmholtz 

instability at the origin of an initially laminar plane mixing layer. The excitation was 

introduced into the flow by an array of hi-fi speakers aligned with the separation lip, and 

flush mounted on the roof of the test section (on the side of the low-speed stream) of the 

wind tunnel. The pulse width corresponds to a nominal value of the semiperiod of the 

initial instability while the pulse period is an integral multiple of the above instability 

period, allowing the resulting structures interact over the entire Re range under 

investigation. Measurements of the instantaneous velocity are carried out with a 

combination of U- and X-wire anemometer sensors slowly traversed across the mixing 

layer. Optimum phase averages of the conditionally sampled velocity records arc obtained 

using an iterative correlation technique that corrects for phase jitters due to turbulence. The 

ensembles reveal a vivid picture of vortex pairing between the initial eddies as well as the 

significant role played by the coherent large scale structures in producing high 

instantaneous momentum flux; hence turbulent mixing. 

Similarly, Glezer, Wygnanski & Gu (1989) also studied the evolution of a 

momentary, spanwise-uniform disturbance in a plane mixing layer. The experiment was 

conducted in an open-return air facility, and the streamwise velocity component at midspan 

was measured using a rake of hot-wire probes. The flow was forced by pulsed amplitude 

modulation of a time-harmonic wave train using a span wise-uniform thin flap mounted at 

the trailing edge of the flow partition. The low amplitude, time-harmonic wave train 

reduces the phase jitters and provides a clear phase reference for the modulating pulse. The 

pulse is in phase with the wave train and its period is equal to period of the wave train, 
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which is also the nominal value of the natural initial instability wave of the flow. The 

response to the modulating pulse was decomposed to a family of modal wave packets. It 

was found that the fundamental wave packet is advected with the mean velocity of the two 

streams, and its streamwise extent and dominant frequencies remain virtually unchanged 

with downstream distance. An important observation was that the passage of the 

disturbance is accompanied by a spatial and temporal change in the momentum thickness of 

the harmonically excited flow. Cross-stream distributions of the streamwise velocity 

perturbation within the spatially amplified region of the disturbance are similar to those of 

the harmonically excited flow at stream wise stations having the same momentum thickness. 

The authors also discovered that high turbulence levels, not prevalent in the harmonically 

excited shear layer, are detected within the disturbance and suggest the possibility of 

transient mixing enhancement. 

The evolution of three-dimensional pulsed disturbances in a parallel plane mixing 

layer was analytically studied by Balsa (1989) who assumed that the velocity profile is 

piecewise linear (Rayleigh profile). He showed that a wave packet which develops in a 

plane shear layer has wave fronts that are approximately parallel to the spanwise direction. 

This is in contrast to the wave packet in the boundary layer where the wave fronts are 

highly curved (see Gaster & Grant, 1975). Balsa also studied the receptivity of the shear 

layer to pulsed-type and harmonic excitations and concluded that the shear layer is most 

receptive to external forcing near its centerline (y = 0). Even though no previous 

experimental work of three-dimensional pulsed disturbances in plane mixing layers can be 

found to directly examine Balsa's analytical results, some three-dimensional aspects 

(especially in spanwise) of the vortical structures may be related to the experimental work 

on pattem evolution in the two-dimensional mixing layer by Browand and Prost-Domasky 

(1989). They studied the development of natural and artificially forced vortex defects. The 

forced defects were acoustically introduced by a row of sixteen loudspeakers mounted 
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along the span of the wind tunnel ceiling. The most prominent feature of such defects or 

dislocations is the occurrence of interconnection of two vortex structures (or waves). The 

authors observed that the influence of the original defect appeared to spread laterally across 

the span as a propagation disturbance field, which extended both upstream and downstream 

from the original defect. 

Unlike the experiment of Glezer, Wygnanski & Gu (1989) where the pulsed 

disturbance was spanwise-uniform and was modulated in phase with the wave train having 

its duration equals to one full period of the wave train, the purpose of the present 

experiments is to study the spatial and temporal evolution of three-dimensional pulsed 

disturbances that arc localized in space and its duration is shorter than the period of the 

wave train. In particular, we are interested in the evolution of the pulse disturbances that 

arc at different phases relative to the wave train, their role in the development of the flow, 

and the extent of their interaction with the nominally two-dimensional flow structures. The 

present work consists of two parts: in part I, the evolution of an isolated three-dimensional 

pulsed disturbance is studied in detail; in part II, we study the effect of a pulse train having 

spanwise and temporally period and staggered pattern on the plane mixing layer. In part I, 

section 1.2 briefly describes the experimental apparatus and the surface heaters used for 

synthesis of the excitation wave form. Composite Schlieren photographs arc used in 

Section 1.3 to describe the evolution of the vortical structure of the flow subjected to the 

pulsed disturbance. Section 1.4 describes the evolution of the pulsed disturbance using 

phase averaged velocity component. The amplitude demodulation technique was developed 

to decompose the response of the flow to the pulsed disturbance into a family of modal 

wave packets, and the evolution and some of the characteristics of the fundamental wave 

packet arc described in Section 1.5. Concluding remarks are presented in Section 1.6. 
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1.2. EXPERIMENTAL APPARATUS AND TECHNIQUES 

1.2.1. The experimental setup 

The experiments are conducted in a closed-return water shear layer facility. Its 

detailed description, together with the ancillary diagnostic equipment, is given by Nygaard 

& Glezer (1991). The dimensions of the test section are: 100 cm streamwise (x); 44 cm 

cross stream (y); and 22 cm spanwise (z). Two free stream velocities are UI = 30 cm/sec 

and U2 = 10 cm/sec, and the nominal frequency of the natural instability wave of the flow 

approximately equals to 5 Hz. Excitation of stream wise and spanwise instability modes of 

the flow is accomplished by a linear spanwise array of 32 heating elements nush-mounted 

on the high speed side of the flow partition. The span wise width of the array is equal to the 

span of the test section. Each heating element is wired to a DC power amplifier and can be 

independently driven from the laboratory computer via a 12-bit D/A interface. Figure 1.1 

shows the schematic diagram of the flow partition, heater array, and the coordinate system. 

The side-view and top-view of the flow are shown in figure 1.1 (a) and (b), respectively. 

The refractive index gradients produced by surface heating are exploited for flow 

visualization by means of a Schlieren system. The Schlieren view is in the spanwise (x-z) 

plane, consists of a circle 13.2 cm in diameter centered at midspan (Figure 1.1b), and may 

be thought of as a planar projection of streaklines of slightly heated i1uid elements. 

Simultaneous cross-stream measurements of the stream wise velocity component are taken 

with a rake of 31 hot wire anemometry sensors. These sensors are 2 mm apart, and 

suitable for use in water. The measurements arc phase-locked to the excitation wavefonn at 

equally-spaced grid points (2 mm apart) in the y-z plane. The grid is symmetric relative to 
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Figure I.l: Schematic diagram of the flow partition and the heater array. 
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the y and z axes and measures 60 mm x 80 mm, respectively. The sampling frequency is 

300 Hz (with a 12-bit ND interface). These measurements are repeated at six equally

spaced streamwise stations between x = 51 mm (1.3Ao, where Ao=40 mm is the 

wavelength of the Kelvin-Helmholtz instability wave of the shear flow) and 178 mm 

(4.45Ao). The first stream wise measurement station, x = 51 mm, approximately 

corresponds to the location where the first roll-up of the primary vortices appears in the 

Schlieren. 

In order to take phase-locked hot-wire anemometry measurements of the 

stream wise velocity component, the flow is subjected to a low-amplitude, two

dimensional, time-harmonic excitation at the frequency of the instability wave (5 Hz), 

which provides a clear phase reference for the measurements. Figure I.2 shows the 

streamwise variation of the local momentum thickness Sex) when the flow is excited by the 

carrier wave train. The momentum thickness is calculated from the time-averaged cross

stream profiles of the streamwise velocity V(x,y) at the midspan (z = 0). For x> 76 mm 

(1.9Ao), Sex) increases almost linearly with x. The spreading rate of the mixing layer is 

dS/dx = 0.01374. This spreading rate of a mixing layer excited by a harmonic wave train 

depends on the velocities of the two streams and on the frequency and amplitude of 

excitation (see, e.g., Oster and Wygnanski 1985). For the present amplitude level and 

frequency of the harmonic wave train this spreading rate is almost constant. This indicates 

that the stream wise domain of the measurements is still within the initial range of the 

mixing flow before its spreading rate becomes saturated. At x = 178 mm (4.45Ao), S = 3.5 

mm, which is approximately twice the value at x = 51 mm. Hence, within the streamwise 

domain of the measurements, the Reynolds number, based on Sex) and the averaged free 

stream velocity of the base flow Vc, vades from 300 to 700. 
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In figure 1.3, U(y) at the midspan (z = 0) is plotted in its similarity variables 

(U - U2)! (UI - U2 ) and (y - Yo)128 (where U(Yo) = Uc) for 51 mm < x < 178 mm. 

Almost all data points fall onto a single curve, which means that the streamwise velocity 

profiles of the harmonically forced base flow are self-similar. This is also an indication that 

the amplitude of the time-harmonic wave train is low enough so that the growth of 

instability wave of the flow is not saturated within the experimental domain. 

Spanwise uniformity of the base flow is illustrated in figure 1.4 with surface plots 

of U(y, z) at x = 76, 127, and 178 mm. The plots clearly show that the base flow is quite 

uniform across the span at upstream stations (figure I.4a, b), and it becomes slightly 

distorted further downstream due to small imperfections in the experimental apparatus 

(figure 1.4 c). 
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1.2.2. Pulsed excitation using sUlface heaters 

An isolated three-dimensional pulsed disturbance at the midspan is effected by 

spanwise-nonunifonn pulsed amplitude modulation of a low-level, two-dimensional, time

hannonic carrier wave train. The time-harmonic wave train is chosen in order to provide a 

clear phase reference and to minimize the difficulty in ensemble averages, because in the 

unforced mixing layer temporal and spatial irregularities result in a substantial scatter in the 

amplitude and arrival time of a pulsed disturbance at the measurement station (Glezer, 

Wygnanski & Gu, 1989). 

The square of the input voltage of the excitation waveform, E, which is 

proportional to the power dissipated by the heaters, is comprised of a linear superposition 

of spanwise-unifonn time-harmonic wave train and the pulse: 

(1.1) 

where Eo is the voltage amplitude of the wave train, fo = 1fT is the frequency of the wave 

train, and Ep(t, z) is the voltage amplitude of the pulsed excitation. It should be mentioned 

that though ideally we would like to introduce the pulsed disturbance locally in the mixing 

layer at a given position and time, but since it is not possible for our experimental 

apparatus, our pulsed disturbance will first be introduced into the upstream boundary layer 

of the flow partition, it develops into wave packet in the boundary layer and amplifies 

before leaving the trailing edge of the flow partition. The square of the input voltage of the 

pulse Ep(t, z) is defined as 
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E~(t.z) = {'YE~. for Izl:::; m· 6Zm and tc - crT:::; t:::; tc + crT 
O. otherwise 

(1.2) 

where 'Y is a positive constant. 6Ztrr = 6.35 mm is the spanwise width of a heating element. 

2m is the number of heaters used for the pulsed disturbance. 20' equals to the ratio between 

the duration of the pulse and the period of the wave train. and tc - O't and tc + O't are the 

rising and falling times of the pulse. respectively. After each ensemble of the velocity 

measurement using hot wires the pulse is repeated. We define a periodic lc as: 

tc=(6+nMp)T. n=0.1.2.3 •...• 

where Mp is a positive integer (the frequency of the pulse train is folMp). and 6· T is the 

relative time delay between the pulse (at time lc) and the zero-phase of the sinusoidal wave 

train. expressed in the form given by the first term on the right side of Eqn. (1.1). Since 

the wave train is periodic in time. it does not matter as to which cycle of the wave train we 

choose as the reference cycle and we can limit 6 be between 0 and 1. 

The wave train frequency is chosen to be the nominal natural frequency of the 

instability wave of the unforced flow (fo = 5 Hz). The amplitude of the wave train is Eo = 5 

Volts (after power amplifier). As discussed earlier. this amplitude is low enough so that 

within the domain of the measurement the flow is still prior to its saturation in the 

streamwise growth of the momentum thickness. The maximum possible input voltage in 

Eqn. (1.2) is ~2 + 'Y . Eo. and for the practical purpose it shall not exceed 14 V for 

preventing the heating clement to be burnt (we set 'Y = 5). Also. since the flow requires 

certain minimum input power before the effect of the pulsed disturbance can be clearly 

distinguished in the Schlieren. but the maximum amplitude of the pulse is limited. this 
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constrains the value of the pulse duration, 2crT, and the number of heaters used for the 

pulse (2m): if the pulse duration is reduced, the number of heaters for the pulse should be 

increased, and vise versa. These parameters had been tested, and preliminary results from 

each forcing pattern have been visually analyzed from recorded video tapes using Schlieren 

system. We set the pulse duration be 40% of the wave train period (2cr = 0.4), and choose 

a group of 4 heating elements for the pulsed excitation (m = 2). This gives an initial pulsed 

disturbance of the size approximately equal to 0.4:\0 and 0.64:\0 in the streamwise and 

spanwise directions, respectively. A slight reduction in the duration or the amplitude of the 

pulse makes the disturbance weaker, but it does not appear to alter substantially the 

characteristics of the evolution of the ensuing disturbance. It is important to note, 

however, that the flow visualization shows that the evolution of the pulsed disturbance 

depends critically on the time-delay (IJ.. T) between the pulsed disturbance and the wave 

train. When IJ. = 0, the pulse is superimposed to the two-dimensional wave train (in the 

boundary layer) at the zero phase (see Eqn. (1.1)). The pulse is added to the peak of the 

wave train at IJ. = 1/4, or 10 the valley at!J. = 3/4. The effect of this time delay is studied 

systematically via flow visualization, in such way that the pulsed disturbance generates the 

most turbulence in the flow. The Schlieren shows, for example, that when!J. = 3/4, which 

is selected in this experiment, the pulsed disturbance appears to have the most effect to the 

mixing of the flow. This corresponds to the situation when there are strongly distorted 

vortices appears in the braids region of the shear layer (see next section). On the other 

hand, when !J. = 114 (Le., when the pulsed disturbance appears in the core region of the 

primary vortices) the ensuing pulsed disturbance is hardly visible. For other values of !J. 

the flow visualization shows that the effect of the pulse is somewhere between the above 

described two cases. Finally, the repetition rate of the pulsed disturbances is one in evelY 

eight cycles of the wave train (Mp = 8), chosen so that successive pulsed disturbances will 

not affect each other. Figure 1.5 shows the schematics of the input voltage square of the 
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excitation waveform. The D/A outputs of the computer are the square-root of this form. 

From Eqn. (I.1) we found that the energy that is dissipated from each heater during one 

period of the time-harmonic wave train is T· E~/R=1.39 J (where R = 3.6 Q is the 

electrical resistance of each heater). It is (1 + 2cry)T. E~/R = 6.95 J during the period that 

contains the pulsed disturbance. The estimated time-constant of each heater is -0.01 sec. 
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Figure 1.5: Excitation wavefonn of an isolated 3-D pulsed distl\l'hance. 
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1.3. EVOLUTION OF VORTICES: FLOW VISUALIZATION 

The spatial evolution of tlle pulsed disturbance is visualized in the x-z plane using a 

double-pass Schlieren system. Figure 1.6 shows a sequence of composite Schlieren 

photographs obtained from a high-speed (1000 frames per second) video movie. Each 

composite frame consists of two partially overlapping images having nominal diameters of 

132 mm and centered at midspan. Even though ilie two images in each frame are not taken 

at the same time, they are phase locked to the excitation wave form, and the time interval 

between two consecutive composites is 0.1 sec (- T 12). The flow direction is from ilie left 

to the right, and the streamwise domain of each composite is 10 mm < x < 218 mm, or 

about 5.2Ao. It should be mentioned that in all photographs there are streaks of dark and 

light lines iliat are almost equally spaces in the span. These lines arc caused by the heating 

clements and the small spacing between two adjacent heaters. This is also an indication of 

the sensitivity of our Schlieren system. Figure 1.6(a) shows the appearance of a distorted 

spanwise primary vortex which is downstream of a pulsed disturbance. This vortex is 

straight on both sides of the span, and it splits into two parts near the midspan. One part of 

the vortex is curved forward (marked as VI in figure I.6(d», while the vortex at x = 102 

mm (in figure I.6(a» is almost straight in tl1e span and does not appear to be affected by ilie 

pulsed disturbance. 'lbe other part of the split vortex can not be seen in this frame, because 

it is too close to the flow partition and too weak to show in the Schlieren. This portion of 

the vortex (marked as V2 in figure I.6(d» is clear visible in figure 1.6(b). The split vortex 

has a pattern of a cell. The upstream part (V2) of this cell has a "<" shape, as if a string 

being fixed at both ends and pulled in the center. The angel of the "<" shape is 

approximately 90°. The downstream part (VI) of this split vortex is curved gently so that it 

is located ncar the mid-point between the pulsed disturbance and the downstream primary 



32 

vortex. Figure I.6(c) clearly shows that the center of the pulsed disturbance appears in the 

braid region between two spanwise vortices. The vortex upstream of the pulsed 

disturbance looks very similar to the one downstream, only it seems to be reflected. This 

vortex also splits into two parts, one at downstream (marked as V3 in figure I.6(d» has the 

">" shape and also with an angle of 90°. The other part of the split vortex (marked as V4 

in figure I.6(d» at upstream is not yet visible. The V2 and V3 vortices are twisted to form 

a "><" shaped structure. Figure 1.6(d) shows that V4 is curved backward, and forms a 

diamond-shaped cell with V3 around midspan. Notice that the spanwise width of the split 

portion of the vortices do not grow at this stream wise station. The "><" structure is located 

at the half wave length of the spanwise vortices. In figure I.6(e), the center of the "><" 

structure moves forward, closer toward the core of the downstream primary vortex, while 

VI is being pulled backward towards the core. The intensity of V4 is higher than that of 

VI. Notice that the next span wise vortex upstream of V4 is straight and apparently not 

affected by the pulsed disturbance. Starting from figure 1.6(f), VI seems to be fading 

away from the photographs. Figures I.6(g)-U) show that the effect of the pulsed 

disturbance spreads symmetrically along the span wise direction as it is ad vected 

downstream. Even in figure 1.6(i) the size of the diamond-shaped vortical structure is 

virtually unchanged in the span, but the split of the primary vortices upstream and 

downstream of the pulsed disturbance leads to the generation of small-scale structures, 

which spread rapidly in the span. Figure 1.6U) shows that the primary vortex upstream of 

the pulsed disturbance is remarkably unifolm along its span. This clearly indicates that the 

streamwise domain of influence of the pulsed disturbance is limited to - 2~. 

A simplified sketch demonstrating the evolution of the vortical structures in the 

neighborhood of the pulsed disturbance is shown in figure 1.7. The vortical structures 

drawn in figures 1.7(a), (b), and (c) approximately correspond to those shown in figure 

I.6(c), (e), and (g), respectively. When pulsed disturbance is introduced into the braid 
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region of the plane mixing layer, the two adjacent primary vortices split, generating four 

lIyll-shaped vortical defects and a local pairing of V2 and V3 (see also in figure 1.6), and 

the domain of influence of the pulsed disturbance is characterized by higher turbulence 

levels compared to the two-dimensional base flow. It may also explain the reason that there 

is almost no effect to the flow when the pulsed disturbance is generated inside the core of 

the primary vortex: it is probably because the vortex core will not split, minimizing the 

effect of the pulse. 
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Figure 1.6: Sequence of composite Schlieren photographs (TI2 time interval). 
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Figure 1.7: Simplified sketches or the vortical structures due to the pulsed disllIrhancl'. 
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1.4. THE PHASE-AVERAGED PULSED DISTURBANCE 

Surfaces of ensemble-averaged cross-stream velocity profiles <u(t,y», measured at 

midspan (z = 0) and x = 76, 127, and 178 mm, are shown in figure I.8. The temporal 

change in <u(t, y» due to passage of the pulsed disturbance is clearly distinguishable from 

the response to the time-harmonic wave train, and it is felt across the entire width of the 

shear layer. Of particular notice is the temporal evolution of the three velocity peaks on the 

high-speed side associated with passage of the pulsed disturbance at the measurement 

station. These peaks appear closer in time further downstream, indicating a twist of the ">" 

and "<" shaped vortices (V2 and V3 in figure 1.6), which were described in the previous 

section. In the absence of the pulsed disturbance the phase of the streamwise velocity 

fluctuations across the mixing layer changes approximately by re, as can be seen, for 

example, by following a line of constant time when the velocity perturbation has a peak on 

the high-speed side and a valley on the low-speed side. 

The ensemble-averaged streamwise velocity perturbation is defined as 

<upert(t,x»=<u(t,x» - U(x). Figure 1.9 shows profiles of <upcrt(t, z» at y = 10 mm for 

x= 76, 127, and 178 mm, respectively. Notice that in all frames in figure 1.9 the time axis 

is plotted reversed, we did so to help readers to easily compare the temporal flow structures 

with the spatial ones shown in the flow visualization, since the upstream flow structure 

arrives later in time at measurement station. In figures 1.9(a, b, c), time series of 

<upcrt(t,z» at equally spaced spanwise stations (the increment in z is 2 mm) are plotted to 

emphasize the temporal change in the amplitUde. The corresponding waterfall plots of 

<upcrt(t, z» in figures I.9(d, e, f) demonstrate its phase variation in the span (the increment 

in tis 0.05T). It is clear that the streamwise domain of influence of the pulsed disturbance 
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is approximately 2~, and outside of this domain of influence the time-hannonic wave train 

is spanwise-unifonn. From the delays in its arrival time at the downstream stations it can 

be determined that the pulsed disturbance is advected downstream at speed approximately 

equal to Ue,. As can be seen from figure 1.9(a) that at x = 76 mm, the amplitude of <upcrt> 

corresponding to VI part of the split vortex (appears early in time) is smallcr than that of 

V4 (appears latcr in time), which is consistent to thc result shown in the flow visualization 

(see figure J.6(d)). When the pulsed disturbance is advected downstream, its effect 

spreads both in t (and thus in x) and z, and at x = 178 mm, it affects the entire spanwise 

width of the measurement domain. The streamwise length of the pulsed disturbance, 

however, does not seem to grow as dramatically as in the span wise direction, and it 

appears to be limitcd by the fundamental instability of the base flow. A similar observation 

was also made by Glezer, Wygnanski & Gu (1989) regarding a two-dimensional pulsed 

disturbance. Dallard and Browand (1993), who studied the evolution of v011ex structure of 

plane mixing layers in the vicinity of a vortex dislocation, also reported that the vortical 

"defect" grows more rapidly in the spanwise direction than in the streamwise direction, 

thus preserving a tendency for two dimensionality. 

The ensemble-averaged ("true") rms. velocity fluctuations, <u'trrn~(t, x», are used to 

study the evolution of the pulsed disturbance. A scheme of calculating <u'trms(t, x» has 

been reported by Glezcr, Katz & Wygnanski (1989), and unlike the conventional method, 

<u'trllls(t, x» is not prone to spurious contributions from low-frequency variations of the 

flow relative to its mean. These data allow for a detailed study of the three-dimensional 

features of the flow structure induced by the disturbance and its interaction with the 

spanwise vortices. Figure 1.10 plots the iso-surfaces of <u'trms(t,y,z» for x = 76, 127, and 

178 mm. Each plot shows 3.5 periods of the excitation wave train and the frame follows 

the pulsed excitation. The level of the iso-surface in each plot is 67% of the maximum 
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value of <U'lrms> in the 2-D wave train at each measurement station. Since the size of the 

span wise primary vortices increases with increased downstream distance, the maximum of 

<U'lnns> in the core of these vortices decreases with increased x, thus with the adjusted iso

surface levels for each x station the size of the 2-D primary vortices in figure 1.10 appears 

increasing with x, which is correctly related to the size of these vortices shown in the flow 

visualization (see figure 1.6). At x=76 mm, an "X "-shaped structure is formed in the braids 

region between two adjacent primary vortices. This structure is actually the result of two 

partial split vortices having ">" and "<" shapes (V4 and V2) shown in the photograph of 

figure 1.6(c) or the sketch of figure 1.7(a). Farther downstream at x = 127 mm, the central 

region of the "><" structures moves closer to the high-speed side and it appears to be 

catching up with the downstream primary vortex. This process is accompanied by a 

striking increase in rms. velocity fluctuations induced by the disturbance at x = 178 mm. 

Figure 1.11 shows a sequence of contour plots of <u'tnns(t, y» in the midspan (z=O) 

at x = 76, 102, 127, 156, and 178 mm (contours start at 0.04Ue, with a linear increment of 

O.005Ue). It shows the evolution of the pulsed disturbance at the spanwise symmetry 

plane. At x = 76 mm (figure I.lla), the pulsed disturbance appears in the braid region of 

primary vortices of the base flow, and the cross-stream width of the disturbance is 

comparable to that of the harmonically forced flow. This braid region is the overlapped 

center of ">" and "<" shaped vortices (V2 and V3 in figure 1.6). There is one small core of 

vorticity concentration ahead of the "><" structure. This core corresponds to VI vortex 

shown in figures I.6 and 1.7. Similarly, there is also a small core in <u'trrns(t,y» that 

corresponds to V4 vortex, which is behind the "><" structure. The magnitude of <u'trms<t, 

y» in the upstream vortex core (V 4) is higher than that in the downstream core (Vl), 

which is consistent to the observation from the flow visualization. These three vortical 

cores equally divide the streamwise distance of 31..0 between passage of primary vortices 
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Figure 1.10: Surfaces of constant <tJ'trms(t,y,z» for x=76 (a), 127 (b), and 178 mm (c). 

The surface level in each plot is 67% of the maximum value of <tJ'trms> in 

the 2-D wave train at each measurement station. 
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Figure 1.l1: Sequence of contours of <u'trms(t, y» at z=O and x = 76 (a), 102 (b), 

127 (c), 156 Cd), and 178 mm (e); Contours start atO.04Ue, with a 

linear increment of O.005Ue• 
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upstream and downstream of the pulsed disturbance, making the local streamwise 

wavelength between these cores equal to 3/4 Ao. Farther downstream (figure 1.11 b), V I 

vortex seems to be stretched out in the vortex sheet, V 4 vortex changes a little, and the 

cross-stream extent of the pulsed disturbance at center of V2 and V3 increases. This cross-

stream extent of the pulsed disturbance is approximately 1.5 times of those of the two

dimensional wave train at x = 127 mm (figure 1.11c). Notice that at this station the pulsed 

disturbance is almost equally extended into the high-speed and low-speed side. This 

balance has been changed farther downstream (figure 1.11 d) when the partial portion of the 

stretched VI vortex reaches below the twisted cores of V2 and V3 at low-speed side, 

further delaying its arrival time in the measurement station. The remaining part of the VI 

vortex is still stretched out, making its contours look like a "comet" shape. At x = 178 mm 

(figure 1.11e), the disturbance is about twice as wide in the cross-stream direction as the 

harmonically forced flow. Furthermore, the turbulence intensity within the pulsed 

disturbance is much higher than at the upstream locations. 

The span wise spreading rate of the pulsed disturbance may be inferred from the 

distortion of the shape of streamwise velocity profiles of the nominally two-dimensional 

base flow. A cross-stream integral measure of such distortion is the temporal momentum 

thickness 8(t, x, z), defined as: 

8(t,x,z) = r:O(t,x,y,z)[l- O(t,x,y,z)]dy (1.3) 

where the nOlmalizcd velocity profile is 

U- ( ) = D (t, x) - U 2 t,X , 
U\-U2 

(1.4) 
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and U(t,x) is calculated from the ensemble averaged streamwise velocity component by 

taking a locally time-average over a time period T of the time-harmonic wave train: 

~ 11t+T/2 
U(t,x) = - (u('t,X)\'I't'. T t-TI2 ;U 

(1.5) 

It should be noted that, if the entire integration interval of the last equation is well removed 

from the disturbance, or if the flow is excited by the carrier signal only, U(t,x) = U(x) and 

thus 8(t,x,z)=8(x, z). Figure I.12 is a sequence of contour plots of Ll8(t,z) = 8(t,z)-8(z) 

at a number of streamwise stations. The contour level starts at 1.25 mm (which equals to 

8/2 at x = 102 mm), and the linear increment of Ll8 is 1.25 mm. The time axis in each 

frame is shifted by an equivalent amount of LlxlUc so that the center of Ll8 is always at the 

central region of each frame. The maximum spanwise extend of .18 (at starting contour 

level) for each x station is estimated (values at x = 51 and 76 mm are ignored, see figure 

1.12), and two spanwise symmetric straight lines arc drawn (by means of least-square fit) 

to approximately cover the spanwise extent of the pulsed disturbance. The slope of the line 

is dz/dx = 0.2, indicating that the disturbance spreads in both spanwise directions at a 

speed approximately equal to 0.2Uc• Although this estimate is based on an integral 

measure of the distortion of the base flow and may be conservative, it nevertheless exhibits 

an strong spreading rate of the pulsed disturbance in the span wise direction. 
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I. 5. DEMODULATION OF THE PULSED DISTURBANCE: 

THE FUNDAMENTAL WAVE PACKET 

1.5.1. Demodulation technique 

A numerical procedure of the amplitude demodulation technique was developed to 

discriminate between the response of the flow to the carrier signal and to the modulating 

pulse. This technique is able to decompose the response into a family of modal wave 

packets, each having a narrow band of frequencies centered around the excitation frequency 

and its higher harmonics. A demodulation technique using analog hardware was 

implemented by Kim, Khadra, & Powers (1980) to study modulated waves in a weakly 

ionized plasma, and by Miksad, Jones, Powers, Kim & Khadra (1982) to study the 

interaction of two harmonic wave trains of different frequencies in a two-dimensional 

wake. In both cases, however, the decomposition of disturbances from the carrier wave 

train was not possible, therefore no algorithm was developed to separate the wave packet 

from the wave train. A numerical scheme to decompose the pulsed disturbances from the 

wave train in a two-dimensional plane mixing layer has been developed by Glezer, 

Wygnanski & Gu (1989). We expanded their scheme here to allow it applicable for a 

wider range of types of pulsed disturbances. 

Consider an ensemble-averaged time series of the velocity perturbation 

(upcrt (t)) = (u( t)) - U (I.6) 

where <u(t» is the ensemble-averaged velocity, and U represents the time averaged mean 

velocity. Its Fourier transform is denoted as (upcrt(ro)), and the power spectrum 
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j(Upcrt(ro))1 is shown in figure l.13a (the plot is normalized by the maximum, the data 

plotted here is measured at x =76 mm, y = 10 mm, and z = 0 mm). Figure l.13a suggests 

that the response of the flow to the excitation is primarily concentrated in relatively narrow 

angular frequency bands, Aro, around the carrier angular frequency, roo, and its leading 

harmonics, nooo, where n is a positive integer. The spectral components of (upcrt(oo)) 

within these frequency bands may be obtained by applying a band-pass filter (in the 

frequency domain) g* (0») centered at nooo, where (*) represents the complex conjugate. 

Since we choose g* (00) be a real function in Fourier space, its notation with * is only 

intended to show that the following Eqn. (1.7) is a special case of the wavelet transform 

(more about the wavelet transform will be briefly discussed at the end of this section, as 

well as more detailed in part II of the present paper). Figure I.13a also shows a Gaussian 

type filter. Taking the inverse Fourier transform, the filtered (complex) signal around the 

fundamental frequency roo is given by 

(1.7) 

Notice that in Eqn (1.7) there is a factor of 2 in front of the integral of the inverse Fourier 

Transform. This prefactor is included because the inverse Fourier transform of (upcrt (0»)) 

over one half of the Fourier space (00 > 0) gives only 112 of <upcrt(t». Figure I.13(b) 

shows both <upcrt(t» (dashed line) and the real part of So(t) (solid line). Writing 

(1.8) 

its amplitude and phase c,m be easily obtained from the real and imaginary parts of So(t). 

The time-dependent amplitude and phase can be written as: 
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ISo( t)1 = Ao[l + Co (t)] (1.9) 

and 

(1.10) 

where Ao and 'l' 0 are the time independent amplitude and phase of So(t) when the flow is 

excited by the wave train only, !co(t)! is the degree of amplitude modulation of So(t) 

resulting from passage of the pulsed disturbance, and <l>o(t) represents the change in phase. 

Figure J.13(c) shows !So(t)! and Ao, and in figure I. 13(d), \fIo(t) (time dependent solid line) 

and 'l' 0 (solid line constant in time) are plotted. Note that Ao and '¥ 0 are the asymptotic 

values of !So(t)! and 'l' oCt) before or after the disturbance passes the measurement station. 

FUl1hermore, co(t) may be negative (but 1 + co(t) ~ 0), indicating that the amplitude of flow 

response to the carrier signal may be diminished by the disturbance (see figure I.13(b». 

The temporal variation of co(t) and <l>o(t) reflects the passage of the disturbance at the 

measurement station. The modulated fundamental modal wave So(t) can be thought of as 

the sum of a (complex) fundamental modal wave train carrier W co(t) (with constant phase 

\P 0) and a (complex) fundamental modal wave packet W PO(t): 

So ( t) = W co ( t) + W po ( t) (1.11) 

with 

(I.12) 
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and 

(1.13) 

where Apo(t) is the amplitude of the fundamental modal wave packet, and ()o(t) is the 

relative phase between the wave packet and the wave train in the mixing layer. In our 

experiment ()o(t) should be related to the parameter A for tc in Eqn. (1.2), even though A is 

the parameter describing the relative time delay between the wave train and pulsed 

excitation which is introduced into the flow boundary layer on the flow partition. From 

Eqns. (1.8)-(1.13) one obtains: 

(1.14) 

Notice that if <po(t) = 0, from Eqn. (1.14) one obtains: 

and 

This was the case in the experiment of Glezer, Wygnanski & Gu (1989). In the present 

experiment, however, <Po(t) varies in time. In this case Eqn. (1.14) becomes: 

(1.15) 
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and 

~ ( ) _ -l[ !So(t)!sin(<I>o(t)) ] 
U o t - tan!! . 

So( t) cos( <1>0 ( t)) - Ao 
(1.16) 

Figure 1.13(d) shows oo(t) with the dashed line. Notice that oo(t) is almost constant 

in time within the envelope of the wave packet where the amplitude of the wave packet is 

large enough to guarantee its numerical accuracy of Eqn. (1.16). Outside of this region 

where ISo(t)1 is almost equal to Ao the numerical accuracy of oo(t) from Eqn. (1.16) is very 

poor. However, since the amplitude of the wave packet almost vanishes in these regions 

the inaccuracy in oo(t) outside the envelop will not affect our study. Figure 1. 13(e) shows 

the fundamental wave packet, Re{Wl'o(t)}, and its amplitude AI'O(t). The n-th modal wave 

packet can be calculated similarly using the same procedure by replacing the subscript 0 

with n and letting ron = n O}o. 

The amplitude demodulation technique (i.e., Eqn. (1.7» partially resembles a 

special case of the one-dimensional wavelet transform. The wavelet transform is 

essentially a windowed Fourier transform with a variable window width. In I-D physical 

space, the wavelet transform of a signal u(t) (where u(t) must have zero mean) is its 

convolution with a wavelet galt) generated from a mother wavelet g('t) after a dilation a 

and translation t (sec, for example, Grossman & Morlet 1984): 

(1.17) 

where * denotes complex conjugate. From Parseval's theorem an alternative (and more 

efficient to compute) interpretation of Eqn. (1.17) can be given in the Fourier space: 
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-
W(a,t) = f U(ro)· f(aro)eiCJltdm (1.18) 

o 

where quantities with A denote their Fourier transforms. The wavelet g must satisfy two 

conditions: it must have zero mean (i.e., f g(t)dt =g(O) = 0) and it must be square 

integrable (i.e., flg(t)/2 dt < -t<x». The latter requires that g(t) -70 as ItI--? 00. Comparing 

Eqns. (1.7) and (1.18) it is evident that, except the prefactor of 2, the partial amplitude 

demodulation technique resembles a special case of the one-dimensional wavelet transfonn 

(with fixed scale a). The wavelet transform technique, however, is unable to decompose 

the modulated response into a family of modal wave packets. More detailed information 

regarding the wavelet transform will be presented in part II. 
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Figure 1.13: Amplitude demodulation technique (as an example, the data plotted here is 

measured at x=76, y=lO, and z=O mm): 

(a) power spectrum I(U pert (ffi))1 (solid line, normalized by the maximum 

spectral component) and the band-pass filter (dashed line); 

(b) <upcit» (dashed line) and So(t) (solid line); 

(c) amplitudes ISo(t)1 and Ao; (d) phases \}Jo(t) (time-various solid line), 

'P 0 (time-constant solid line) and oo(t) (dashed line); 

(e) Re{WPO(t)}, and its amplitude APO(t). 
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1.5.2. The fundamental wave train 

The power spectrum of <upcrt(t» (see figure I.13a) indicates that when the flow is 

excited by an amplitude modulated pulsed disturbance, the spectrum is broadened around 

the forcing frequency and its higher harmonics. Our demodulation technique applies a 

band-pass filter centered at the fundamental frequency. That means that even the 

fundamental wave train obtained from the demodulation technique includes all spectral 

components within the frequency band, .1ro, centered at the fundamental frequency. To 

convince ourselves that the wave train obtained from the demodulation technique is indeed 

the time harmonic wave train in the flow in the absence of the pulse, we compare their 

amplitudes and phases. Figure I.I4(a) shows their cross-stream distribution of amplitude 

for x = 51, 76, 102, 127, 152, and 178 mm, and the corresponding phase distribution is 

plotted in figure I. 14(b). The dotted lines are cross-stream profiles of the amplitude Ao(Y) 

(figure I.14a) and the phase \1'o(Y) (figure I.14b) obtained from the demodulation 

technique (see the previous section). The solid lines in figure 1.14 are the amplitude and 

phase of a time-harmonic wave train with a single frequency component. The excellent 

agreement between the pairs of profiles indicates that the wave train obtained from the 

demodulation technique is indeed the time harmonic wave train in the flow in the absence of 

the pulse, and that much of the spectral broadening around the forcing frequency and its 

higher harmonics is due to the pulsed amplitude modulation of the harmonic excitation 

signal. Figure I. 14(a) shows that, according to the linear stability theory, the amplitude of 

the streamwise velocity fluctuations decays exponentially with y when the base flow is 

subjected to two-dimensional time-harmonic excitation. The phase of the streamwise 

velocity fluctuations of the base flow changes continuously across the mixing layer and the 
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phase difference across the shear layer is approximately 1t (figure I. 14(b». This phase 

reversal is caused by the two-dimensional spanwise primary vortices. 
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Figure I. 14: Amplitude (a) and phase (h) of <II> at/i) (lines) and the corresponding 
A() and lp() of the wL\vetrilin (dots). 
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1.5.3. The fundamental wave packet 

Some features of the fundamental wave packet WPO(t, y) at the mid plane (z = 0) for 

x = 76, 127, and 178 mm, respectively, are shown as time series at different y (increment 

in y is 2 mm) in figure 1.15. The time axis is reversed in order to show the "spatial" feature 

of the wave packet The wave packet is advected down stream, and from the delay time of 

each downstream station it is found that the wave packet is advected at the speed equal to 

Uc, the convection velocity of the mean flow. At x = 76 mm (figure 15a), the maximum 

amplitude of the wave packet is near y = 0, and it decreases in both y directions. The 

cross-stream phase shift of the fundamental wave packet is approximately equal to n, as it 

is the case in the two-dimensional base flow. Near y = 0 the maximum amplitude of the 

wave packet decreases with increased downstream distance, and at x = 178 mm (figure 

1.15c), the amplitude of the wave packet is low. This is probably because the initial pulsed 

disturbance in the boundary layer on the flow partition amplified so much so that it has 

reached local saturation in the near the center of the pulse and start to decay. The domain of 

influence of the wave packet in time is approximately 3T (or 3A.o in the streamwise 

direction) and it is almost unchanged when the wave packet is advected downstream. 

Perspective views of the fundamental wave packet W poet, z) at y = 10 mm are 

shown in figure 1.16 for x = 51,76, 102, 127, 152, and 178 mm, respectively. We 

choose to plot at this y position (instead of, say, at y = 0) is because this elevation is ncar 

the edge of the shear layer region on the higher speed side and the phase tl' 0 is not 

sensitive to the small change in y, which is not the case at y = 0 (sec figure I.14b). We 

have also plotted the similar figures near the edge of the shear layer on the low speed side 

(not shown) of the flow, and the results are very similar to what we are showing here. Of 
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course, the wave packet on the low speed side has a phase shift of 1t. Also shown in figure 

16 are the corresponding contour plots of W 1'O(t, z), the positive contours are plotted with 

solid lines and negative contours with dashed lines (the contour increment is 0.035Uc)' It 

is interesting to note that in the plane shear layer the wave fronts of the wave packet are 

almost parallel to the spanwise direction. This is in contrast to wave packets in the 

boundary layers where wave fronts in the spanwise direction are highly curved (Gaster & 

Grant 1975). According to Balsa (1989), this "two-dimensionality" feature of the wave 

packet in the plane shear layer is due to the fact that the cross-stream distribution of the 

mean stream wise velocity is almost antisymmetric relative to y = Yo where U = Uc. At the 

first streamwise station (x = 51 mm, figure I. 16a) the wave packet has only one peak at the 

center of the span. The span wise width of this peak becomes larger at x = 76 mm (figure 

I. 16b), the amplitude of the wave packet is almost uniform over a quite large portion of the 

span near the midspan. This uniformity in the amplitude deteriorates further downstream in 

x = 102 and 127 mm (figure 1.16c, d). At x = 152 mm, the wave packet has two peaks in 

the span (figure I. 16e). The spanwise distance between these two peaks is approximately 

equal to Ao. At x = 178 mm (figure I. 16[), there are a number of spanwise maximae having 

a spanwise wavelength of approximately 12.5 mm (- 0.31Ao), and similar to the wave 

packet in the boundary layer (Gaster & Grant, 1975), the wave packet in the mixing layer 

apparently develops nonlinear characteristics, which subsequently lead to its breakdown to 

turbulence. 

The spanwise spreading rate of the wave packet may be estimated by measuring the 

stream wise development of the maximum spanwise extent of W 1'O(t, z). This maximum 

spanwise extent, I!t.Zw, which is measured at a selected contour level of 0.6 when W poet, z) 

is normalized to its local maximum, is plotted in Figure 1.17. The spanwise spreading rate 
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Figure 1.17: Spanwise extent of the wave packet at 60% of its local maximum. 
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of the wave packet is approximately linear with increased downstream distance. The 

spanwise spreading velocity Uz of the wave packet in both z - directions can be determined 

by the slope of the linear line in figure 1.17: 2 11Z/l1x = 2Uz IU z = 004, from which one 

obtains Uz = 0.2 Uc. This result is also consistent to our earlier estimate of the spanwise 

spreading speed of the pulsed disturbance using the localized deviation of momentum 

thickness (section 4), which is a cross-stream integral measure and also depends on higher 

modal wave packets. The consistency of these two results indicates that the fundamental 

wave packet dominates the large scale structure of the pulsed disturbance. 

Next we determine the dispersion relation for the time-harmonic wave train and for 

the fundamental wave packet. Similar method had been applied by Corke & Mangano 

(1989) to determine the dispersion relation for waves in a Blasius boundary layer. For a 

harmonic wave train of frequency fi' where fi=(i + 1 )fo (i = 0, 1, 2, ... ,) and fa is the 

frequency of the fundamental wave train, the corresponding phase \P i at Y = 10 mm and z 

= 0 mm is plotted for different downstream stations in figure I. 18(a) (shown here for i = 0, 

1, and 2). The local wave number is defined as uj(x) = a'-Pj(x)/ax, and the phase velocity 

of each wave is defined as V PIIi = 21tfi lUi (see, for example, Jenkins & White, 1976). 

Since '-Pi is linear with x, <Xi is independent of x. Notice that all data in figure I. 18(a) fall 

onto one straight line when normalized by fa Ifi • This means that all phase velocities at 

different frequencies are the same and equal to the phase velocity of the fundamental wave 

train: 

(
a'-Pi) fa 
ax f. 

I 
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The dispersion relation for the time-harmonic wave train, which is the relationship between 

wavenumbers and frequencies, is shown in Figure I.18(b). For the wave train the 

wavenumber is proportional to the frequency, and its group velocity, which is defined as 

V OR = 21tCJfjCJa, is equal to the phase velocities. This means that wave trains of all 

harmonics travel at the same speed as a group so that the wave train is non-dispersive. 

Balsa (1988) pointed out that, for free shear layers subjected to two-dimensional external 

excitation, the unstable modes are non-dispersive. 

Similarly, streamwise phase variation of the fundamental wave packet for 

frequencies within the band-pass filter is shown in figure 1.19(a), and the corresponding 

dispersion relation is shown in figure IJ9(b). All phase velocities of the wave packet are 

the same and equal to the group velocity of the wave packet, hence, the wave packet is also 

non-dispersive. Group velocities of the wave train and of the wave packet are the same and 

equal to the convective velocity of the flow Uc. This means that the wave packet does not 

travel through the wave train in the stream wise direction as they both are advected down 

stream. The little streamwise spreading of the wave packet arises from variations in the 

growth rate rather than from variations in phase velocity with wave number. This result is 

in very good agreement with the theoretical conclusions by Balsa (1989). 
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Figure 1.19: (a) Streamwise phase variation of the fundamental wave packet; 
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1.6. CONCLUSIONS 

In part I of the present experiment we studied the evolution of an isolated three

dimensional pulsed disturbances in a plane mixing layer. The expeliment was conducted in 

a closed-return water shear layer facility. Excitation of strcamwise and span wise instability 

modes of the flow was accomplished by a linear spanwise array of 32 heating elements 

flush-mounted on the high speed side of the flow partition. The disturbance amplifies in 

the boundary layer of the flow partition before it enters into the mixing layer flow, where it 

manipulates the roll-up of the vortices in the shear layer. The disturbance was effected via 

amplitude modulation of a spanwise uniform time-harmonic wave train which provides a 

clear phase reference for the phase-locked velocity measurements. Simultaneous cross

stream measurements of the streamwise velocity component are taken with a rake of 31 hot 

wire anemometry sensors, and a Schlieren system was used for flow visualization. We 

have found that the evolution of the pulsed disturbance depends crucially on the time delay 

between the modulation pulse and the cartier wave train, and that the plane mixing layer is 

most receptive to pulsed excitation when the pulse appears in the braid region between 

adjacent primary vortices of the base flow. In this case the pulsed disturbance caused the 

two adjacent primary vortices at upstream and downstream locations to split. The temporal 

change in ensemble-averaged cross-stream profiles of the streamwisc velocity due to 

passage of the disturbance was clearly distinguishable from the response to the wave train 

alone, and it was felt across the entire width of the shear layer. Schlieren now visualization 

and the measurements of rms. streamwise velocity fluctuations show that high levels of 

turbulence intensity occur with pulsed disturbances, suggesting a transient increase of 

mixing. An amplitude demodulation technique was applied to decompose the modulated 

velocity signals into a family of modal wave packets, and the evolution of the fundamental 
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wave packet was studied in detail. We found that the wave packet spreads more rapidly in 

the spanwise direction than in the stream wise direction. In fact, its growth in the 

streamwise direction is limited by the primary two-dimensional instability of the base flow, 

which is in agreement with the findings of Glezer, Wygnanski & Gu (1989), and Dallard & 

Browand (1993). The wave fronts of the wave packet in plane mixing layers, as predicted 

by Balsa (1989), are almost parallel to span wise direction (z axis). This is in contrast to a 

boundary layer wave packet (Gaster & Grant, 1975) where wave fronts of the packet are 

bowed. This feature of the shear layer wave packet is due to the fact that the cross-stream 

distribution of the mean stream wise velocity is almost anti symmetric relative to the cross 

stream elevation where U = Uc (Balsa 1989). The fundamental wave packet spreads in the 

spanwise direction at a rate approximately equal to Uz = 0.2 Uc. The dispersion relation of 

the fundamental wave packet shows that: the wave packet in the plane shear layer is non

dispersive, in agreement with the results of Balsa (1989). 

In part II of the experiments we will study the effect of a pulse train that is 

temporally and spatially periodic and staggered. In particular, we will discuss the 

transitions of both the large-scale and the small-scale vortical structures of the flow using 

the wavelet transforms. 
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PART II 

APPLICA TION OF WAVELET TRANSFORM TO A STREAMWISE 

AND SPANWISE PERIODIC PATTERN OF PULSED DISTURBANCES 
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II.I. INTRODUCTION 

In part I of the present paper we studied the evolution of a stream wise- and 

spanwise- isolated three-dimensional pulsed disturbance in the braids region of a nominally 

two-dimensional plane shear layer. The evolution of the disturbance which was 

superimposed on a two-dimensional time-harmonic carrier wave train depends critically on 

its phase relative to the carrier wave train. The plane mixing layer is most receptive to 

pulsed excitation when the pulse appears in the braid region between adjacent primary 

vortices of the base flow, in which case the pulsed disturbance causes splitting of the two 

adjacent primary vortices at upstream and downstream locations. The pulsed disturbance 

spreads more rapidly in the spanwise direction than in the stream wise direction. In fact, its 

growth in the stream wise direction is limited by the primary two-dimensional instability of 

the base flow. The pulsed disturbance causes drastic incwase in the turbulence intensity 

associated with high-frequency, small-scales, and it enhances mixing of the two free 

streams. In part II of the present experiments we will study the effect of a pulse train 

having a temporal and spanwise periodic and staggered pattern on vortical structures. 

Experimental investigations of two-dimensional plane shear layers have suggested 

that substantial spanwise deformations of the primary vortices can result from relatively 

small disturbances in the free streams. Browand & Prost-Domasky (1990) and Dallard & 

Browand (1993) used a span wise array of loudspeakers to excite two adjacent spanwise 

segments of a plane mixing layer with two wave trains having slightly different 

frequencies. This excitation leads to the appearance of spanwise defects in time series of 

instantaneous spanwise profiles of the streamwise velocity fluctuation that arc similar to the 

unforced patterns previously observed by Browand & Troutt (1980, 1985). The defects 

first appear at spanwise positions corresponding to frequency discontinuities and a "Y"-
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branched vortical structure appears near the location where two wave trains are locally 1800 

out of phase. Using a two-dimensional, non-direction-specific wavelet (called "Arc" 

wavelet) Dallard & Browand (1993) were able to observe a broadband transition to larger 

scales near the defects. Because the two frequencies are very close (f2 = 1.1f1), the two 

spanwise segments of the excitation waveform may be thought of as two almost identical 

wave trains undergoing a slow time-periodic phase shift at their beat frequency, and the 

excitation is most effective to result a "Y"-branched vortical structure at the interface 

between two adjacent wave trains when they are near each other's braid regions. 

In another related experiment Nygaard & Glezer (1993) studied the effect of 

span wise phase and frequency variations on vortical structures in a plane shear layer. 

Span wise-periodic core defonnations of the primary vortices are excited, using a span wise 

array of 32 heating elements mounted on the flow partition, when the phase distribution of 

the excitation wave train is piecewise-constant (with a phase discontinuity .1<1» and 

spanwise-periodic. Their excitation waveform is a linear superposition of a two

dimensional time-harmonic wave train and a series of pairs of equal and opposite oblique 

wave trains. When.1<1> = 1t, the flow is forced by pairs of oblique waves of equal 

magnitudes and opposite angles without the presence of the two-dimensional wave train. 

In this case the primary vortices appear to be unstable to phase excitation having a span wise 

wavelength that exceeds the stream wise wavelength of the Kelvin-Helmholz instability. 

The vortex system in the plan view resembles a "chain-link" pattern of diamond-shaped 

cells in the streamwise and spanwise directions. 

To construct a synthetic turbulent boundary layer Coles & Barker (1975) 

demonstrated the idea of using a regular hexagonal pattern of turbulent spots in the laminar 

boundary layer ncar the leading edge of a flat plate. Their experiment was conducted in 

water and disturbances were generated by injecting intermittent water jets normal to the 

surface through a spanwise row of small holes. They found that periodicity in space and 
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time persisted downstream, and that the averaged velocity profile, measured with a single 

channel laser Doppler velocimetry, was close to that which would be expected in a natural 

turbulent boundary layer at the same Reynolds number. 

Savas & Coles (1985) used similar technique to generate synthetic turbulent 

boundary layers on a flat plate in a wind tunnel for their coherence measurements at a 

Reynolds number based on plate length of 1.7x106 • Their synthetic turbulent boundary 

layers were constructed using a camshaft that displaced small pins momentarily into the 

laminar flow at frequencies up to 80 Hz, generating systematic moving patterns of turbulent 

spots in a laminar flow. Spots were generated periodically in space and time near the 

leading edge to form a regular hexagonal pattern. Local intermittency was measured using 

a rake of 24 single hot wires placed across the flow in a line parallel to the surface. All 

patterns with sufficiently small scales eventually showed loss of coherence as they moved 

downstream, and the flow becomes fully turbulent. 

As mentioned early, the pulsed disturbances in the present experiment has a 

streamwise and span wise periodic and staggered pattern. Since we are interested in 

studying the interaction between these pulsed disturbances, these pulses are fairly close to 

each other, therefor they can no longer be considered as individually isolated. This, as will 

be shown later, causes the previously developed amplitude-demodulation technique (see 

part I) to be useless, since there is no base flow provided for the demodulation. One the 

other hand, we are very much interested in knowing the local scale transition in the flow as 

it is advected downstream. Therefor, we applied the technique of wavelet transforms, both 

1-D and 2-D, to analyze the local power spectra with the phase information. Section II.2 

briefly describes the experimental apparatus and techniques which are different than those 

given in part I. In section 1I.3 we analyze the flow structures using conventional method of 

Fourier transform. Detailed scale analysis of the flow structures using 1-D Morlet wavelet 
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and 2-D Arc (developed by Dallard & Spedding, 1993, and Dallard & Browand, 1993) is 

described in section IT.4, followed by the concluding remarks given in section II.5. 
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B.2. EXPERIMENTAL APPARATUS AND TECHNIQUES 

The experimental apparatus and the data acquisition techniques are identical to those 

described in part I. Measurements of the streamwise velocity component are taken with a 

rake of 31 hot wire probes, 2 mm apart, suitable for use in water. Compared to the flow in 

part I, two free stream velocities in part II are slightly increased to VI = 36 cm/sec and V2 = 

12 cm/sec, respectively. The fundamental forcing frequency of the two-dimensional wave 

train is increased to fa = 6 Hz, the streamwise fundamental wavelength of the shear flow in 

part II remains unchanged, however, at An = Vc /fo = 4 em, where Vc = (VI + V 2)12 = 24 

cm/sec is the average velocity of the flow. The sampling frequency is 360 Hz (it was 300 

Hz in part I). The streamw!se velocity component is measured phase-locked to the 

excitation waveform at equally-spaced grid points (2 mm apart) in the y-z plane, where y is 

in the cross stream direction. The grid is symmetric relative to the y and z axes and 

measures 60 mm x 120 mm, respectively. These measurements are repeated at three 

downstream locations at x = 75 mm (-1.9Ao), 125 mm (3. lAo) and 175 mm (4.4Ao). 

Figure ILIa shows the excitation waveform of the squared voltage amplitude, E2, 

in time at midspan (z = 0), where a pulse train is superimposed to the two-dimensional 

wave train and it has the following form (also see part I, section I.2.2.) : 

where Eo = 5 Volts (same as in part I) is the voltage amplitude of the wave train, fa = lIT = 

6 Hz is the frequency of the wave train, and Ep(t) is the voltage amplitude of the pulsed 

excitation, defined as: 
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where, as explained in part I, we keep y = 5, 2cr = 40% (which is to the ratio between the 

duration of the pulse and the period of the wave train), and t.: - crt and tc + crt are the rising 

and falling times of the pulse, respectively. The periodic tc has the form: 

tc =(~+nMp)T, n=0,1,2,3, ... , 

where Mp is an integer number (the frequency of the pulse train is fofMp), which we will 

choose later, ~. T is the relative time delay between the pulse (at time tc) and the zero

phase of the sinusoidal wave train. We found in part I that, for a single pulsed disturbance, 

the most efficient way to increase local turbulent mixing is to introduced the pulse into the 

flow boundary layer at ~=3/4, which results the corresponding mixing layer flow to show 

vortical structure in the braid region between two spanwise primmy vortices. In the present 

experiment we keep ~=3!4. As same as in part I we use a group of 4 heaters in the span 

for the pulsed disturbances (-0.64~; recall that the spanwise width of a heating element is 

~Zm = 6.35 mm). The flow visualization in part I showed that, in case of a single pulsed 

disturbance with above given parameters (Eo, y, cr, Mp, ~), the vortical structure exhibits a 

"><" form in the braid region near x = 76 mm. The streamwise influence of this vortical 

structure is approximately equals to 2~ and its initial span wise influence is approximately 

equals to 1.,0, or approximately equal to the width of 6 heaters. Therefore, the center of the 

next pulse train in the span is symmetrically located at Izl = 6~Zm (-38 mm, or -0.951.,0), 

and this pulse train is shifted in time by 2T with respect to the pulse train at z = O. The 

center of the next spanwise pulse train is located heaters at Izl = 12~ZIIT (-76 mm, or 

-1.9~), and this pulse train is again shifted in time by 2T with respect to the pulse train at 
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Figure IT. I : Pulse train having temporal and spanwise periodic and staggered pattern. 
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Izl = 6~ZIIT. When we let the pulse trains at Izl = 12~ZIIT and z = 0 be to have the exactly 

the same form, we obtain Mp = 4. Figure II.lb shows the temporal and spanwise periodic 

and staggered pulse train pattern. The shaded regions correspond to areas where E2 > Eo2. 

Since there are 16 heaters in each spanwise direction, only 5 staggered pulse trains are in 

the span. Recall that the spanwise range of the hot-wire measurements is Izl < 60 mm, only 

three pulse trains are within this range: one is at mid span (z = 0), and the other two 

(symmetric to z =0) at Izl - 38 mm. 

Figure II.2 depicts the surface of the constant amplitude of the ensemble-averaged 

("true") rms. velocity fluctuations, <u'trms(t,y,z» = 0.055Ue, at x = 125 mm. Three 

spanwise centers of pulses are marked in the figure. The plot shows that each pulse is 

located in the braid region between two adjacent primary vortices to form a "><" shaped 

structure. These vortex structures are periodic and staggered in the stream wise and 

spanwise directions. Prior or after the passage of each "><" structure at the spanwise 

centers of the pulses there are two primary vortices that are partially parallel in the span. 

These two span wise vortices between two consecutive "><" structures (at the time interval 

of 4T) tend to divide the time interval of 4T into 4T/3, which is reflected in the power 

spectra plots at frequency 3/4 fo. We wiII show the spectra in the next section. Half way 

between two spanwise centers of pulse trains the flow is influenced equally by both pulse 

trains. Since these two pulse trains are phase shifted in 2T, their incluence to this spanwise 

location wiII be shown in the power spectra plots at frequency f0l2, as we will show this in 

section 11.3. 

Figure II.3 shows waterfall plots of the ensemble-averaged velocity perturbations 

<upert(t,z» at y = 0 and x = 125 mm (with time increment of 0.05T). Figure II.3a 

corresponds to the flow which is forced by a span wise-uniform, time-harmonic 

excitation. As expected, the flow is uniform in the span. This can be compared with the 
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flow excited with the pulsed disturbances (figure II.3b). Figure II.3b shows that there are 

three pulse trains in the span. The two pulse trains centered at z = -38 mm and z = 38 mm 

are similar and in-phase, while they are out-of-phase relative to the one at z = O. The plot 

in figure II.3b shows that the amplitude of <upert> has a spanwise and temporal period 

pattern which looks like a staggered "chain-links". This figure indicates that there is 

spanwise interaction between two adjacent (but phase-shifted) pulse trains, as well as the 

interaction between the pulse train and the fundamental wave train. 
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11.3. SPECTRAL ANALYSIS 

Figure II.4 shows contours of the amplitude· of KUpcrt(f,z))I, where the hat (1\) 

denotes the Fourier transform, at y=O and x = 75 (a), 125 (b), and 175 mm (c). Contours 

start at 0.02Uc ' with a linear increment of 0.02Uc• At span wise centers of pulses trains 

there are peaks of I( upcrt)1 at 1.5 Hz and 4.5 Hz. The former frequency is the pulse train 

frequency folMp = 114 fo, while the latter is the frequency at 3/4 fo, which we can show 

that it is (Mp-l)folMp: since each pulse in the braid region forms one u><u structure out of 

two span wise vortices, and since the period of the pulse train is MpT, the averaged period 

between two consecutive u><u structures is MpT/(Mp-l), which corresponds to frequency 

(Mp-l)folMp. At x = 75 mm (figure 4a), the amplitude of the spectral component at the 

frequency of the fundamental wave train, fo = 6 Hz, is low, and it becomes somewhat 

stronger farther downstream. Half way between two adjacent pulse trains in the span 

there are higher spectral peaks at frequency 3 Hz, which equals to 112 fo. The flow at this 

z location is disturbed equally and alternately by two pulse trains on each side as they pass 

by, and these two pulse trains are shifted in time by 2T relative to each other, the 

corresponding frequency is f0l2. Therefore this frequency is caused by the spanwise 

interaction of two staggered pulse trains. 

To show detailed downstream development of spectral contents in figure n.4, 

figures n.5 - H.S plot, respectively, the surfaces of I(upcrt(y,z))/ at frequencies of fo, 1/4fo, 

3/4fo and 1I2fo. Each figure shows Kupert)1 at three downstream distances: x=75 (a), 125 

(b), and 175 mm (c). At the wave train frequency, f~, figure n.5 shows that l(upert)1 is not 

uniform in the span. This indicates that the spanwise uniform, time-harmonic wave train 

excitation that we put into the flow is interacted with the pulse trains so that the primary 
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vortices are no longer spanwise uniform. The spectral component of I( upert)1 at fo is 

especially low at spanwise centers of the pulse trains. In spanwise regions between two 

adjacent pulse trains is I( uper!)1 relatively high. 

As expected, the amplitude of I( upert)1 is high at the pulse train frequency, 114 fo, at 

the spanwise centers of pulse trains (figure II.6). These peaks increase with increased 

downstream distance. Half way between two spanwise centers of pulse trains the 

amplitude of l(upert)1 is very low, and it does not seem to grow with increased x. This may 

indicate that the amplification of the flow perturbation at 1/4fo is spanwise "isolated" to the 

locations of the pulse trains, and the spectral energy at the pulse train frequency 1I4fo 

spreads very little from region of pulse trains to their span wise neighboring regions. 

At the frequency of 3/4fo, the spectral peaks of l(upert)1 are located at the spanwise 

centers of pulse trains (figure II.7). As we have discussed in figure 11.2, this frequency is 

a result of having two spanwise vortices within the time period of two "><" vortical 

structures (4T), so that the averaged period of vortices is 4T/3. Half way between two 

spanwise pulse trains the amplitude of I( upert)1 is very low. Similar to the case at 114 fo, the 

energy of the streamwise velocity perturbations at 3/4 fo does not seem to spread in the 

spanwise direction when the flow is advected downstream. 

At frequency of 112 fo, figure II.8 shows that the amplitude of l(upert)1 is high half 

way between two spanwise centers of adjacent pulse trains. This frequency is a result of 

having two pulse trains that are phase-shifted in 2T so that the flow at this span wise 

location is excited by these two pulse trains equally and alternately over a period of 2T. 

Figure I1.9 shows the ensemble averaged power spectra, I( upert)r ' of the velocity 

perturbations at x = 175 mm and y = 0, Z = 0. Two curves are corresponding to the pulse 

train excited flow and the flow forced by the spanwise-uniform time-harmonic wave train. 
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Figure II.7: Surfaces of I(Up:l1)1 at flfo= 3/4 at X= 75 (a), 125 (b), and 175 mm (c). 



86 

". 75 Oil" 

,,- 1:25"., 

b 

,,- 175 .. m 

c 

Figure 11,8: Surfaces of l(upen)1 at flfo= 112 at x= 75 (a), 125 (b), and 175 mm (c), 
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A line with -5/3 slope is also shown. In both cases /(upcrt)r has the same amplitude at [0, 

but the overall energy of the pulse train excited flow is higher than the harmonically excited 

flow for frequencies that are higher than 7 Hz. It is evident that the pulsed disturbance 

leads to a drastic increase in the amplitude of spectral components at high frequencies, 

which may suggest an enhancement of turbulent mixing. 

In our spectral analysis of the flow response to the disturbances the Fourier 

transform is performed on the entire time domain of signals of the stream wise velocity 

fluctuation. These signals contain both the information in regions of the pulsed 

disturbances and of the wave train. Therefore, the spectral information in Fourier space 

(frequency) can not be traced back in the physical space (time), i.e. one could not relate the 

spectral information to the signal at a certain time. On the other hand, even though the true 

rms. of the velocity fluctuations <u'trms> shows all high frequency information in the 

physical space, this information is the integrated result in the frequency space. To obtain 

the spectral information in physical space, we will apply wavelet transforms, which will be 

described in the next section. 
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II.4. WAVELET TRANSFORMS 

II.4.1. A brief review of wavelet transforms and their elementary properties 

The wavelet transform, developed by Grossman & Morlet (1984), is essentially a 

windowed Fourier transform with a variable window width. It has the advantage over 

conventional Fourier transform in that information is localized in both physical and Fourier 

space. This technique has been applied in many fields such as in geophysics (Larsonneur 

& Morlet 1987), electrocardiography (Tuteur 1987), fractal analysis (Arneodo et al. 1988, 

Argoul et al. 1988 & 1990), image analysis (MalIat 1989, Antoine et al. 1993), and in 

fluid mechanics (Farge et al. 1989 & 1990, Liandrat & Moret-Bailly 1990, Brasseur & 

Wang 1992, Dallard & Browand 1993), just to name a few. An review of the applications 

of the wavelet transforms to fluid turbulence can be found in Farge (1992). In this section, 

we introduce the properties of the wavelet transforms relevant to our applications. 

In a physical space of dimension D, the wavelet transform, W, of a function u(x) in 

(a,b) is its projection on the wavelet ga,b generated from a mother wavelet g(x) after dilation 

a and translation b (both x and b are vectors of dimension D, while a is a scalar): 

(11.1 ) 

where * denotes complex conjugate, and w(a) is a weighting function that can be chosen 

differently for different purposes. For example, choose w(a)=1/aD12 to conserve wavelet 

energy at each scale a (e.g. Brasseur & Wang 1992): 
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(II.2) 

or, let w(a)=1/aD (e.g. Arneodo et. a11988, Dallard & Sped ding 1993, Dallard & Browand 

1993) so that 

(II.3) 

The latter weighting form is used for our application. From Parseval's theorem an 

alternative (and more efficient to compute) interpretation of Eqn. (Ill) can be given in the 

Fourier space: 

W(a,b) = f G(k) .g"(ak)eik.bdk, (IIA) 

where hat (A) represents the Fourier transform. 

The wavelet must satisfy two conditions. One of these conditions is that to ensure 

that the transformed signal has the same energy as the original signal, the wavelet must 

have zero mean (Kronland-Martinet et al. 1987): 

f g(x)dx =g(O) = O. (II.5) 

Another condition is that the wavelet must be square integrable 

(II.6) 

This requires g( x) -1 0 as Ixl-7 00. 
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In general, the wavelet can be real or complex both in physical and Fourier space. 

Two types of frequently used wavelets are the "Mexican hat" and the MorIet wavelet. The 

"Mexican hat" wavelet has the following forms in the physical and Fourier spaces, 

respectively: g(x) = _V2e-xoxl2 = _V2e- x2
/
2 = (D - x2 )e-X212 (where x = Ixl is the amplitude 

of the vector x, and V2 is the Laplace operator), and g(k) = (2n)DI2 k2e- k2
/
2 (where k=lkl). 

From equation (ILl) it is obvious to see that, in order to obtain the amplitude and phase of 

the wavelet transform of a real function u (in physical space), W(a,b) must be complex, 

which implies that the wavelet g must be a complex function in the physical space. Since 

the "Mexican hat" wavelet is real in both spaces, it will not provide the amplitUde 

information of W. On the other hand, the MorIet wavelet is a real function in the Fourier 

space and a complex one in the physical space (thus it is able to provide the amplitude 

information of W), and in I-D it has the following forms in Fourier and physical spaces, 

respecti vel y: 

(I1.7) 

and 

(I1.8) 

Equation (II.7) is a Gaussian envelope centered at krcc. and Eqn. (II.8) represents an 

oscillatory signal within a Gaussian envelope. The condition of zero mean, Eqn. (11.5), is 

not strictly satisfied, but is almost satisfied for large enough krcf' Grossman & Morlet 

(1984) suggested to choose krcf = 5.5. The amplitude of the I-D MorIet wavelet practically 

vanishes in the k < 0 half Fourier space. 

There is no unique way to generate multi-dimensional wavelet from the 1-D MorIet 

wavelet. One natural way of such extension is simply to replace scalars x, k and krcf in 

Eqns. (II.7) and (II.8) with the corresponding vectors x, k, and k rer, respectively. 
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However, this multi-dimensional MorIet wavelet is directional specific: in Fourier space it 

emphasizes the wave vector with both a preferred wavenumber and direction. Equation 

(11.8) shows that such multi-dimensional MorIet wavelet has the oscillation within the 

surface of the Gaussian envelope in the direction of vector k ref, whose magnitude and 

direction must be chosen. Dallard & Spedding (1993) showed that when a 2-D signal 

containing wavenumbers with different orientations in different regions, which is the case 

of the vortex defect in a plane shear layer, its 2-D MOrIet wavelet transfonn reveals only the 

wave information in that particular domain within which the wavenumber vector has 

(almost) the same direction as the pre-chosen vector leref' whereas the information in the 

other part of the 2-D domain (with different orientations) is suppressed. In our experiment, 

the vortical structure of the plane mixing layer is subjected to pulsed disturbances having 

spatially and temporally periodic and staggered pattern, it forms a regular "diamonds" 

pattern in the t-z plane, and the wavenumber vectors may be in many directions, even 

though the dominant wavenumber vector is streamwise. Therefore the 2-D MorIet wavelet 

is not suited for our application. 

Another method of constructing a 2-D wavelet from the I-D MorIet wavelet is 

recommended by Dallard and Spcdding (1993). They introduced a non-directional specific 

2-D wavelet called "Arc" by replacing k and krcf in Eqn. (11.7) with lid and Ikr.rl, 

respectively, and by rotating the I-D MorIet wavelet around Ikl = 0 in one half of the 

Fourier space: 

{ 

-(all'I-lkoI)2/2 if ky > 0 
g(ak) = e , 

O if ky < O· , 
(II.9) 

This Arc wavelet is a real function in the Fourier space, as shown in figure ILIOa. The 

Gaussian envelop is displaced from the origin by a radius of krcrla and has breadth of 1/a 
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along a radial direction in a half of the k-plane. According to Dallard and Spedding (1993), 

the Arc can not be expressed in forms of elementary functions in the physical space. The 

real part of the Arc wavelet (figure II. lOb) is axisymmetric and well localized, it oscillates 

around the origin and diminishes rapidly away from the origin in the radial direction. The 

imaginary part of the Arc wavelet (figure II.lOc) is neither symmetric nor well localized in 

space, away from the central portion on each side of the x-axis there is a long "tail", in the 

form of nominally two dimensional wave with small but finite amplitUde which does not 

seem to decay with increased Iyl. Of course, these two long "tails" also appear in the plot 

of the amplitude of the Arc in the physical space (figure II.lOd). The orientation of the tail 

depends on the orientation of the Arc in the Fourier space: in this example it is along kx-

axis. The axis which separates the half k-plane of the non-zero Arc from the other half k

plane is called the partition of the Arc wavelet, and according to Dallard & Spedding 

(1993), the partition of the Arc wavelet in Fourier space should be in the direction of minor 

principle axis in the wavenumber space. In other words this partition should be chosen 

along the direction in which the wavenumber vectors is smallest, in our experiment this is 

in the spanwise direction. The asymmetry of the amplitude of Arc wavelet in the physical 

space is its short-corning for the advantage of having a non-directional specific complex 

wavelet (Dallard & Browand, 1993). According to Dallard and Browand (1993) the 

energy of the Arc wavelet, which was defined in Eqn. (II.2), is highly localized in space: 

within a circular distance of radius .fia from the origin the Arc wavelet contains 92.5% 

energy, while the 2-D MorIet wavelet contains 86.5% within the same radius. 

The demodulation technique was developed in part I to decompose the velocity 

pelturbation into a family of modal wave packets. Here we will show that this technique is 

a special case of the wavelet transform. Recall that the first step of the demodulation 

technique is to multiply (in Fourier space) a band-pass filter g* ((t)) to the Fourier transform 

of the velocity signal, then to do an inverse Fourier transform (sec Eqn. (I.7) in part I). 
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Figure II. 10: Arc-wavelet (after Dallard & Spedding, 1993 and Dallard & Browand, 1993): 
(a) in Fourier space; (b) its real part in physical space; 
(c) its imaginary part in physical space; (d) its magnitude in physical space. 
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This step is very similar to the wavelet transform given by Eqn. (IlA). The major 

difference between these two equations is that the band-pass filter in the amplitude 

demodulation technique has a fixed window size, while the wavelet has a variable window 

size (scale a). Therefore, at least for this step, the demodulation technique may be 

considered as a special case of the wavelet transform (Le., for a fixed scale a). However, 

the main advantage of the demodulation technique over the wavelet transform is its ability 

to extract wave packets from the wave train, and the demodulation is only possible when 

the modulated signal has compact support so that one can clearly determine the amplitude of 

the carrier wave train, i.e., Ao in Eqn. (1.9) of part 1. The demodulation technique is not 

possible for our experimental data in part II because the wave packet is does not have 

compact support. In this case the wavelet transform is utilized. 
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II. 4.2. Application of the Wavelet Transforms 

Wavelct transforms are applied to the streamwise velocity perturbations in the t-z 

plane. Since the span wise data are not taken simultaneously, the 2-D Arc wavelet 

transform can not be applied to the instantaneous velocity records. Therefore the 1-D 

Morlet wavelet transform is applied to the instantaneous strcamwise velocity perturbations, 

upcrt(t), then the results are ensemble averaged and composite in z. The amplitude of the 1-

D wavelet is represented as IW1.OI. The 2-D Arc wavelet transform is also tested on the 

ensemble-averaged velocity perturbations in the t-z plane, upcrt(t,z), and its result, denoted 

as 1W2-0I, is qualitatively compared with IW1.nl. 

II.4.2.1. Utilizing the I-D Morlet Wavelet 

The 1-D Morlet wavelet transform is performed on the instantaneolls velocity 

perturbation upcrt(t) and the resulting amplitude function is ensemble averaged. Since the 

sampling frequency is 360 Hz, for a wave of frequency f (in Hz) the corresponding 

wavenumber is k = 21tf/360. The wavelet in Equation (II.9) has the maximum (called 

"resonance") at ak=krcf• Therefore, for krcf = 5.5 (as suggested by Grossman & Morlet 

1984), the relationship between the scale a and its corresponding "resonance frequency" f 

(in Hz) has the following form: 

(II.10) 
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Equation (11.10) indicates that the scale a of the wavelet is directly associated with the 

length scale of the flow structure: the larger is the scale a, the larger is the length scale of 

the flow and the lower is the corresponding frequency, and vise versa. Since the Nyquist 

frequency in the present experiment is 180 Hz, the lower bound of the scale a is 1.8. We 

choose amiD = 2 (which corresponds to a resonance frequency of i57.5 Hz, or -26.25fo). It 

is important to keep in mind that since each velocity record has finite domain in time (1024 

data points), its Fourier transform assumes periodicity of the data in this domain. That 

means that for a given (integer) scale a the values of the wavelet transform in the discretized 

time domain (1, a) contains data which are in the domain (l024-a, 1024). This domain is 

being called the "cone of influence" in which the wavelet transform maybe contaminated 

(Dallard & Browand, 1993). Similarly, the domain of (l024-a, 1024) is also 

contaminated. Therefore, the uncontaminated time domain is (a,I024-a) (of course, there 

are no contaminated regions if the data over the domain is exactly periodic). In our 

application we choose amax = 60, which corresponds to 5.3 Hz (-0.88fo). As we will see in 

next section, for the 2-D Arc wavelet we will choose the scale a such that its corresponding 

frequency is between 0.24fo and 2.6fo. Since there is a overlapped frequency domains 

between the I-D and 2-D wavelet transforms, we do not choose larger amux for the I-D 

Morlet wavelet. The resulting I-D wavelet transform is free of contamination in the time 

domain (60,964). The scale a is discretized logarithmically between amiD and amux over N 

intervals: 

(11.11) 

where 

(11.12) 
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We choose N = 30, which provides approximately 6 scale values per octave. Our results 

show that this spacing is enough for our application. 

Figure 11.11 shows surfaces of the constant amplitude of the ensemble-averaged 1-

D MorIet wavelet transform, IWI.o(t,z,a)1 = 3.8 em/sec, at y = ° and x = 75 (a), 125 (b), 

and 175 mm (c), respectively. Since the maximum amplitude of IWI.o(t,z,a)1 decreases in 

x, the amplitude of IWI_o(t,z,a)1 in figure II.ll is approximately equal to 80% of the 

maximum of IWI_o(t,z,a)1 at x = 125 mm, which is in the middle of the stream wise domain 

of measurements. The amplitude of IWI_o(t,z,a)1 in this figure is chosen so that the plots 

reveal the flow structure at scale a that is close to am:u. As we have discussed earlier, large 

a means low frequency and large scale structure in the flow. In figure II.11a, the flow 

structure at x = 75 mm shows a chain-link pattern. This pattern is periodic in the temporal 

and spanwise directions and it is staggered. The pulsed disturbances are at the knots of 

these chains. Connecting these pulsed disturbances are the structure that are oblique in 

space. Farther downstream at x= 175 mm the amplitude of IW l_o(t,z,a)1 becomes even 

smaller, therefore its constant surface at this amplitude level does no show the chain-link 

pattern. 

Figure 11.12 shows surfaces of the constant amplitude of IWI_o(t,z,a)1 = 1 cm/sec, at 

y = ° and x = 75 (a), 125 (b), and 175 mm (c), respectively. The amplitude of IWI_o(t,z,a)1 

in figure II.12 is approximately equal to 21 % of the maximum of IWI_n(t,z,a)1 at x = 125 

mm. At this amplitude level, the surfaces of IWI_n(t,z,a)1 also show structures at small a 

(small scales). Figure II.12a shows that, at x = 75 mm, there are two arrays of localized 

(in time) peaks half way between two spanwise centers of pulses. The level of the surface 

of IWI_n(t,z,a)1 approaches to smaller a with increased x. 
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Figure II. I I : Surfaces of 1W1.D(t,z.,n)1 = 3.8 em/sec (::: 0.8 max{IW1.oI}at x=125 mm). 
At y = 0 nnd It = 75 (a), 125 (b), 175 mm (e). 
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Figure 11.12: Surfaces of 1W1.D(t.z.,n)1 = 1 cm/sec (= O.21max{1W1.DI}nt x=125 mm). 
At y = 0 und x = 75 (n). 125 (b). 175 mm (c). 
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II.4.2.2. Utilizing the 2-D Arc Wavelet 

The application of the 2-D Arc wavelet to our experimental data follows the example 

given by Dallard & Browand (1993) who first used the 2-D Arc wavelet to study the 

evolution of vortex structure in the vicinity of a pattern defect in a plane mixing layer. The 

original ensemble averaged velocity perturbation <upcrt(t,z» has 1024 points in time and 61 

points in z (over 120 mm). This data set is first changed into a matrix of 

Lx M = 512 x 256, where Land M are number of points in time and in z, respectively. 

The change in t is equivalent of reducing the sampling rate to 180 Hz, whereas the data in z 

are fit using a cubic spline. After this change the time step is ot = 5.56 msec, the spacing 

in z is oz = 0.47 mm, and the relationship between the scale a and its corresponding 

"resonance frequency" f, Eqn. (H.lO), becomes f = 0.875*(180/a). Notice that the 

equivalent convection length is ox= Dc ot = 1.33 mm, which is not equal to oz. This 

means that in the discrctized Fourier space the wavenumbers in two wavenumber axes have 

different resolutions. The scale ratio between the two is s = oz!ox = 0.35. To ensure that 

the discretized Arc wavelet is applied consistently in all directions this ratio must be 

considered in the discretized wavelet transform (Dallard & Browand, 1993). 

The Arc wavelet used in our experiment is given by Dallard & Browand: 

{ 

-(ak-k,SI2 if kx > 0 
g(ak) = e , 

O if kx < O· , 
(II. 13) 

The partition of the Arc (sec H.2.4.1) is along the kz axis, because the direction of the 

wavenumber vector of <upcrt(t, z» that has maximum amplitude is in the kx axis, and, 

according to Dallard & Spedding (1993), it should be perpendicular to this Arc partition. 
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Similar to the l-D wavelet transform we choose the scale a according to Eqs. 

(II. 11) and (II. 12) for amiD = 10 (with the resonance frequency of 15.75 Hz = 2.6fo), amax = 

110 (1.43 Hz = 0.24fo), and N= 50. This choice provides approximately 14 a spacing 

values per octave. 

The "cones of influence" of the discretized Arc wavelet transform are given by 

Dallard & Browand (1993): outside of the domain [a,L-a]x[a/s,M-a/s] for a given 

scale a the wavelet transform may be contaminated (see also the previous section). Since 

our data are periodic in span, there is no contamination of the results of Arc wavelet 

transform in z. The contamination regions in time for the Arc wavelet are cut out for the 

plots, therefore all plots for both 1-D and 2-D wavelet transforms do not contains cones of 

influence. 

Figure II.13 shows the surface of the constant amplitude of the 2-D wavelet 

transform, 1Wz.n(t,z,a)l= 1.8 cm/sec, for y = 0 mm and x=75 (a), 125 (b), and 175 mm (c), 

respectively. The surface level of 1Wz.n(t,z,a)1 in figure II.13 is equal to 60% maximum of 

IW2_0 (t,z,a)1 at x = 125 mm. We choose to plot at this amplitude level so that the structures 

shown here are similar to those plotted in figure II.l1, which showed the surfaces of 

constant IW l_o(t,z,a)1 at large a. Similar to figure 11.11 a, figure 1I.13a also shows that at x 

= 75 mm IW2_0 (t,z,a)1 has a well-organized, staggered pattern in t-z. This structure 

resembles a "chain-link" pattern of diamond-shaped cells in the streamwise and spanwise 

directions. The concentrated knots of 1W2-D(t,z,a)1 clearly mark the locations of pulsed 

disturbances. The connections between the pulses are oblique, and the pattern is spatially 

peliodic and staggered. This staggered pattern starts to deteriorate when the flow is farther 

downstream, because the maximum amplitude of 1W2-D(t,z,a)1 decreases with increased x. 



x=75mm 

X= 125 mm 

x=175mm 

z(mm) 

~ 
o -60 

b 

c 

Figure ILl3: Surf3ecs of lWJ.u(t,z,n)1 = 1.8 em/sec (= 0.6 max{IWJ.ol}at x=125 mm). 
At y = 0 and x = 75 (0),125 (b). 175 mm (e). 
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1l.4.3. Results and Discussions: 

Figure II.14a shows contours of constant amplitude of the 2-0 wavelet transform, 

IW2_D(t,z)1 = 1.8 cm/sec (the same level as in figure II. B), at y = 0 and x = 75 mm and for 

different scale a. Along each contour line is a constant scale a. Since the equation for the 

scale a of the 2-0 Arc wavelet is ai=amin (amax/amin)i/50 (where amin = 10 and amax = 110, see 

the previous section), contours in figure 14a are corresponding to scales between Uj for i 

between 6 and 25 (or between -2fo and -0.8fo, respectively). Figure II.14b shows 

contours of constant amplitude of the 1-0 wavelet transform, IWI_D(t,z)1 = 1 cm/sec (the 

same level as in figure II. 12), at y = 0 and x = 75 mm, for different scale a. The scale a for 

the 1-0 wavelet transform is ai = 2x30i/30 (see section II.4.2.1), the contour line in figure 

II.14b is for i between 12 and 24 (or equivalent of -6.7fo and -1.7fo, respectively). Figure 

II.14a primarily shows structures at lower frequencies that shown in figure II. 14b, these 

relatively large scale structures form a spanwise and temporal periodic and staggered 

pattern. This pattern is chain-link shaped. Half way between the spanwise centers of the 

pulses concentrate the relatively high frequency, small-scale structures (figure II. 14b). 

Finally, as a comparison with the small-scale structures in figure II.14b, figure II.14c 

shows contours of the rms stream wise velocity perturbations <u'trms(t,z» at the same x and 

y location (contours start at <u\rrns(t,z» = O.OIUe, with a linear increment of 0.005Ue). 

The concentrations of the small-scales in figure II.14b are at the same locations where the 

rms values are high. This result is expected since the latter is an integration of the smaIl

scales over all high frequencies. In figure II.14b there are two marked positions in z: 

Z=Zvalicy is the span wise location where the small-scale structures shown in figure II.14b 

has the minimum value (coincidentally it is the spanwise center of a pulse train), and Z=L1'C<lk 



a 

b 

ZvalJey -C> 

c 60 

z(mm) <l- Pulse 

-60 
o tff 10 

Figure II.l4: (a) Scale a contours for fWl.o(t,z)1 = 1.8 crn/sec, at x = 75 mm and y = O. 
Contours corresponds to scales between a = lOx 11 1150 for 6 < i < 25. 

(b) Scale a contours for 1W1.o(t,z)1 = 1 crn/sec, at x = 75 mm and y = O. 
Contours corresponds to scales between a = 2 x3(}i1JO for 12 < i < 24. 

(c) Contours of the rmS velocity fluctuations <u',"",>lUc at x=75 mm and y=D. 
Contours are between 0.01 and 0.05, with a linear increment of 0.005. 
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where the small scale structures has the maximum (it is half way between two spanwise 

centers of the pulses). Similarly, there are two time marks in figure II.14 where ipeak and 

tvallcy are, respectively, the phases corresponding to the peak and valley of the small scale 

stIucturcs shown in figure II. 14b. 

Figure 11.15 shows contours of IW1•O(t,a)12 at z=Zpeak and y = 0 and x = 75 (a), 125 

(b), and 175 mm (c). The contours start at 10-1.4 cm2/sec2, with a logarithmic increment of 

10°·2 cm2/sec2. Contours with higher values of IW I _o(t,a)12 are located near the lower 

frequencies (larger a scales). At x = 75 mm, the contour line at IW1_o(t,a)I2=1Q-1.4 cm2/sec2 

show a periodical pattern of very sharp peaks reaching over the 16fo• The valley of this 

contour is at scale 4fo• The maximum scale ratio between the peak and the valley of this 

contour is approximately equal to 4. The period between two peaks is 2T, which is one 

half of the pulse train period. Farther downstream, at x = 125 mm, there is a little change 

in the maximum frequency at the peak of the small scales, but in the valley the frequency 

becomes higher (-8fo), and finally, at x= 175 mm, the maximum frequency ratio at the 

peak and in the valley is less than 2, indicating an increase in the small scales with 

increased x. 

Similar to figure II.15, figure II.16 shows contours of IW 1_O(t,a)12 at Z=Zyallcy and 

y=O and x = 75 (a), 125 (b), and 175 mm (c). The contours start at 10-1.4 cm2/sec2, with a 

logarithmic increment of 100.2 cm2/sec2• At x=75 mm, the contour line at IW,_D(t,a)l2=1Q-1.4 

cm2/sec2 has the maximum frequency 8fo and the minimum frequency 4fo• At x = 125 mm, 

the maximum frequency increased to 16fo, while the minimum frequency is higher than 4fo• 

The flow develops almost periodical peaks in small scales. The wavelength between these 

peaks is approximately equal to T. Farther downstream at x= 175 mm, the minimum 

frequency increased to approximately equal to 8fo, while the maximum frequency is still at 

16fo• 



it =75 mm 

it = 125 mm 

it = 175 mm 

10 8 6 
tff 
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Figure II.I5: Contours of IW1•n(t,a)12 at z=~, y=O and x=75(a), 125(b), 175 mrn(c). 
Contours start at 10-1.4 cm2/sec2, logarithmic increment is l(}O·2 cm2/sec2

• 
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x=75mm 

x = 125 mm 
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x = 175 mm fo 
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Figure II. 16: Contours of IW I .D(t,a)12 at Z=Zvnllz]' y=O and x = 75 (a), 125 (b), 175 mm (c). 
Contours start at 1(}1.4 cm2/sec2, Jogarithmic increment is l(}O·2 cm2/sec2. 
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Figure II.17 shows the surfaces of IW1_O(z,a)12 at t=tpenb Y = 0 and x= 75 (a), 125 

(b), and 175 mm (c). These surfaces can be considered as power spectra of the flow at a 

given time. A solid line having a slope of -5/3 is plotted on the side plane for reference. At 

x = 75 mm, the surface of IW1_O(z,a)12 is higher in amplitude in the spanwise locations that 

are half way between two spanwise centers of pulse trains. At x = 125 mm, the difference 

between the power spectrum in these two regions and the rest of the span wise regions 

becomes smaller. Farther downstream, at x =175 mm, this difference almost disappears, 

and the slope of the overall surface of the power spectrum approximately equals to -5/3. 

Figure II.IS shows the surface of IW I_O(z,a)12 at time t=tvallcy, y = 0 and x= 75 (a), 

125 (b), and 175 mm (c). The surface of the power spectrum at x = 75 mm is relatively 

smooth across the span, the slope of this surface increases as the flow is advected 

downstream, and it is approaching the value of -5/3 at x = 175 mm. It is evident that the 

pulsed disturbances having a spanwise and stream wise periodic and staggered pattern 

drastically increases the amplitude of the power spectra in high frequencies. This may 

suggest that pulsed disturbances may be used to enhance mixing. 
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Figure II.l7: Surfaces of IW\.D(a.z)p at t =~. y=O and x = 75 (a). 125 (b). 175 mm (c). 
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Figure IUS: Surfaces of IW).D(a,Z)ll at t::~, y:: 0 and x::: 75 (a), 125 (b), 175mm (c). 
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u.s. CONCLUSIONS 

In the present experimcnt the effect of pulsed disturbances having a temporal and 

span wise periodic and staggered pattern on vortical structures has been studied. The three

dimcnsional pulsed disturbances are superimposed to a two-dimensional time-harmonic 

wave train in braids regions of the primary vortices. Each pulsed disturbance in the braid 

region forms a "><" vortical structure. The staggered pattern of the flow vortical structure 

is achieved by a phase shift between two adjacent pulse trains that are 1800 out of phase. 

The power spectral analysis shows that at the span wise centers of the pulses there 

are strong spectral components at the pulse train frequency, 114 fo, and at the frequency of 

3/4 fo. Strong spectral peak of 112 fo can be found half way between two spanwise centers 

of two adjacent pulse trains. The spectral component at the wave train frequency is 

relatively weak. Compared with the flow subjected to a spanwise-uniform, time-harmonic 

forcing, the flow forced by the pulsed disturbances has higher amplitude in the power 

spectrum in the high frequency domain. 

Detailed scale transitions of the flow structure are studied using wavelet transform 

which is essentially a windowed Fourier transform with a variable window width. In the 

present experiment the I-D MorIet wavelet transform is utilized to the instantaneous 

stream wise velocity perturbations, while a 2-D Arc wavelet transform is applied to the 

ensemble averaged stream wise velocity perturbations in the z-t plane. Initially, the large 

scale structure in the t-z plane resembles a "chain-link" pattern. The pulsed disturbances 

are located at the knots. The smaller scales structures are generated half way between the 

spanwise centers of two adjacent pulse trains. These high-frequency, small scale structures 

are very high even at the very early stage. When the now is advected farther downstream, 
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the amplitude of the "chain-link" like larger scale structure decreases, while the smaller 

scale, higher frequency structures develop in the rest of the flow region. 
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