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CHAPTER I 

INTRODUCTION 

A schematic of the two-dimensional turbulent jet flow field along 

with the relevant co~ordinate system is shown in Figure 1. The flow 

field may be conveniently divided into three primary regions; the 

initial region, the interaction region and the similarity region. The 

initial region consists of two free shear layers originating at each of 

the nozzle lips that bound a core of irrotational fluid known as the 

potential core. The shear layers widen with downstream distance and 

approximately six to seven nozzle widths (x/D = 6-7) downstream they 

engulf the potential core. The resulting interaction region consists of 

that part of the flow in which the interacting shear layers adjust to 

one another and a condition of dynamic equilibrium is approached. This 

region extends approximately to twenty slot widths (x/D 20) 

downstream. For x/D > 20 the flow exhibits self-similar behavior such 

that the velocity profiles when scaled with appropriate velocity and 

length scales all collapse to a single profile shape. The appropriate 

velocity scale is the local mean centerline velocity, Um, and the length 

scale is the local mean velocity half~width, b. This is the lateral 

distance required for the mean velocity to fall to one~half its local 

centerline value. 

Tradi'tionally turbulent flows have been viewed as essentially 

random processes, which could only be described statistically. 
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Recently, however, a number of studies have suggested the presence of 

large-scale quasi periodic vortex structures in many turbulent shear 

flows. The dynamics of such "coherent structures", as they are often 

called, seems likely to play an important role in the transport of mass, 

momentum and heat as well as in the generation of aerodynamic noise. 

Hence, they have recently received much attention from researchers. 

Brown and Roshko (1974), Browand and Weidmann (1976) and Dimotakis 

and Brown ( 1976) confirmed that large scale coherent structures were 

indeed intrinsic features of turbulent mixing layers at high Reynolds 

numbers. In fact, Winant and Browand (1974) showed that the pairing of 

coherent structures in the mixing layer is directly responsible for its 

widening. 

Lau, Fisher and Fuchs (1972) performed an experimental study in the 

initial region of a turbulent axisymmetric jet. Velocity fluctuation 

measurements were obtained in both the potential core and entrainment 

regions of the jet. It was felt that events occurring in the mixing 

region induced corresponding fluctuations in the entrainment region and 

potential core. In this manner the fluctuations due to the coherent 

structure in the developing jet mixing layer could be inferred without 

the high levels of turbulence that tend to obscure the signal there. 

The result of their study was a strong indication of the existence of 

coherent underlying motion in the jet. Lau and Fisher (1975) using wave 

eduction techniques and H. H. Bruun (1977) using flow visualization 

techniques provided conclusive evidence as to the presence of large­

scale toroidal structures in the initial region of the round jet. The 

influence of such structures on aerodynamic noise generation was studied 

by C. T. Moore (1976) and Kibens (1979). It was found that the 
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frequencies of the far field jet noise corresponded exactly to the 

vortex formation frequencies in the flow field. Despite rather thorough 

investigation in the initial region, comparatively little work has been 

done on determining the form of the coherent structures in the 

similarity region of an axisymmetric jet. This is largely due to the 

high degree of phase randomization which makes large-scale structure 

detection very difficult. 

4 

The strongest indication of the existence of large-scale structure 

in planar jets is the so called "flapping phenomenon" which has been 

noted by Bradshaw and Goldschmidt (1973), Weir and Bradshaw (1975) and 

Cervantes and Goldschmidt (1981). This involves the negative instan­

taneous correlation of longitudinal velocity fluctuations from probes 

located laterally on opposite side of the jet centerline. Early studies 

of this phenomenon suggested that the jet flaps much as a flag does. 

More recent studies by Oler and Goldschmidt (1982), Mumford (1982), 

Antonia et al (1983), Thomas and Goldschmidt (1986) and Thomas and 

Brehob (1986) indicate the apparent flapping is due to the presence of 

an anti-symmetric array of vertical structures which propagate through 

the similarity region of the. jet. Measurements by Antonia et al (1983) 

and Thomas and Goldschmidt (1986) suggest these. structures originate in 

the form of instability waves occurring in the nascent jet shear layers 

which grow exponentially with downstream distance and then roll up into 

a symmetric array of vortices. A symmetry breaking mechanism occurs in· 

the interaction region and leads to the development of the anti­

symmetric self-preserving mode which is observed in the similarity 

region. The nature of the symmetry breaking mode is currently not fully 

understood. 



Recent studies by Ho and Nossier (1981) of an axisymmetric· jet 

operating at high subsonic Mach number impinging on a flat plate placed 

normal to the mean flow direction, attribute the excitation of the 

instability waves in the initial shear layer and subsequent large-scale 

structural development to an upstream propagating pressure wave 

generated by the impingement of the downstream coherent structures on 

the plate. Because of the above phenomenon they put forth the idea that 

the initial region and the downstream regions of the flow are actually 

coupled by a resonance mechanism. 

Laufer (1981) has questioned whether a similar resonance mechanism 

could occur in a free jet without the presence of a plate. In fact, 

measurements by Laufer and Monkewitz (1980), in a round jet have shown 

that initial shear layer hot-wire signals exhibit modulation at a 

frequency corresponding to the downstream vortex passage frequency. 

Related work by Thomas and Goldschmidt (1985) have suggested the 

possibility of a similar resonance mechanism occurring in the two­

dimensional jet. 

The primary goal of the reported research is to search for evidence 

of the presence of a resonance mechanism operating in a free two-­

dimensional planar turbulent jet. 
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CHAPTER II 

MEASUREMENT APPARATUS AND FLOW FIELD 

The experimental facility shown schematically in figure 2 is 

powered by a three-stage centrifugal blower which supplies air to a 

large cubic plenum chamber of 1.2 m on a side. The blower and plenum 

are coupled by means of a flexible rubber duct which serves to prevent 

blower motor vibrations from being transmitted to the flow field. A 

fiberglass insulation slab, 12.7 cm thick, was used within the plenum to 

filter the air and also to decouple the flow field from any blower 

pulsa~ion. A rectangular duct 0.76 m long, 45.7 cm in height, and 20.3 

cm wide connects the plenum chamber to the nozzle assembly. The duct 

contained a section of flow straighteners followed by three turbulence 

reducing screens. The two-dimensional nozzle has a contraction ratio of 

16 to 1 and ends in a slot that is 1 .27 cm wide and 45.7 cm in height. 

The nozzle contour was based on a design by Jordinson (1961). 

The flow field was formed by two large horizontal plywood plates 

2. 13 m in length and 1 • 52 m wide separated by a 0. 457 m air gap (see 

Figure 2). These horizontal plates were designed to keep the basic flow 

two-dimensional in nature. All other sides of the flow field remained 

open. The entire set-up was supported by a sturdy angle iron frame to 

which a probe support mechanism was attached which allowed probe posi­

tioning in three-dimensions accurate to 0 .'8mm. An optional micrometer 

attachment allowed for lateral probe positioning accurate to 0.25 mm. 
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All measurements made involved digital data acquisition and for 

this purpose DISA 56C01 anemometers operated in the constant temperature 

mode with DISA 56C17 CTA bridges were used. For measurement of the 

instantaneous longitudinal velocity component, DISA 55P01 standard 

straight wire probes were used. These probes were operated at an over­

heat ratio of approximately 1•6, which corresponds to a wire temperature 

of 220 °C. The analog signals from the anemometers were passed through 

DISA 55025 anti-alias filters and then digitized with an HP-98640A 

analog/digital conversion board. The digitized signals . were then 

processed on line with an HP-9920S microcomputer which performed all 

data reduction. 

Calibration of the probes was performed by use of a calibration jet 

which was constructed in house. The calibration rig was essentially an 

axisymmetric jet powered by compressed air and had an exit diameter of 

o.6 inches. The calibrator had a hot wire bracket stand for mounting a 

probe such that its sensor was contained in the potential core of the 

calibrating jet and normal to the mean flow direction. A pressure tap 

on the calibrator was used to connect it to a Dwyer Micromanometer with 

an accuracy of ±0.005 inches of water. A valve on the calibrator was 

then used with the manometer to set the calibration jet velocity to any 

desired value. The anemometer D.C. bridge voltage was then recorded for 

each velocity setting of the calibration jet.. The resulting datum 

points were then least squares fitted to a Collis and Williams (1959) 

correlation of the form 

E2 =A+ BU0.45 ( 2-1 ) 

where E is the anemometer D.C. bridge voltage, U is the mean velocity 

and A, B are calibration constants. 
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In the work to be ·reported, all measurements were made at an exit 

Reynolds number of 7700 (based on nozzle slot width and mean exit 

velocity). This corresponds to an exit velocity of 8.84 m/s. The exit 

velocity was set and monitored throughout the experiment with a pitot~ 

static tube connected to a Dwyer micromanometer with an accuracy of 

0.02 11 • The probe is located near the nozzle exit plane on the jet 

centerline and 6. 4 cm below the top confining plate. The exit mean 

velocity profile was flat and the exit fluctuation velocity near 

centerline was quite low; 0.3 percent. The nozzle exit boundary layers 

were laminar and had a momentum thickness of 0.0085 cm. The 

displacement thickness was 0.0232 cm. 
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CHAPTER III 

BASIC FLOW DEVELOPMENT 

This chapter presents the experimental results which document the 

general development of the jet with respect to its mean flow and 

longitudinal velocity fluctuations. Section 3.1 presents the mean flow 

development while Section 3.2 presents the development of longitudinal 

fluctuation intensities. 

3.1 Mean Flow Development 

The mean flow development of the jet is presented in Figures 3-7. 

The initial mean velodty profile exhibit a "top--hat" shape out to 

x/D ,,, 1 • 5. The profiles are flat except for a very thin shear layer. 

The mean velocity variation in the shear layer is closely approximated 

by a hyperbolic tangent type profile as is evidenced from Figure 8. In 

this figure the abscissa is n = y/o where y is the lateral spatial co­

ordinate and o is the maximum slope shear layer thickness (o = 0.043 

cm.) The initial mean velocity development is characterized by the 

widening of the shear layer bounding the potential core, resulting in a 

"shearing down" of the initially flat profile. Approximate mean 

velocity similarity is noted to be reached by 11 ~ x/D ~ 13 as seen in 

Figures 6 and 7. 

The widening of the jet with downstream distance is shown in Figure 

9. For x/D > 11 the widening rate is linear and exhibits the self--

10 
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preserving form 

where k1 = d(b/D)/d(x/D) = 0.104, c1 = virtual origin based upon jet 

widening = -1 .8. The widening rate near the jet exit is due primarily 

to the widening of the nascent jet shear layers. A rather abrupt 

increase in jet widening is noted to occur near x/D = 3. This is likely 

to be due to large-scale vortical structure interactions in the 

developing jet shear layer and will be addressed further in Section 4. 

Another increase in the widening rate in the region x/D = 5 to x/D = 9 

seems to be associated with the end of potential core and the onset of 

the interaction region. Figure 10 shows the centerline mean velocity 

decay with downstream distance. For x/D > 11 a linear decay rate 

characteristic of the similarity region is obtained and is given by 

u '-2 
( ....!!! ) 
u 

0 

(3-2) 

where K2 d((Um/U0 )~2 )/d(x/D) = 0.18, c2 = virtual origin based upon 

velocity decay = 0.354. Near the jet exit the centerline velocity 

remains essentially constant until the developing shear layer engulfs 

the potenti_al core, after which a gradual approach to the self~similar 

form is noted. 

Table I. lists the jet widening rates and geometric origins as 

measured by a number of researchers along with the current values. The 

widening rate compares well with the other values but the virtual 

18 

origins show some scatter which may be attributed to the upstream plenum 

turbulence levels (see Flora and Goldschmidt (1969)). 
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TABLE I 

MEAN FLOW PROPERTIES FOR PLANAR JETS 

Reference Re0 Kl K2 C1 C2 

Flora (1969) 2.00 x 10~ to 0.109 to 0.158 to -15.000 2.000 
3.00 x 10 0.130 0.227 

van der Hegge Zijnen (1958) 1.33x104 0 .100 0.205 0.000 -1.700 

Foss (1965) 5.50 x 104 0.085 0.257 -2.000 6.500 

Kaiser (1971) 6.00 x 103 0. 101 0.208 -2.600 o.ooo 

Ott (1972) 1 .oo x 104 0.097 0.228 -3.000 7 .000 

Jenkins (1974) 1. 45 x 104 0.085 0 .160 -6. 100 4.000 

Mulej (1975) 1.60x104 0.095 o. 185 -0.789 13.200 

Gutmark and Wygnanski (1976) 3.00 x 104 0 .100 0 .170 -2.000 4.700 

Cervantes (1978) 1 .oo x 104 0.083 0.240 -6.600 4.500 

Chambers (1977) 6.00 x 103 0 .100 0 .190 -3.500 -3.200 

Thomas (1980) 6.00 x 103 0.106 0.214 -3.500 -0.913 

Thomas (1983) 6.00 x 103 0 .100 0.220 -3.200 -1 .600 

Thomas and Brehob (1986) 1 .50 x 104 0.086 0.253 -4.711 10.371 

Current 7 .oo x 103 0 .104 0 .180 -1.800 -0.354 

N 
0 
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3.2 Longitudinal Velocity Fluctuations 

Figures 11-15 show the development of lateral profiles of 

longitudinal fluctuation intensity. This intensity is defined as the 

ratio of the r .m.s. longitudinal velocity fluctuation to the local 

centerline velocity. The longitudinal fluctuation intensity is noted to 

originate at y/b = 1 .0 corresponding to the location of maximum mean 

shear. In the potential core of the jet, a comparatively low turbulence 

intensity of 0.3 percent was measured. The fluctuation level on the 

centerline increased as the effect of turbulence which originates in the 

shear layers gradually propagates toward the center of the flow. By 

x/D = 20 the intensity profile attains a general saddle shape 

characteristic of other published data (see Gutmark and Wygnanski 

(1976)). Figures 16 and 17 show the variation of longitudinal 

fluctuation intensity with x/D in the shear layer at y/b = 1.0 and at 

the centerline. There is a difference in the growth of the fluctuating 

intensities in the shear layer and on the centerline; the reason being 

the presence of a steep velocity gradient in the shear layer. In 

addition Figure 11 reveals that the fluctuations in the shear layer 

become fully developed earlier than on the jet centerline. 
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CHAPTER IV 

EXPERIMENTAL INVESTIGATION OF 

JET DEVELOPMENT 

This chapter presents the results of measurements that detail the 

development of structural patterns in the two-dimensional turbulent 

jet. Section 4. 1 presents detailed measurements of energy spectra 

obtained throughout the developing region. In following sections 

detailed correlations, coherence and phase spectra measurements are also 

presented. These measurements are used to infer the structural 

development of the planar turbulent jet. 

4.1 Spectral Measurement Techniques 

Spectral measurements of the longitudinal velocity fluctuations 

were made both on the centerline of the jet and in the jet shear layer 

(y/b = 1 .0) at several selected streamwise locations (1/4 ~ x/D ~ 20). 

The purpose of such measurements is to document the spatial evolution of 

the time-averaged frequency distribution of energy of the longitudinal 

velocity fluctuations. 

For these measurements a standard "straight wire" probe was used. 

The signal from the hot-wire was first passed through a DISA 55025 anti­

alias filters and then digitized with an HP-98640A analog/digital 

conversion board. In order to obtain repeatable, smooth spectra the 

measurements were ensemble averaged typically over 200 ensembles. The 

29 
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sampling rate was selected to be sufficiently rapid so as to satisfy the 

Nyquist criterion which requires a sampling rate ~t = 1 /2f , where max 

fmax is the highest frequency expected in the data and ~t is the 

sampling time. Typically a cutoff frequency of 2000 Hz was used. The 

hot~wire used for the above measurements were either aligned vertically 

(in an x-z plane) or horizontally (in an x-y plane) depending on the 

streamwise location. For x/D < 2.75 the shear layers are very thin and 

the probe sensor was positioned normal to the mean flow and in the plane 

of the jet shear layer in order to obtain satisfactory spatial 

resolution (the hot-wire sensor diameter is 5µm). For greater down-

stream distances (x/D > 2.75) the probe sensor was aligned perpendicular 

to the ·plane of the jet shear layer so that the measurement of longitu-

dinal fluctuations would not be significantly contaminated by the 

lateral fluctuating velocity component. For measurement of the spectra a 

Fast Fourier Transformation algorithm was used to compute the power 

spectral density functions directly from the sampled digital hot-wire 

signal. A listing of the power spectrum program used in the analysis is 

presented in Appendix A. 

4.1.1. Linear Region 

The linear instability region specifies the near exit, nascent jet 

shear layers in which infinitesimal perturbations grow exponentially 

with downstream distance but do not appreciably interact with each 

other. As is shown in Figure 8, the mean velocity distribution across 

the jet shear layers bounding the potential core for 0 ~ x/D ~ 2 is 

closely approximated by a hyperbolic tangent profile. Michalke ( 1965) 

applied linear stability theory to investigate the stability 



characteristics of a hyperbolic tangent profile for spatially amplified 

disturbances. Theoretical spatial amplification rates from Michalke' s 

(1965) theory and experimentally measured values obtained for the growth 

of different spectral components are compared in Figure 18. In the 

figure a = dimensionless frequency 2~fo/U and -~. = spatial ampli-
o l 

fication rate of the disturbance. Note that o is the maximum-slope 

shear layer thickness. It may be noted from Figure 18 that a generally 

favorable comparison between theory and experiment exists, supporting 

the existence of a linear amplification region near the jet exit. Table 

II. presents a comparison of theoretical and experimental values 

relating to linear amplification in free shear layers based on an 

assumed hyperbolic tangent profile. In this table the linear 

amplification in different free shear layers is compared in terms of a 

Strauhal Number and amplification rate. The Strauhal Number is a 

dimensionless frequency given by f8/U where f = disturbance fundamental 
c 

frequency, 8 = momentum thickness of the free shear layer and Uc = 

average mean velocity across the shear layer. The current values are 

seen to be in general agreement with the other tabulated values. Figure 

19 shows the growth of the most amplified instability with downstream 

distance as determined from measured shear layer spectra. This 

corresponds to a disturbance frequency of 750 Hz. It may be noted from 

the figure that the region of linear growth extends approximately to x/D 

= 1. Figure 20 shows the variation of measured maximum-slope jet shear 

layer thickness with downstream distance. It is seen from the figure 

that the flow remains essentially parallel to a downstream distance of 

approximately x/D = 1 , which is one of the key assumptions made in 

linear instability theory. 

3i 
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TABLE II. 

MEASUREMENTS OF LINEAR AMPLIFICATION IN FREE SHEAR FLOWS 

Strauhal Number Amplification 
Rate ( ~ae) 

Reference Theory Expt. Theory Expt. 

Freymuth (1966), Round jet 0.033 0.034 0. 11 4 0.09 

Browand (1966), Free shear layer 0.033 0.021 0. 114 0. 131 

Miksad (1972), Free shear layer 0.034 0.035 0.07 0 .197 

Ho & Huang (1982), 
Free shear layer 0.035 0.031 0 .03 0.029 

Gutmark & Ho (1980), Round jet 0.033 0.034 .., 

Current, Planar jet 0.0282 0.027 0.089 0.085 
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One unexpected and somewhat surprising result· of energy spectra 

obtained in the initial region is shown in Figure 21. This figure shows 

the power spectrum obtained in the shear layer at x/D = 0.25, in which a 

dominant low level peak at approximately 20Hz is noted. This low 

frequency mode is very uncharacteristic of thin shear layer instability 

frequencies for it is an order of magnitude less than the expected 

values (recall the frequency of maximum amplification is 750 Hz). The 

dimensionless frequency for this mode may be calculated to 

be ~ = 5.95 x 10-3 which from Figure 18 is shown to be a neutral mode 

and downstream in the linear amplification region (x/D < 1) the spectra 

show no growth of this mode. Plausible sources for the production of 

this unexpected low frequency wave were investigated and are discussed 

below. 

Pulsing of the exit flow by a mechanism such as an upstream plenum 

resonance could be a very likely source for causing low frequency 

pulsations at the jet exit which in turn would show up in the power 

spectral measurements as a low frequency mode. Profiles of spectral 

modes obtained by laterally traversing the hot-wire at x/D = 0.5 were 

made in order to investigate this possibility. Figure 22 shows the 

amplitude variation of the low frequency mode (= 20Hz) across the jet 

exit. It is clearly seen from this figure that the low frequency wave 

is localized in the jet shear layers with the potential core being 

basically free of any such disturbance. Hence, pulsing of the exit flow 

can be ruled out as a possible source for the presence of the low 

frequency wave in the shear layers. 

The low frequency wave under consideration could possibly originate 

as a boundary layer instability wave growing inside the nozzle. The 

36 
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boundary layer of the nozzle as presented in Chapter II was measured to 

be laminar, exhibiting a shape factor H = 2.73 which is similar to the 

Blasius solution value of 2.6. The Reynolds Number based on 

displacement thickness is Rea* = 139. The instability characteristics 

of the Blasius-flat plate boundary layer were computed by Wazzan, Skmura 

and Smith ( 1968). From their analysis the critical Reynolds Number 

(based on displacement thickness) for amplification of disturbances was 

noted to be Rea* = 520. Thus, the possibility that the nozzle boundary 

layers are the source for the low frequency wave may be ruled o~t since 

the measured Rea* is far below Rea*crit~ 

Another possible source for the low frequency wave could be due to 

a kinematic effect arising because of a lateral flapping of the shear 

layer past the stationary probe. In order to evaluate the existence of 

the above phenomenon the parameters ~y/a and ~y/8 were calculated, 

where ~y = lateral flapping amplitude = I u2 I ( ClU/dy) , a = maximum max 

slope free shear layer thickness = 0.017 inch and 8 = momentum thickness 

of the free shear layer = 0.0069 inch. The computed values of ~y/a at 

x/D 0.25, 0.5 and 1.0 .were 0.033, 0.029 and 0.05 respectively 

and ~y/8 at x/D 0.25, 0.5 and 1 .O were 0.081, 0.071 and 0.12 

respectively. Since these values of ~y/a and ~y/8 are so small we may 

safely conclude that the low frequency wave is not due to any lateral 

flapping of the shear layer. 

From the above investigation it may be concluded that the low 

frequency wave is highly localized in the two developing jet shear 

layers adjoining the potential core and is not linked to any source 

external to the flow field. As expected, it may also be noted that this 

neutral wave has no effect on the amplification of other shear layer 
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instabilities in the linear region. In the later sections of this 

chapter evidence is presented which suggests a source for this low 

frequency wave within the jet. 

4.1 .2. Non Linear Transition Region 

As is seen in Figure 19 the exponential growth of the most 

amplified instability wave saturates by approximately x/D = 1.25. This 

location marks the end of linear growth and the onset of nonlinear 

interaction between fluctuations. This distance for saturation of the 

most amplified mode corresponds to approximately 2.6 initial instability 

wavelengths. The onset of nonlinear effects is to be expected from the 

large increase in peak shear layer fluctuation intensity as evidenced 

from Figure 11 and 12. In fact the criterion for the onset of nonlinear 

effects suggested by Sato (1960) 

beyond x/D ~ 1.25. 

is met since I u2 /U > 4% shortly 
m 

Previous research in free shear layers has indicated that the onset 

of non-linear effects is marked by the rolling up of the most amplified 

instability wave into a periodic array of compact spanwise vortices. 

Since the initial region of the planar jet basically consists of two 

free shear layers it seems natural to expect similar behavior. Indeed, 

in the linear region the behavior has been demonstrated to be quite 

similar (see Figure 18). However, the results of spectral measurements 

for nonlinear planar jet transition indicate· some important differences 

which will next be discussed. 

The longitudinal fluctuation spectra presented in Figures 23, 24, 

and 25 clearly show the growth of the most amplified frequency 

( == 750 Hz) with downstream distance and indicate that by x/D == 1 • 5 a 
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saturation state for this mode is attained. This saturation of the 

fundamental at 750 Hz (seen also in Figure 19) is associated with the 

growth of modes at approximately 260, 400, 525 and 630 which are all 

seen to be separated on average by 123 Hz. With increasing downstream 

distance the two modes at 260 Hz and 400 Hz are seen to grow as 

evidenced from Figure 25 (the frequency resolution for these 

measurements is approximately 9 Hz). The cause for the growth of these 

two modes is more thoroughly investigated in Chapter V. Figure 25 also 

shows the development of 'sidebands' on both the primary modes. The 

frequency spacing between the sidebands corresponds to the low frequency 

mode at approximately 23 Hz which is also seen in the same figure. 

Thus, the presence of the sidebands on the 260 Hz and 400 Hz mode as 

seen in Figure 25 indicates modulation by the low frequency mode. 

Discussion of the nature of this low frequency mode was presented in the 

previous section. This mode originally appeared in the power spectra 

very near the nozzle exit as a neutral mode exhibiting negligible growth 

throughout the linear region. Similar spectral measurements reported in 

the literature for free shear layers have not shown similar low 

frequency modulation effects. However, work by Laufer and Monkewi tz 

(1980) has demonstrated a similar modulation effect in the initial 

region of a round jet while Miksad et al (1982) considered the effects 

of modulation on two-dimensional wake transition. 

44 

Figures 26 and 27 present results of shear layer spectral 

measurements at the same streamwise locations as presented earlier, but 

for a different trial. It may be seen from these figures that all the 

dominant spectral peaks exhibit stronger sideband structure at an 

ear lier x/D station compared with those in Figures 24 and 25. The 
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presence of stronger sidebands is due to the fact that the modulating 

mode was somewhat higher in amplitude in this set of measurements as 

compar.ed with the Figures 24 and 25. In general, this low frequency 

mode, though always present, did exhibit some variation in near exit 

amplitude which led to corresponding modification of sideband 

evolution. The data to be presented are considered typical of several 

trials, however. Irrespective of the amplitude of the low frequency 

mode there is always a transformation of energy to the two dominant 

modes near 260 and 400 Hz at a downstream location of x/D = 1.5. 

The frequency resolution for these spectral measurements as 

mentioned earlier is 9 Hz and herice it is possible for a particular 

spectral mode to exhibit some variation as to its measured frequency. 

Such a variation is seen in Figure 28 where a spectral peak near 250 Hz 

is the mode previously referred to as 260 Hz. In all future references 

this mode is referred to as 250 Hz. Figures 28 and 29 demonstrate the 

continued growth of the mode near 250 Hz which becomes dominant over the 

400 Hz mode. The 250 Hz mode reaches a saturation state near x/D = 

2.25. The nonlinear formation and growth of the mode near 250 Hz is 

very suggestive of the vortex roll-up process that has often been 

visualized in free shear layers. Ho and Huerre (1984) related the 

completion of the roll~up process to the downstream location where the 

fundamental frequency reaches its maximum amplitude. It must be noted 

that for free shear layers, roll-up will occur at the initially most 

amplified frequency (see Ho and Huang ( 1 982), Ho and Huerre ( 1 984)) • 

This is obviously not the case for the planar jet as the spectral data 

has indicated that the most amplified frequency saturates quickly (x/D = 

1.50) at a comparatively low amplitude while the slower growing mode 
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near 250 Hz eventually reaches much higher amplitude and suggests vortex 

formation occurs, on average, near that frequency. Figure 30 compares 

the streamwise growth of these two modes in the developing jet shear 

layer (bandwidth 10 Hz). This substantial deviation of the jet shear 

layer behavior from that reported for mixing layers is likely be due to 

the fact that the jet contains an additional imposed length scale which 

is the jet slot width D. This will be elaborated upon in Chapter V. 

Ho and Huang (1982) have demonstrated that the location of 

subharmonic saturation corresponds to the streamwise location where 

vortex pairing is accomplished in free shear layers, though it is 

difficult to pinpoint a particular location since it requires some 

streamwise distance to occur. Figure 31 shows the streamwise growth and 

decay of the 250 Hz mode along with its subharmonic at approximately 

125 Hz. In this figure the 125 Hz mode is seen to saturate at x/D = 4.5 

indicating a vortex pairing event occurs near that approximate 

location. Figures 32 and 33 present the power spectra in the shear 

layer from x/D = 2 to 4. 5. These figures clearly show a sequence 

involving the approximate halving of modal frequency which suggests the 

pairing of vortical structures over these streamwise locations as 

described above. With increasing distances downstream there is a 

gradual shift in the energy to lower frequencies as seen in Figures 34 

to 36. Modulation effects have been shown to play an important role in 

this energy transfer phenomenon, which is characterized by the formation 

of multiple sidebands. These sidebands are asymmetric about the 

principle mode they modulate, generally favoring the low frequency 

side. Miksad (1972) noted that nonlinear interaction between modes at 

two different frequencies in a free shear layer resulted in the 
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formation of sum and difference modes as well as the harmonics and 

subharmonics of the interacting waves. Such nonlinear interactions 

between sidebands appears to be a primary cause for the energy transfer 

to lower frequencies noted in the jet shear layer spectra. The shear 

layer spectra at x/D = 9, 10, 12, and 20 are presented in Figure 37 

through 40. They are basically broadband in nature which is indicative 

of the flow being turbulent at these locations. 

Spectra of longitudinal velocity fluctuations obtained on the jet 

centerline are sequentially presented in Figures 41 through 48. It is 

expected that velocity fluctuations in the jet potential core are 

induced by the large-scale structural events occurring in the shear 

layers. Hence, the centerline power spectra show more distinct peaks as 

compared to those of shear layer spectra which are obscured by high 

levels of fine grain turbulence. From Figures 43 through 45 a gradual 

halving in the peak spectral frequency is noted to occur over the 

downstream distance 4 < x/D < 7. This halving appears to correspond to 

the merging of structures noted to occur in the shear layer from x/D = 

2.00 to 4.5 (Figures 32 and 33). If it is assumed that the fluctuations 

in the potential core are manifestations of events occurring in the jet 

shear layers then it is expected that the frequency halving seen in the 

centerline spectra would occur some distance downstream of the actual 

location of vortex merging in the shear layers. The mean velocity 

profile as presented in Figures 5 and 6 show the disappearance of the 

"flat profile shape" (characteristic of a potential core) by approxi­

mately x/D = 7.0 giving stroni evidence as to the location of the end of 

the potential core. This results in the merging of the two shear layers 

and an interaction between the structures emanating from them. Evidence 
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of structural interaction is clearly seen from the centerline spectra at 

x/D = 7, 8, 9, and 10 as presented in the sequence of Figure 46. Also 

from the figure two consecutive halvings in frequency are seen, giving 

indication of a multiple merging/destruction event involving the 

interacting large-scale structures. Such an event is obscured in the 

shear layer spectra due to the presence of high turbulence levels. The 

centerline spectra at x/D = 12 and 20 as seen in Figures 47 and 48 are 

broadband in nature. The high level turbulence present at these 

locations makes it difficult to discern the large-scale flow structures 

even though they are present, as will be demonstrated in measurements to 

be presented in the following sections. 

The next section presents two point correlation measurements 

between fluctuations 

streamwise locations 

in the jet 

within the 

shear 

region 

layers obtained for selected 

1/4 < x/D < 20. These 

measurements will provide more insight as to the relationship of the 

structural patterns in the two developing jet shear layers. 

4.2 Longitudinal Space-Time Correlation 

Space-time correlation of longitudinal fluctuations were made to 

provide additional information concerning the structural patterns in the 

flow. For this purpose two conventional straight-wire probes were 

positioned on opposite sides of the jet centerline at y/b = ±1 .o as 

shown schematically in Figure 49 at selected streamwise locations in the 

developing jet. This lateral probe separation is large compared to the 

length scales of the fine grained velocity fluctuations and hence such a 

measurement is expected to highlight mainly the effects of the large­

scale flow. The space-time correlation between two velocity 
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fluctuations u1 and u2 is defined in Equation 4-1. 
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( 4-1 ) 

where 8y is the lateral probe separation, -r is the time delay between 

the two signals and T is the time period over which the correlation will 

be averaged. The form of the equation for digital signals which 

corresponds to Equation 4-1 is Equation 4-2. 

N-r 
1/N'"'r ~ (e1)n (e2)n+r 

n=.1 
(4-2) 

where 8t is the sampling rate and r is the number of data points shift 

between signals e1 and e2 (which is analogous to -r). The factor 1/N-r 

appears in the equation to account for fewer datum points being 

available for correlation as the time~delay is increased. Normalizing 

the correlation function by the rms velocity fluctuations of the two 

signals results in the correlation coefficient. 

(4-3) 

The advantage of using the correlation coefficient is that this quantity 

is bounded by 1 and -1. The PASCAL computer algorithm used to calculate 

the correlation function from sampled signals is presented in Appendix 

A. 

Figure 50 presents a typical correlation function obtained in the 

jet similarity region. The correlation functions .in the initial region 
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are different in functional form from those in the similarity region but 

a general method used to analyze these functions can be described by 

considering the correlation function presented in Figure 50. A time 

period for each correlation function could be specified by defining one 

period of the function T to be the time interval between two consecutive 

maximum points as shown in Figure 50. The reciprocal of this time 

period is defined to be the correlation frequency. Thomas and Brehob 

( 1986), Thomas and Goldschmidt ( 1986) and Cervantes and Goldschmidt 

(1981) have presented evidence which suggests that the correlation 

frequency is a measure related to the passage frequency of large scale 

structures in the flow. 

Space-time correlation functions obtained in the linear-region from 

x/D = 0.25 to 0.75 is presented in Figures 51 to 53. These correlation 

functions are characterized by a strong negative correlation at zero 

time delay with a correlation frequency of approximately 60 Hz. This 

negative correlation indicates that the two shear layer longitudinal 

velocity fluctuation signals on average exhibit opposite signs 

instantaneously. This strongly suggests the presence of antisymmetric 

near exit fluctuations in the flow. Such a finding is also in 

accordance with the shear layer spectra in the linear region (Figure 21) 

which show the fluctuations energy content to be concentrated in a 

dominant low frequency neutral mode. Though the correlation frequency 

estimate is not equal to the frequency of the dominant spectral mode 

both are at least an order of magnitude below the characteristic 

instability frequency and are likely related to a similar mechanism 

which will be discussed in the next section. 

Figure 54 shows the correlation obtained at x/D 1 .0 which 
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indicates the continued presence of the anti-symmetric mode at this 

location along with the development of a high frequency mode. Here it 

should be noted that the time resolution used in these measurements 

was = 0.002 seconds which corresponds to a frequency of 500 Hz. Hence, 

any signal with a frequency higher than 500 Hz would be seen in the 

correlation function plot as 500 Hz. Thus, the high frequency mode (500 

Hz) seen in Figure 54 is representative of the most amplified 

instability wave near 750 Hz which is seen to be symmetrical from the 

positive correlation exhibited at zero time delay. Figures 55 through 

60 present the development of the correlation function for 

2.0 :i x/D :;; 6. An increase in the positive correlation coefficient at 

zero time delay by x/D = 2 is seen from the Figures 54 and 55. This 

increase is indicative of the growth of the high frequency symmetric 

wave which grows to eventually mask the low frequency anti-symmetric 

wave. A reduction in the correlation frequency to approximately 245 Hz 

is seen to occur at the x/D locations 2 to 2.5 from Figures 55 and 56. 

This frequency (245 Hz) agrees well with power spectral measurements at 

those locations thus providing evidence regarding the approximate 

location of structural formation. The positive correlation at zero time 

delay suggests these structures form symmetrically in both jet shear 

layers. As expected there is a slight decrease in the positive 

correlation due to the increasing randomization of the waveforms as the 

flow progresses downstream (which was also noted in a spectral sense as 

broadening of spectral peaks). A further decrease in the positive 

correlation with downstream distance is noticeable from Figures 57, 58, 

59 and 60. A halving in frequency is noticed at x/D = 4.0, but still 

the symmetric distribution of the structural pattern is well 

80 
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m·aintained. This halving in frequency corresponds well to a similar 

halving noticed in the shear layer spectra at x/D = 4.0 providing 

further evidence of a merging event between structures as mentioned in 

the previous section. The loss of the symmetric structural pattern due 

to the merging of the two shear layers at the end of the potential core 

is well illustrated in the sequence of correlation plots in Figures 61 

through 63. The sequence of figures show gradual loss in the positive 

correlation and by x/D = 10 the organization of the symmetric structural 

array appears completely lost as the correlation is nearly zero 

indicating reorganization of the flow due to the merging of the two 

shear layers at the end of the potential core. The location from 

x/D = 10 to x/D = 16 seems to be a region of renewed structural 

development as evidenced by the Figures 64 and 65 which show the onset 

of negative correlation at zero time delay. By x/D = 16.0 the flow has 

clearly organized itself to form an antisymmetric structural pattern as 

shown in Figure 66. Figures 67 through 70 show the development and 

maintenance of this antisymmetric pattern. In fact, Figure 71, which is 

a space...,time correlation function plot at x/D = 60 made by Brehob and 

Thomas (1986) well into the similarity region in the same setup but at a 

higher Reynolds number, shows very strong resemblance to the present 

measurement. That work along with Thomas and Goldschmidt ( 1986) has 

indicated that such a self-preserving anti-symmetric structural array is 

an inherent feature of the similarity region of a two-dimensional 

turbulent jet. 

Figure 72 presents the variation of correlation coefficient at zero 

time delay with downstream distance. The flow pattern in the two shear 

layers adjoining the potential core with respect to each other is well 
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illustrated in this figure. The fluctuations very near the nozzle exit 

are seen to be asymmetric which with downstream distance develops into a 

symmetric array of vortices and then the symmetric pattern gradually 

dies to form an asymmetric structural array by x/D = 16.o. 

4.3 Spectral Coherence and Phase Angle 

Measurements 

The cross-spectrum is a joint statistical measurement which 

provides information concerning the relationship between corresponding 

frequency components of two signals (i.e. time series). The cross-

spectrum between the two signals x(t) and y(t) is a complex function of 

frequency which is given by 

G (f) xy c (f) - i Q (f) xy xy 4-3.1 

where C (f) is the coincident spectral density function and Q (f) is 
zy xy 

the quadrature spectral density function. The spectral coherence 

between the two signals is a real valued quantity given by 

y (f) 
xy 

[ G ( f) G ( f)] ~ 
x y 

4-3.2 

where l~y(f)I is the magnitude of the cross-spectral density function, 

Gx and Gy are the power spectral density functions of each of the two 

signals. When Y (f) = 0 at a particular frequency the two signals x(t) xy 

and y(t) are said to be incoherent at that frequency and if Y (f) = 1 xy . 

then they are said to be fully coherent at that frequency. For values 

of coherence between 0 and 1 the signals are said to be partially 
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coherent at that frequency. A phase angle spectrum between the signals 

x(t) and y(t) may also be computed from the cross-spectrum and is given 

by 

4-3.3 

In order to obtain further information regarding the nonlinear 

transition of the jet, spectral coherence and phase angle measurements 

were performed. In the measurements to be presented the cross-spectrum 

and the autospectra were computed via Fast Fourier Transform methods. 

The PASCAL program which was developed to perform these measurements is 

listed in Appendix A. 

In the first set of measurements to be reported two straight wire 

probes were placed on opposite sides of the jet centerline with one 

probe fixed in the nascent jet shear layer at x/D = 0.25. This will be 

referred to as the "fixed probe". The other probe was movable and was 

placed in the opposite jet shear layer (i.e. y/b = 1.0) over streamwise 

locations 0.25 :;; x/D :;ii 20.0. This probe positioning is shown 

schematically in Figure 73. The spectral coherence and phase spectrum 

were computed for selected streamwise positions of the movable probe. 

In this manner the relationship between downstream spectral modes and 

the near exit flow field could be investigated. In particular, the 

existence of a coupling between downstream locations and the near exit 

field was investigated, with emphasis on determining the particular 

spectral modes involved. Evidence associating coupling locations with 

the occurrence of major events in the structural development of the flow 

was sought. 
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Figure 7 4 presents the measured frequencies corresponding to the 

maximum spectral coherence for various downstream locations of the 

movable probe. A discontinuous distribution involving four neariy 

constant frequency regimes is noted from this figure. The figure 

suggests a downstream coupling with the near exit flow at certain 

discrete preferred frequencies. 

The region 0.25 ~ x/D ~ 2.0 suggests that the spectral modes near 

250 Hz and 60 Hz are most coherent with the nascent shear layer flow. 

As described earlier with regard to the spectral measurements, the 

250 Hz mode was interpreted as the vortex roll-up frequency and the 

roll-up occurred by approximately x/D = 2.25. Thus the data of 

Figure 74 suggests that this roll ...... up phenomenon is coupled with the 

nozzle exit. Figure 75 shows the variation of the coherence of the mode 

centered near 250 Hz (bandwidth of 10 Hz) with downstream distance. The 

coherence is seen to peak near x/D = 2 .o as expected. A second peak 

near x/D = 4 is likely associated with a vortex pairing event previously 

noted from spectral measurements. 'lhe coherence is seen to decrease for 

x/D > 4. The high coherence of the spectral mode near 60 Hz with the 

nascent shear layer is discussed later in this section. 

A sudden drop in maximum coherence frequency from the 250 Hz level 

to 125 Hz mode is noted to occur soon after roll-up (x/D = 2 .o) from 

Figure 74. The 125 Hz mode is seen to exhibit peak coherence up to 

x/D = 5.0. This leads to a general conclusion that the region 

2 ~ x/D ~ 5 is highly coherent with the near exit flow with respect to 

the spectral mode near 125 Hz. It should be noted here that spectral 

measurements (see section 4.12) indicated a gradual subharmonic 

formation (interpreted as a vortex pairing event) at these locations. 
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This pairing event thus seems to be a likely cause for the presence of 

the coupling of the 125 Hz mode in the region 0.25 ~ x/D ~ 5.0. The 

variation of the frequency centered near 125 Hz (bandwidth 10 Hz) is 

shown in Figure 76. The figure shows a maximum coherence at x/D == 4 .o 

followed by a gradual decline with downstream distance. 

A second halving of the frequency for maximum coherence is noted to 

gradually occur over the range 5 ~ x/D ~ 8 .o, resulting in a frequency 

for maximum coherence of approximately 60 Hz. Figure 77 shows the 

variation of coherence centered near 60 Hz with downstream distance and 

the peak coherence is seen to occur at approximately x/D = 7-8. This 

suggests that the region 0.25 ~ x/D ~ 8.0 contains a feedback loop 

involving a spectral mode near 60 Hz. As described earlier, x/D = 7.0 

was noted to be the location where the shear layers nominally merge and 

represents the beginning of the "interaction region" of the jet. From 

previously presented spectral measurements x/D = 7 .O was noted as the 

location initiating a double halving of the characteristic structural 

passage frequency. This was interpreted as evidence of a double merging 

between structures occurring over the streamwise locations 

8 .o ~ x/D ~ 16 .o, and is believed related to the shear layer 

interactions taking place. Such a double halving is noted in Figure 74 

which leads to the formation of maximum coherence at a frequency 

approximately 20 Hz by x/D == 16.0. Figure 78 shows the variation of 

maximum coherence of the mode centered near 20 Hz (bandwidth of 10 Hz) 

w"ith downstream location. A high degree of coherence is noted in the 

early similarity region of the flow and in general there is an upward 

trend in coherence form x/D == 12.0 as the similarity region is 

approached. This indicates that the downstream locations are coupled 
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with the nozzle exit by a spectral mode near 20 Hz. The cause for this 

coupling could be attributed to the structural rearrangement which seems 

to take place soon after the end of the potential core (8 S x/D S 15) 

and, in particular, the event associated with multiple halving which 

seems completed by x/D = 16.o. 

It may be noted from Figure 74 that each of the events which lead 

to a discontinuous shift in frequency for maximum coherence are 

associated with a consecutive. doubling in downstream distance between 

the occurrence of such events.· A similar phenomenon was noted by Ho and 

Huang (1982) in free shear layer where it was found that the streamwise 

distance between successive vortex pairing events doubled with 

increasing downstream distance. In addition, their work illustrated 

that each vortex pairing event in the flow is linked to the trailing 

edge via a feedback loop which required just such a distance doubling 

between pairing events. This will discussed further in Chapter V. 

It is interesting to compare the above measurements with coherence 

measurements made at corresponding streamwise locations but with the 

probes side by side at y/b = ±1.0. Figures 79 and 80 present such a 

comparison for x/D 8 and 16. Surprisingly, in both cases the 

coherence levels are much greater when the probes. possess large 

streamwise separation. '!he coherence measurements for the probes 

positioned side by side at ~y = 2b show very low levels which is due to 

the high level of randomness that characterize the shear layer 

interaction region of the jet. The high levels of coherence exhibited 

for the cases involving streamwise probe separation even in this chaotic 

region of the flow are further evidence of the presence of a coupling 

between the near exit flow and downstream locations. 
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The phase spectra measured at x/D = 2, 4, 8 and 16 (which are not 

presented here) exhibit zero phase shift of the highly coherent spectral 

modes and this strengthens the conclusion regarding the feedback 

coupling mentioned above as it would be very likely that any downstream 

location acting as a source for the feedback should be strongly phase 

coupled too. 

In the next set of measurements to be reported two straight wire 

probes were placed on opposite sides of the jet centerline at y/b ±1 .o 

(i.e. shear layer) for selected streamwise locations 0.25 ~ x/D ~ 20 and 

the coherence and phase spectra were both obtained. The probe 

positioning is identical to that shown in Figure 49 for the correlation 

measurements which have been previously reported. The purpose of these 

measurements was to obtain information regarding the relation between 

corresponding spectral modes occurring on opposite sides of the jet in 

the developing and interacting shear layers. The space-time correlation 

measurements presented in the previous section were performed in time 

domain and result from a superposition of the multiple spectral modes 

present. Hence, this measurement is not complete in detailing the 

relationship between corresponding spectral modes in the developing jet 

shear layers. 

Figures 81 and 82 present the computed coherence function at x/D = 

0.25 and 0.5. Both figures show three distinct spectral regions of 

elevated coherence near 12-20 Hz, 40-80 Hz and 250-300 Hz. The space­

time correlations obtained at near exit locations as described earlier 

showed the presence of a 60 Hz oscillatory component. Near exit power 

spectra showed the initial dominance of a mode near 20 Hz. Hence, it is 

not surprising that the coherence measurements initially exhibit strong 
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coherence about these frequencies. With increasing downstream distance 

the coherence measurements as presented in Figures 83 and 84 

corresponding to x/D = 1.0 and 1.5, respectively, show strong coherence 

between 40 Hz and 80 Hz and above 250 Hz. '!he increase in coherence of 

mode above 250 Hz is rather expected as according to Figure 8, these 

correspond to the instability waves that amplify in the shear layers (in 

accordance with linear theory for x/D ~ 1.0). 

Figures 85 through 88 present the phase measurements from x/D = 

0.25 through 1 .5. The phase spectrum at x/D = 0.25 exhibits a large 

amount of scatter due to· the extremely low sigrial amplitude involved. 

But the figures in general exhibit a high phase shift in the frequency 

range 15-20 Hz while the modes centered about 60 Hz and 250 Hz show 

negligible phase shift. From these phase spectra it could be inferred 

that the modes centered about 60 Hz and 250 Hz are symmetric in nature 

while the mode centered at 20 Hz is not symmetric. 

It may at first appear that the symmetric fluctuation at 60 Hz is 

not in agreement with the pattern inferred from the space-time corre­

lation measurements previously presented. A strong negative correlation 

was seen at zero time delay suggesting an antisymmetric pattern with a 

measured correlation function frequency near 60 Hz. In order to 

investigate this apparent discrepancy, a simple model involving the 

space-time correlation between two complex waves made up of 20 Hz and 60 

Hz components was performed. '!he signals were modeled as an interaction 

between a 20 Hz mode and a 60 Hz mode of form given by 

4-3.4 
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4-3. 5 

where w1/2n = 20 Hz, w2/2n = 3w1 = 60 Hz, a1 = 18, a2 = 3.4. 

Note the TI phase shift on the w1 mode introduced to account for the 

assumed antisymmetric pattern of this component, while a zero phase 

shift was assumed on the w2 mode as it was assumed to 'be symmetric. 

Even though the actual anemometer signal is far more complex, possessing 

more spectral components and random fluctuation effects, it was thought 

that incorporating only the major spectral components would be suffi­

cient to investigate the difference in the phase of the 60 Hz mode as 

inferred from the two types of measurements. 

Figure 89 presents- the modeled space-time correlation between the 

two signals (equations 4-3.4 and 4-3.5). Based upon our assumed method 

for defining correlation function frequency the figure shows a 

correlation frequency of 60 Hz along with a negative correlation at zero 

time delay. Hence, it could be concluded that the negative correlation 

indicated in the actual data shown in Figures 51 and 52 is not 

necessarily associated with the 60 Hz mode. This is due to the fact 

that when multiple modes are present (as in the initial jet shear layer) 

the correlation function contains contributions from all frequency 

components. It is then impossible to associate the negative correlation 

as being due to the asymmetry of any one particular mode. This is not 

the case when a single mode dominates in which case the correlation 

measurement is much less ambiguous as occurs farther downstream in the 

similarity region (see Thomas and Brehob (1986)). 

The coherence function at x/D = 2.0 as seen in Figure 90 shows the 

formation of spectral peaks quite similar to the power spectral 
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measurements presented in Figure 26, said to be associated with the 

roll~up phenomenon. In fact, a drop in the coherence level at all modes 

is noted which is thought to be due to the inherent phase randomness 

associated with the rolling up of the instability waves into vortices. 

Figures 91 through 94 present the coherence measurement from x/D 

2 .5 to 5 .o. A gradual shift in the peak coherence function from 

approximately 250 Hz to 125 Hz is seen to occur between x/D = 2.5 to 4.0 

(Figures 91 through 93). This phenomenon is in accordance with the 

halving in frequency noticed in the spectral measurements at downstream 

locations from x/D = 2.25 to 4.5 (Figures 32 and 33). The phase spectra 

in the region from x/D = 2.5 to 4.0 are presented in Figures 95 through 

97. A very low phase shift of the modes centered about 250 and 125 Hz 

is noticed at x/D = 2.5 (Figure 95), but the phase shift is seen to 

increase with downstream distance possibly due to the decay of the 250 

Hz mode and the formation of 125 Hz mode. By x/D = 5 the 125 Hz mode is 

seen to exhibit very low phase shift indicating its full development by 

that location. Figures 98 through 101 show the coherence of the modes 

centered near 20 Hz, 60 Hz, 125 Hz and 250 Hz with downstream 

distance. Note that a bandwidth of 10 Hz was used to select the 

coherence of the frequency modes under consideration. The coherence of 

these modes is seen to rapidly drop after x/D = 2.0, which is soon after 

the roll-up of the instability waves. These figures in comparison with 

the Figures 75 through 78 (measurements made with one probe fixed at the 

nozzle exit and the other probe moved downstream) show comparatively low 

coherence for downstream locations x/D > 2.0. Such low coherence 

between the two signals was thought to be associated with the randomness 

of the roll-up while the high coherence in Figures 98 through 101 
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strongly indicates the presence of a coupling between near exit and 

downstream locations as discussed earlier. Measurements made after 

x/D == 8 indicated low coherence between the signals and random phase 

shifts due to the chaotic nature of the flow. Hence, these measurements 

are not able to provide much insight as to the events occurring at 

locations after the end of the potential core. 

Thus it could be said that the above sets of coherence and phase 

measurements have provided additional evidence for ·the occurrence of 

each of the following events in the flow: The roll-up of the 

instability waves complete near x/D == 2, formation of first subharmonic 

complete near x/D == 4, formation of second subharmonic complete 

near x/D == 8 and formation of the mode near 15 Hz via a quartering of 

the dominant frequency by x/D == 16.0. Further evidence is seen from the 

variation of the shear layer momentum thickness presented in Figure 102 

which shows sharp increases at these approximate locations. These sharp 

increases are directly related to the occurrence of structural events 

which cause the shear layer to widen abruptly. Such sharp increases in 

the momentum thickness are not seen for x/D ;;;; 7 .o but instead a linear 

variation is noticed. This is due to the fact that the location of 

vortex pairing events becomes more random with .increasing downstream 

distance. 

variation. 

Hence, an average over time results in such a linear 

Of importance is the recognition that the coherence data 

indicates that each of the above events is coupled to the near exit flow 

which suggests the possibility of a resonant feedback effect. This will 

be examined further in Chapter V. 
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CHAPTER V 

EVIDENCE OF FEEDBACK 

5.1. Global Resonance Model 

Tne experimental results presented in the previous chapter document 

the occurrence of localized large-scale structure merging/interaction 

events in the developing two-dimensional turbulent jet. The experi-

mental measurements have also shown that all these events are strongly 

coupled with the nozzle exit shear layers. In this chapter an 

analytical model for global resonance in the two-dimensional jet is 

presented and is examined in light of the presented experimental 

measurements. The analytical model described is based on a feedback 

model proposed by Ho and Nossier (1981) for impinging jet flows and 

extended by Ho and Huang (1982) to mixing layers. Thomas and 

Goldschmidt (1985) initially proposed a similar mechanism for the planar 

turbulent jet. 

A requirement for resonance to occur between two streamwise 

locations in a flow separated by a distance ~x is given by 

"Time Taken for Convection of 

large-scale structures downstream" 
+ 

"Time for acoustic 

disturbance to propagate upstream" 

= "some integral multiple of the resonance period." ( 5-1 ) 

This relation assumes that the feedback loop consists of downstream 

propagating coherent vertical structures whose subsequent interactions 
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lead to upstream propagating acoustic waves. These are believed to 

excite the nascent jet shear layers to complete the feedback loop. 

Mathematically the above relation is then 

x +l!.x 
0 

f 
x 

0 

dx l!.x ---+-KU (x) a m 

N 
f res 

(5--2) 

where N = integer, K constant U (x)/U (x) = 0.6, Uc(x) = structural c m 

convective velocity, a = acoustic speed, x0 the streamwise near exit 

location for the feedback node and fres the resonant frequency 

associated with the structural interaction event near the end of the 

potential core and x + l!.x = downstream location associated with the 
0 

vortex pairing event. 

Since in our case x
0 

is approximately at the nozzle lip the 

equation (5--2) reduces to 

dx 
KU (x) 

m 

x. 
+ ..1:. 

a 
N (5-3) 

where x1 is the location of the ith downstream large--scale structural 

interaction event. For a low speed subsonic flow it follows that 

(5--4) 

hence, 

x. 
l d 

b KUm~x) = 

N ( 5--5) 
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or 

N (5-6) == 

If global resonance is to exist in the two-dimensional jet then the 

above relation must be satisfied throughout the flow field; in both the 

developing jet shear layers and in the interaction and early similarity 

regions beyond the jet potential core. 

The experimental measurements presented clearly indicated the 

development of symmetric arrays large-scale structures in the developing 

shear layers adjoining the potential core. Evidence for symmetry is 

seen from both the phase spectra and correlation coefficient functions 

presented. For example, the correlation coefficient function at x/D == 

2.5 (see Figure 56) shows a maximum value of +0.7 at zero time:-delay 

indicating the presence of symmetrically arranged structures. This is 

in contrast to results from similar measurements made in the similarity 

region of planar jet which suggest a se If-preserving anti-symmetric 

array (see Thomas and Brehob ( 1986) ) • The shear layer interaction 

initiated near the end of the potentia.l core thus defines a "symmetry 

breaking mechanism" which modifies the basic flow structure from a 

symmetric to an anti-symmetric large-scale structural array. It is thus 

apparent that the merging of the shear layers near the end of the 

potential core must result in a vortex pairing/destruction event as the 

corresponding shear layer structures are forced to interact. This is 

schematically illustrated in Figure 103. It is now necessary that the 

characteristic resonance frequency == fpc associated with this structural 

event should satisfy the requirement of global resonance. Thus it 
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follows that 

f "' pc 
N 

x pc dx 
6 KU (x) 
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(5-7) 

The experimental measurements illustrating the developing shear 

layer frequency spectra show significant frequency changes with 

downstream distance (see Figure 74). Such changes seem to result 

primarily from vortex pairing events as discussed earlier. Since a 

passage frequency halving occurs at pairing locations, it is possible to 

predict the occurrence of all vortex pairing events from the 

requirements of global resonance when one pairing event location along 

with the corresponding structural frequency is known. With this in mind 

it could be said that 

( 5-8) 

where i corresponds to the "i thn event prior to the end of potential 

core and fi is the structural frequency associated with the completion 

of the i th pairing event. In this manner negative i values denote 

events downstream of xpc· Substituting equation (5-8) in equation (5-7) 

we get an implicit relation for event locations: 

xi dx 
{J KU (x) 

m 

N 
(5-9) 

Figure 104 shows schematically another parameter of importance, namely 

the shear layer spreading rate do/dx which will be defined as the 

maximum slope shear layer thickness. The relationship among the 
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parameters is established from the geometry of Figure 104 where it is 

seen that 

Assuming small angles, 

-1 D 
Cl = tan _ (~) 

D 
Cl = 2x 

pc 

pc 

and from geometry it is seen that 

do D 
dx == x 

pc 

(5-10) 

( 5-11 ) 

(5-12) 

A curve fit to the data of Figure 20 indicates a nominal value 

of do/dx == 0.118 in the nonlinear region of the initial jet flow. 

Thus the expressions governing the proposed model are summarized as 

follows: 

The approximate location of the end of the potential core is 

related to slot width D and shear layer widening do/dx by 

x 
-2£ == 

D 

The characteristic frequency associated with the structural 

(5-13a) 

interaction near the end of the potential core is obtained from 

f == pc 
N 

x pc dx 
6 KU (x) 

m 

( 5-13b) 
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The passage frequency associated with the ith large-scale structural 

events are then obtained from 

f. 
l 

(i integer) 

The location of these events are implicitly given by 

N 

~i dx 
0 KU ( x) 

m 

(5-13c) 

(5-13d) 

The following section presents a comparison of the model with the 

experimental data presented in Chapter IV. 

5.2. Comparison of Global Resonance 

Model Predictions with Experiment 

Equation (5-13a), results in a predicted xpc/D = 8.5~ This is seen 

to be in good agreement with the value of xpc/D = 7 .0 - 8.0 inferred 

from the intensity and mean velocity profiles. The frequency associated 

with the end of the potential core is then calculated from equation 

(5-13b) fpc = 51 Hz. This too is in good agreement with the spectral 

and coherence measurements which have shown the presence of a mode near 

60 Hz at the above mentioned location. Now with both, the downstream 

location marking the end of potential core and the frequency associated 

with the structural pattern at that location known, equation (5-13d) 

could be employed to predict the merging locations before and after the 

end of the potential core. 

The location of the ith vortex interaction event prior to and after 

the end of the potential core is obtained by varying i = -1, O, 1, 2, 



148 

3 ••• in equation (5-13d). Note i = 0 corresponds to the end of the 

·potential core with positive "i" corresponding to upstream locations. 

The passage frequency corresponding to the ith vortex interaction event 

is calculated from equation (5;...13c) and for i = -1, O, 1, 2, 3 the 

predicted frequencies are 25.5 Hz, 51 Hz, 102 Hz, 204 Hz and 408 Hz. 

The downstream locations for the occurrence of vortex interaction events 

corresponding to the predicted frequencies from equation (5-13d) are as 

follows: 

(x/D)i=-1 = 16.2 

(x/D)i= 2 = 2.2, 

(x/D) i=O 

(x/D) i=1 

8.0, 

1.1. 

( x/D) i=1 4.4 

It was shown earlier that the linear amplification region extended from 

0 ~ x/D ~ 1.25 and its behavior was well predicted by Michalke's linear 

theory (see Figure 8). The low frequency modes likely related to global 

resonance merely acted as passive neutral modes in this region 

exhibiting negligible interaction with the higher frequency shear layer 

instabilities (which must be true from the definition of linear 

stability theory). Hence, any structural interaction event must take 

place beyond the end of the linear growth region, i.e., in the nonlinear 

transition region. With this in mind examination of the predicted 

occurrence of events mentioned above results in a limit of i = 2 to be 

imposed. Thus the analytical model predicts the occurrence of events at 

x/D = 2. 2 and x/D = 4. 4 prior to the end of the potential core and at 

x/D = 16.2 after the end of the potential core. Merging locations 

farther downstream were not inferred from the model since the 

experimental measurements were restricted for the location 

0 ;:;; x/D ;:;; 20. 0. 

Experimental measurements are in very good accordance with the 
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above findings. These measurements have predicted the occurrence of the 

following events during the flow development: the roll -up of 

instability waves at approximately 250 Hz by x/D = 2.0, vortex merging 

resulting in a structural pairing frequency at approximately near 125 Hz 

by x/D = 4.0, vortex interaction associated with the end of the 

potential core by x/D = 8.0 at a passage frequency at approximately near 

60 Hz and another vortex interaction by x/D = 16 resulting in a 

structural passage frequency at approximately near 20 Hz. Figure 105 

presents a comparison of the theoretically predicted frequei:icies and 

locations with experimentally measured coherence based values. A good 

agreement is seen between the theoretical and experimental values. 

A discrepancy noted earlier regarding the roll-up is well explained 

by the above model. As discussed in section 4.1 • the most ·amplified 

instability wave is = 750 Hz and it was expected based on similar 

results for mixing layers that this would correspond to the vortex roll-

up frequency. Instead, the jet exhibited roll-up at approximately 

250 Hz. The reason for this difference is that the global resonance 

phenomenon as discussed above requires an event to occur at x/D = 2 .2 

near a frequency of 208 Hz and not near 750 Hz in order to satisfy the 

resonance conditions near the end of the potential core imposed by the 

length scale, D. The spectral measurements presented in Figures 23, 25 

and 28 show how this transformation takes place. Figure 23 (x/D = 1 .25) 

shows the growth of the subharmonic (= 375 Hz) of the fundamental 

instability mode ( 750 Hz). With downstream distance the subharmonic 

( = 375) shows no growth but a sudden growth of the modes at 

approximately 300 and 422 Hz is noticed by x/D = 1. 75 (Figure 25). A 

possible explanation of the presence of these two modes is the formation 
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of upper and lower sidebands on the subharmonic ( == 375 ) by f pc 

( == 60 Hz) which acts as a modulating signal. The lower sideband near 

300 Hz decays as rapidly as it formed (see Figure 25 and 28). ·This 

decay is associated with the growth of the mode near 250 Hz (again 

approximately 60 Hz lower than the mode near 300 Hz) which then rolls up 

into vortices. Though the roll-up frequency is obviously related to the 

mode fpc the exact dynamic mechanism involved is not presently fully 

understood. 

The selection of 60 Hz as the modulating signal in preference to 

the other resonance modes seen at the nozzle exit shear layers is well 

predicted by the model. According to the proposed model the structural 

interaction taking place at the end of the potential core is the most 

important event in the flow. Hence, it is rather expected that this 

structural event should influence the initial flow development in order 

to match the condition at the end of the potential core. Such an 

influence is seen in the form of a modulating signal at 60 Hz as 

mentioned above. The resonance mode near 20 Hz indicated by the power 

spectral me.asurements at the nozzle exit (Figure 21) is seen to bring 

about a faster redistribution of energy for locations x/D > 5.0. 

In conclusion it could be said that the model presented is truly in 

agreement with the experimental measurements. Further the effect of the 

length scale (D) on what otherwise would have been a free shear layer 

has been clearly demonstrated. 

5.3. Conclusions 

The measurements presented in this work are in support of the 

existence of a global resonance mechanism operating in the planar 
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turbulent jet. Power spectra, space-time correlations and coherence 

measurements have been used to document the following events which are 

important in the flow development: 

into vortices near x/D == 2.0, 

The roll-up of the instability waves 

structural merging at x/D == 4.0, 

structural interaction between shear layers just .beyond the end of the 

potential core near x == 8.0 and a double merging/destruction event near 

x/D == 16. Each of these events are coupled to the nozzle exit flow by a 

feedback loop. In particular, the interaction between shear layers 

beyond the jet potential core is seen to be the most important event and 

largely determines the global flow dynamics. This aspect is well 

predicted by an analytical model presented in Chapter v. 'Ihe model is 

found capable of predicting the frequencies and streamwise locatins 

associated with each of the interaction events. Both model and 

experiments indicate that the structrual roll-up in the jet is 

significantly altered from the behavior seen in single mixing layers and 

that the shear layer interaction beyond the potential core is primarily 

responsible for the modification. The location of this shear layer 

interaction was seen to be dependent on the nozzle slot-width D and the 

importance of this imposed length scale on the overall flow development 

was well illustrated by the model. 

5.4. Recommendations 

Several extensions to the current work would enhance understanding 

of the reported phenomenon. These are listed below: 

1. Investigation regarding the occurrence of structural events 

could be further substantiated with the help of flow visualization 

arrangement. Some possible methods are dye injection in the flow, smoke 
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wire and hydrogen bubble techniques. 

2. An additional measurement, namely the bicoherence measurement, 

would provide more quantitative information regarding nonlinear 

interactions in the jet. In particular, these measurements provide 

information as to whether one spectral mode is a result of the nonlinear 

interaction between two other modes. 

3. A parametric study involving different nozzle slot widths (D) 

and different exit velocities with experiments similar to those reported 

can be performed to see how it affects the resonance phenome.non and in 

turn .the proposed model. 

4. Experimental measurements similar to those reported could be 

done but with nascent shear layers excited with low level acoustic 

excitation. Such excitation alters considerably the structural flow 

development and a study could be made to see how well the model is in 

agreement with the acoustically modified flow. Experimental 

measurements in an excited flow would provide better results for the 

following reason. The flow becomes well organized with a definite 

reference mode in it and it is easier to follow the occurrence of events 

with respect to the excited mode than with the flow excited by random 

back_ground excitation. 

5. In all further measurements it is very important to maintain the 

exit velocity to a very close tolerance as it directly affects the 

measured passage frequency of the structures. 
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APPENDIX A 

COMPUTER PROGRAM LISTINGS 
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SPECTRUM PROGRAM 

prograM spectruM(input,output ); 
{This prograM SaMples a tiMe varying voltage and COMputes the frequency} 
{spectrul'I by the Fast Fourier TransforM Method. The spectrul'I is 
written} 
{to disk as "SPECTOATA.TEXT". This progral'I assuMes that the O.C. 
coP1ponent} 
{of the signal has been reMoved prior to AID conversion. If this 
is not the} 
<case then prograM spectruM2 should be used.} 
il'lport iodeclarations; 
iMport general_2; 
iMport Measurel'lent_lib; 

canst 

type 

var 

naMe = ' ADC ' i 

Model Q '98640A'; 
select_code • lS; 

error "" 'NO ' ; 
unit5"" 'STANDARD'; 

Multiplier= 1.0; 
offset = 0.0; 
p_size = 1; 
g_size =1; 
c_size =1; 

nm512; nl=Sll; r=9; pi=3.14159265; 

r_array = ARRAY[l .• 15000] of real; 
r_ptr = ~r_array; 
i_array • ARRAYtl •• 7J of shortint; 
i_ptr • Ai_array; 
coMplex=record x,y: real end; 
datta = ARRAYt0 .• nlJ of coMplex; 
c_ptr = Adatta; 
a_array=ARRAYt0 .. nll of real; 

channel: i_ptr; 
gain: i_ptr; 
pace: r_ptr; 
data: r_ptr; 
d_size,rept,i,M,c,p,nn,gane:integer; 
fMax,tiMe,nsaMp,pase,sc,deltaf,gan:real; 
w,a:c_ptr; 
txt:text; 
aMp,freq=a_array; 

procedure reord(var a:c_ptr); 
var 

i,j,k,l:integer; · 



q:coMplex; 
begin 

for i==l to nl do begin 
l: =i; 
k:=0; 
for j==0 to <r-1> do begin 

k:=(Z*k)+l Mod 2; 
l:=l div 2 
end; 

if i<k then begin 
q: =a" E i J; 
a"Eil:=a"Ekl; 
a" E kl: =q 
end 

end 
end; {reord} 

procedure suM(z,w:coMplex; var s=coMplex); 
begin 
with s do begin 

x:=z.x+w.x; 
y:=z.y+w.y 
end 

end; 

procedure dif(z,w:coMplex; var s:coMplex); 
begin 
with s do begin 

x:=z.x-w.x; 
y:=z.y-w.y 
end 

end; 

procedure prod(z,w:coMplex; var s:coMplex); 
begin 
with s do begin 

x:=z.x*w.x-z.y*w.y; 
y:=z.x*w.y+z.y*w.x 
end 

end; 

procedure neg(u:coMplex; var w:coMplex); 
begin 

w.x:=-u.x; 
w.y:=-u.y 

end; 
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procedure trf(var x:c_ptrl; 

var 
lvl,tl,tll,expon,p,i,j,k: integer; 
s,z:co111plex; 

{tl = 2" lvD 
<tl1=2"( lvl-1 )} 
<p=2" ( r-lvl)} 
<expon""j*p} 

begin 
t l: =2 j t 11: = 1 j 
for lvl:=l to r do 

begin 
p:=n div tl; expon:=0; 
for j:=0 to tll-1 do 

begin 
i==j; s::::rw"(exponl; 
while i(n do 

begin 
k::ai+tll; 
if j=0 then z:=a"(kl 
else prod(a"Ckl,s,z); 
dif(a"Cil,z,a"(k] ); 
suPI (a" C 1 l , z, a" ( i l >; 
i: =i+tl 
end; 

expon:=-expon+p 
end; 

tl:=2*tl; tl1:=2*tll 
end 

end; <trf} 

function 111ag(z:co111plex):real; 
begin 
with z do 

111ag:=sqr(x)+sqr(y) 
end; 
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begin {MAIN PROGRAM} 
new(w); 
new( a); 
writelnC 'ENTER THE MAXIMUM FREQUENCY COMPONENT OF THE SIGNAL'); 
readnuMber<l,fMax); 
writeln; 
pase:=(l.0/C2.0*fMax)); 
if(pase < 0.000018) then 
begin 

writeln< 'THE PACE VALUE IS TOO SMALL FOR THE HP-98640A! ! '); 
writeln( '***********************************************' ); 
writeln< 'IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE 
VALUE 0.000018' ); 
pase: =0 .. 000018; 

end; 
if (pase>0.0393336) then 
begin 

writeln< 'THE PACE VALUE IS TOO LARGE FOR THE HP-98640A! ! '); 
writeln< '***********************************************' ); 
writeln< 'IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE VALUE 
0. 0393336 t ) j 

pase:=0.0393336; 
end; 

162 

writeln< 'THE PACE RATE ON THE HP-98640A WILL BE SET TO: ',pase:9:7); 
writeln; 
d_size:=-n; 
writeln<'THE NUMBER OF ELEMENTS STORED IS ',d_size:S); 
rept:=d_size; 
wri teln; · 
deltaf==<2•f~ax)/n; 

writeln< 'THE FREQUENCY RESOLUTION WILL BE ',deltaf:6:4,' HZ'); 
writeln; 
writeln< 'ENTER THE NUMBER OF SAMPLES TO FORM THE SMOOTHED SPECTRUM'); 
writeln; 
readnuMber<l,nsaMp); 

new( channel); 
channel"Cll:=l; 
new( pace); 
pace"[l]:=pase; 
new( gain); 
writeln< 'ENTER THE GAIN SETTING FOR THE HP-98640A AOC BOARD'); 
writeln< 'THE AVAILABLE CHOICES ARE 1, 8, 64, 512' ); 
writeln; 
readnuMber(l,gan); 
gane:=round(gan); 
gain"[ 1 J :=gane; 
l"leas_lib_ini t; 
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config_0<naMe,Model,select_code,1,0.02,error,units,Multiplier,offset ); 
ini t< naMe); 
sc:={8*arctan{l )/n); 
for i:=0 to nl do 

with wA(i] do begin 
x:=cos<sc*i ); 
y:•sin(sc*i) 
end; 

for i:=0 to nl do begin 
al"lp ( i J : =0. 0 
end; 
calibrate{naMe,3,0.0001,1000); 

new< data); 
for p:=l to round(nsaMp) do begin 
writeln<chr<12ll; 
writeln( 'DATA SAMPLING IN PROGRESS***SAMPLE ',p:3,' OF ',nsaMp:4:0); 
randol"l_scan<nal"le,c_size,channel,d_size,data 
,rept,p_size,pace,g_size,gain); 
<APPLY COSINE WINDOWING TO THE SAMPLED DATA} 

for i:=l to round <d_size/10) do begin 
datah(i]:adataA[i]*(l-cos<S*pi*(i-l)/d_size)); 
end; 

for i:=round(9*d_size/10) to d_size do begin 
datan(iJ:=datah[i]*(l+cos(S*pi*i/d_size)); 
end; 

<ASSIGN REAL DATA TO ONE COMPONENT OF COMPLEX NUMBER "a"} 
for i=•0 to nl do 
with aA[il do begin x:=datah[i+l]; y:=0.0 end; 
reord( a); 
trf(a); 
for i==0 to nl do begin 

al"lp[i]:=al"lp[i]+l"lag(an(iJ) 
end; 

end; 
re1.i.1rite(t:d, 'V18:SPECTDATA.TEXT' ); 
nn:=round(n/2); 
for i:=0 ta nl do begin 
aMp(iJ==aMp[il*<2*pase/nl*l.14286; 
aMp(iJ:=al"lp(il/nsaMpi 
al"lp(i]:=aMpCil*1.0E08; 
freq[i]:=i*deltaf; 
end; 
for i:=0 to nn do begin 
writeln<txt,freq[i]:8:4,' 
end; 
close< txt, 'SAVE'); 
end. 

1 
, aMp ( i] : 20: 17 ) i 
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CORRELATION PROGRAM 

program corr(input,output ); 
{Th1s program computes the space-time correlation function' between} 
{two sampled hot-wire aneMometer signals. The tiMe-delay is from } 
{minus "tau" to plus "tau" and is user selectable. } 
import iodeclarations; 
iMport general_2; 
import measureMent_lib; 

canst 
naMe = 'ADC' ; 

model = '98640A'; 
select_code 18; 

error = 'NO' ; 
units= 'STANDARD'; 

multiplier= 1.0; 
offset = 0.0; p_size = 2; g_size = l; 

type 

var 

r_array = ARRAYCl .• 150001 of real; 
r_ptr = Ar_array; 
i_array = ARRAYCl .. 71 of shortint; 
i_ptr = ~i_array; 
corr_array = ARRAYC0 .• 7500l of real; 
corr_ptr = Acorr_array; 

data: r_ptr; 
cor,corn: corr_ptr; 
channel: i_ptr; 
gain: i_ptr; 
pace: r_ptr; 
c_size,d_size,rept,n,ns,i,j,k,np,p,MsaMp:integer; 
fmax,m,time,size,tavg,totaltime,suMsqvl,suMsqvZ,sumvl 
'SUl"IV2 'tau' 
Meanv1,Meanv2,pasel,pase2,saMplelength,rMsl,rMs2,d,rns:real; 
x:text; 

begin {MAIN PROGRAM} 

pasel:=0.000025; 
writeln< 'ENTER THE MAXIMUM FREQUENCY COMPONENT OF THE SIGNAL'); 
readnuMber<l,fMax); 
writeln; 
writeln<'ENTER THE PARAMETER "m" WHICH IS A MULTIPLIER OF THE'); 
writeln< 'MINIMUM PACE RATE REQUIRED TO SATISFY THE NYQUIST 
CRITERION I ) ; 

writeln< 'NOTE: FOR GOOD DISCRETIZATION "m" SHOULD BE AT LEAST 5' ); 
readnuMber( 1, M); 

pase2==<1.0/(1.0*M))*(l.0/(2.0*fMax)); 
if(pase2 < 0.000018) then 
begin 

writeln< 'THE PACE VALUE IS TOO SMALL FOR THE HP-98640A! ! '); 
wri teln( '***********************************************'); 



writeln< 'IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE 
VALUE 0.000018' ); 
pase2==0.000018; 

end; 
if Cpase2 > 0.0393336> then 
begin 

writelnC 'THE PACE VAL~E IS TOO LARGE FOR THE HP-98640A! ! '); 
writeln< '***********************************************' ); 
writeln< 'IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE 
VALUE 0.0393336' ); 
pase2==0.0393336; 

end; 
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writelnC 'THE PACE RATE ON THE HP-98640A WILL BE SET TO:' ,pase2:9:7); 
writeln; 
writelnC 'ENTER THE MAXIMUM TIME-LAG <seconds>'); 
readnul"lber(l,til"le); 
size:::a(tiMe/(pase2+pasel>>+l.0; 
d_size:=2*round(size); 
if (d_size Mod 4 "" 0} then d_size:::ad_size+2;wr1teln; 
writeln<'d_size:::a ',d_size:4); 
writeln; 
if (d_size > 7500> then begin 

writeln( 'THE INCREMENTAL TIME IS TOO LARGE!!'); 
writeln( '***********************************' ); 
writeln< 'STOP PROGRAM EXECUTION AND RESTART WITH A SMALLER 
INCREMENTAL' >; 
write l n ( 'TI ME ••••••••••.• ' } ; write l n ; 
end; 

rept:::around(d_size/2.0); 
writeln('ENTER THE NUMBER OF ENSEMBLES FOR COMPUTING THE AVERAGE'}; 
writeln< 'SPACE-TIME CORRELATION FUNCTION'}; 
writeln; 
readnul"lber(l,rns); 
ns==round<rns}; 
writeln; 
c_size:=2; 
new( channel); 
for i==l to 2 do begin 
channel"[i]:=i 
end; 
new( pace); 
paceA(ll:=pase2; 
pace"C2l==pasel; 
new( gain); 
gain"[1]:=8; 
l"!eas_lib_init; 
c·anf ig_0( nal"'le, l"IOdel, select_code, 1, 0. 02, error, units, Mu! tip 1 ier, off set ) ; 
in it ( nal"'le ) ; 
calibrate(nal"'le,3,0.0001,1000); 



new( cor); 
new( corn); 
new( data); 
5UMvl:=(i),(i); 
5UPIV2:=(i),(i); 
5UMSqv1:=(i),(i); 
5UMSqv2:=-0.0; 
ror i:= 0 to (round(d_size/2)-1) do begin 

cor"'[i]:=0.00; 
corn"'[i]:=0.00 

end; 
writeln; 
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writeln( 'NOW CALCULATING THE MEAN VOLTAGE TO BE SUBTRACTED FROM ALL'); 
~riteln< 'TIME SERIES DATA ELEMENTS'); 
writeln; 
writeln< 'ENTER THE AVERAGING TIME FOR COMPUTING THE MEAN VOLTAGE'); 
writeln; 

readnuMber(l,tavg); 
M5aMp:=round(tavg/((pasel+pase2}*(d_size/2))); 
writeln(MsaMp:3}; 
for i:= 1 to MSaMp do begin 

writeln<chr<12)); 
writeln; 

writeln< 'MEAN VOLT CALCULATION IN PROGRESS ... REPETITION ',i:3, 
' OF ' , l'ISaMp: 3}; 
randoM_scan(naMe,c_size,channel,d_size,data,rept,p_size,pace 
,g_size,gain); 
for j:=l to <d_size) do begin 

suMvl:=suMvl+dataA[j]; 
suMv2==suMv2+dataA[j+1J; 
suMsqvl==suMsqvl+sqr(dataA[j] ); 
suMsqv2:=suMsqv2+sqr<data"'(j+l]); 
j:=j+l; 
end; 

end; 
Meanv1:=(2.0*SUMV1)/(d_size*MsaMp}; 
Meanv2:=(2.0*SUMv2}/(d_size*MsaMp); 
suMsqvl==<suMsqvl/(((d_size/2.0))*M5aMp))-(sqr(Meanvl)); 
suMsqv2:=(suMsqv2/(((d_size/2.0))*M5aMp))-(sqr(Meanv2)); 
rMsl:=sqrt(suMsqvl); 
rMs2==sqrt(suMsqv2); 



writeln< '*************BEGIN CORRELATION MEASUREMENT********' l; 
for i==l to ns do 
begin 
writeln<chr(12ll; 
writeln; 
writeln< 'CORRELATION SAMPLE NUMBER ',i:4,' OF ',ns:4); 

randoM_scan<naMe,c_size,channel,d_size,data,rept,p_size,pace 
,g_size,gain); 
for k:=l to <d_size-1) do begin 
dataft[kJ:=dataft[kl-Meanvl; 
dataft[k+1J:=dataft[k+ll-Meanv2; 
k:=k+l; 
end; 

fork:= 0 to (round(d_size/2)-1) do begin 
p:=l; 

for j:sl to Cround(d_size/2)-k) do begin 
corn[kJ:scorA[kl+dataft[pl*datan[p+(2*kl+ll; 
p:=p+2; 

end; 
end; 
for k:s0 to (round(d_size/2)-2) do begin 
p:=Z; 
for j:al to (round(d_size/2)-k-ll do begin 
cornft[kJ:=cornft[k]+(dataft[pl+dataft[p+(2*k)+lJ); 
p:=p+2; 
end; 

end; 
end; 

for k:a 0 to (round(d_size/2)-1) do begin 
corft[kJ:=corft[kJ/(ns*((d_size/2)-k))/(rMsl+rMs2); 
end; 
for k:=0 to (round(d_size/2)-2) do begin 
cornA[kJ:=cornft[kJ/(ns*((d_size/2)-1-k))/(rMsl*rMs2>; 
end; 
for k:=0 to(round(d_size/2)-1) do begin 
corA[k+round<d_size/2)J:=corft[kJ; 
end; 
<SHIFT DATA ONE ELEMENT TO THE LEFT} 
for k:=(round(d_size/2l-ll to <d_size-2> do begin 
corft[k]:=corft[k+ll 
end; 

for k:=0 to (round<d_size/2)-2) do begin 
corft[kJ~=cornft[round(d_size/2)-2-kJ; 
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end; 
rewriteCx,'V20:CORROATA.TEXT' l; 
tau==-((d_size/2)-l)*(pasel+pase2); 
np: =d_s ize-1; 
writeln<x,np); 
for k:=0 to d_size-2 do begin 
writeln<x,tau:9:6,' ',cor"Ckl:7:4); 
tau:•tau+(pase2+pasel); 
end; 
close(x, 'SAVE'); 
end. 
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COHERENCE PROGRAM 

prograM COHERENCE<input,output ); 
{This prograM uses the FFT Method to coMpute the coherence} 
{function between two saMpled aneMoMeter signals} 
iMport iodeclarations; 
i111port general_2; 
i111port Measure111ent_li~; 

con st 

type 

var 

na111e = 'ADC'; 
111odel = '98640A'; 

select_code 18; 
'NO'; 
' STANDARD ' ; 
1.0; 

error = 
units 

Multiplier 
offset = 0.0; 
p_size = 2; 
g_size =1; 
c size =2; 

n:::a256; 
n1=255; 

r=8; 
pi=3.14159265; 

r_array = ARRAY[! •. 2*nl of real; 
r_ptr = Ar_array; 
i_array :::a ARRAY[! .. 7] of shortint; 
i_ptr = Ai_array; 
co111plex=record x,y: real end; 
datta = ARRAYC0 .. <2*n)-l] of coMplex; 
c_ptr = Adatta; 
a_array•ARRAYC0 •• nll of real; 
l_array=ARRAYCl •. nl of real; 

channel: i_ptr; 
gain: i_ptr; 
pace: r _ptr; 
data: r _ptr; 
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d_size,rept,i,j,M,c,p,MsaMp,k:integer; 
f111ax,tiMe,nsa111p,pasel,pase2,se,su111vl,su111v2,Meanvl,Meanv2 
, te111p, tau, 
f:real; 
w,a,b,g=c_ptr; 
txt:text; 
theta,su111x,su111y,gxy,gx,gy,gaMMa=a_array; 
q,qq:co111plex; 
v: !_array; 

procedure reordl(var a:c_ptr); 

va.r 



i, j , k, 1: integer; 
q:co111plex; 

begin 
for i:=l to nl do begin 

1: =i; 
k:=0; 
for j==0 to (r-1) do begin 

k:=(2•k)+l MOd 2; 
l:=l div 2 
end; 

if i<k then begin 
q: =a" ( i J; 
·a" ( i J : =a" [kl ; 
a" (kl: =q 
end 

end 
end; {reordl} 

procedure reord2<var b:c_ptr); 
var 

i,j,k,l=integer; 
q:col'lplex; 

begin 
for i==l to nl do begin 

1: =ii 
k: .. 0; 
for j:=0 to (r-1) do begin 

k:=(2•k>+l ~od 2; 
l:=l div 2 
end; 

if i(k then begin 
q: =b" [ i]; 

b" [ i ] : =b" ( k ] ; 
b" ( k]: =q 
end 

end 
end; {reord2} 

procedure 5Ul'l(z,w:co~plex; var s:col'lplex); 
begin 
with s do begin 

x:=z.x+w.x; 
y:=z.y+w.y 
end 

end; 
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procedure dif(z,w:coMplex; var s=coMplex); 
begin 
with s do begin 

x:=z.x-w.x; 
y:=z.y-w.y 
end 

end; 

procedure prod(z,w:coMplex; var s:coMplex); 
begin 
1.11ith s do begin 

x:=z.x*w.x-z.y*1.11.y; 
y:=z.x*1.11.y+z.y*w.x 
end 

end; 

procedure neg(u:coMplex; var w=coMplex); 
begin 

1.11.x: =-u. x; 
w. Y: =-u. Y 

end; 

procedure trfl(var x:c_ptr); 

var 
lvl,tl,tll,expon,p,i,j,k:integer; 
s,z:coMplex; 

{tl =- 2"lvl} 
{ tl 1 =2 ... ( l v 1-1 ) } 
{p=2"<r-lvl )} 
{expon=j*p} 

begin 
tl:=2; tll:=l; 
for lvl:=l to r do 

begin 
p:=n div tl; expon:=0; 
for j:=0 to tll-1 do 

begin 
i:=j; 5:=wn[expon]; 
while i<n do 

begin 
k:=i+tll; 
if j=0 then z:=an[k] 
else prod(an[kJ,s,z); 
dif( an[ i] ,z,a"[k.l ); 
s UM ( a" [ i J , z , a,, [ i J ) ; 
i:=i+tl 
end; 

expon:=expon+p 
end; 

tl:=2*tl; tl1==2*tl1 
end 
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end; {trfl} 

procedure trf2<var x•c_ptr); 

var 
lvl,tl,tll,expon,p,i,j,k:integer; 
s,z•coMplex; 

<tl = 2"lvl} 
{tl1=2"C lvl-1 )} 
{p=2"Cr-lvll} 
{expon,.j*p} 

begin 
t 1: =2 i t 11: = 1 i 
for lvl•=l to r do 

begin 
p:.an div tl; expon•=0; 
for j:,.0 to tll-1 do 

begin 
i•=j; s:=w"[exponl; 
while i<n do 

begin 
k:,.i+tll; 
if j=0 then z:=b"[kl 
else prod(b"[kJ,s,z); 
dif ( b" [ i] 'z 'b" [ k] ) ; 
SUPI( b" [ i] 1 Z 1 b" [ i] ) i 

i=,.i+tl 
end; 

expon:•expon+p 
end; 

tl:=2*tl; tll:.a2•tll 
end 

end; <trf2} 

procedure conj(u:coMplex; var w:coP1plex); 
begin 

w.x:=u.x; 
w.y:=-u.y 

end; 

function Mag(z:coMplex):real; 
begin 

with z do 
Mag:=sqr(x)+sqr(y) 

end; 
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begin {MAIN PROGRAM} 
new( LrJ); 

new( a); 
new< data); 
new( b); 
new( g); 
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writeln< 'ENTER THE MAX!MUM FREQUENCY COMPONENT OF THE DATA CHZ>' ); 
wri teln; 
readnuMber<l,f~ax); 

writeln; 
pase1:=0.000025; 
pase2:=1.0/(2.0*f~ax); 

d_size:=Z*n; 
writeln( 'THE TOTAL NUMBER OF ELEMENTS STORED IS ',d_size:S); 
111riteln; 

. rept: ::an; 
writeln< 'ENTER THE NUMBER OF SAMPLES TO FORM THE AVERAGE 
COHERENCE I ) ; 

writeln; 
readnu~ber(l,nsa~p); 

new< channel); 
for i== 1 to 2 do 
begin 

channel"[il==i 
end; 
new< pace); 
pace"[ll==-pase2; 
pace" [ 2 l: ::opa~el; 
new< gain); 
gain"[1]:=8; 
~eas_l ib_ini t; 
config_0(na~e,Model,select_code,1,0.02,error,units,~ultiplier,offset); 

in it ( na~e ) ; 
calibrate<naMe,3,0.0001,1000); 
sc:=(8*arctan(l)/n); 
for i:=0 to nl do 

with w"[i] do begin 
x:=cos<sc*i); 
y:=-sin(sc*i) 
end; 

wri teln( '* * * • * * • * • • * * • • • • * * • • • • * * * * * * * ' ) ; 
writeln( 'NOW CALCULATING THE MEAN VOLTAGE TO BE SUBTRACTED FROM ALL'); 
111riteln< 'TIME SERIES DATA ELEMENTS'); 
writ el n ( ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • ) ; 
writeln; 
writeln< 'ENTER THE AVERAGING TIME FOR COMPUTING THE MEAN VOLTAGE'); 
writeln; 
readnuMber<l,ti~e); 



MSaMp==round<<2*tiMe)/((pasel+pa~e2l*d_size)); 
5UMv1:=0.~; 

SUMv2:=0.0; 
for i:= 1 to MsaMp do begin 

writeln(chr(12)); 
writeln; 

writeln( 'MEAN VOLT CALCULATION IN PROGRESS ... REPETITION ',i:3 
, ' OF', MSaMp: 3); 
randoM_5can(naMe,c_size,channel,d_size,data,rept,p_size,pace 
,g_5ize,gain); 
for j:al to Cd_size-1) do begin 

suMvl:=suMvl+data"'[j]; 
suMv2:=suMv2+data"'[j+l]; 
j:=j+l; 
end; 

end; 
Meanv1==<2.0*suMvl}/(d_size*MsaMp); 
Meanv2:=(2.0*SUMv2}/(d_size*MSaMp); 
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{* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • *} 
for k:=0 to nl do begin 
gxy(k]:=0.0; 
gx C k l : :s0 • 0; 
gy(k]:=0.0; 
theta [kl : =0. 0; 
gaMMa( k]: =0. 0; 
end; 

for p:=l to roundCnsaMp} do begin 
writeln(chr<12)); 
writelnC '****************~~*********~*******************' ); 
writeln< 'COHERENCE MEASUREMENT IN PROGRESS ......•....... '); 
writeln<'SAMPLE ',p:3,' OF ',nsaMp:4:0)~ 

writeln( '***************************•*******************' ); 
writeln; 
randol'l_scanCnaMe,c_size,channel,d_size,data,rept,p_size,pace 
, g_s i ze, gain); 

for i=""l to <d_size-1> do begin 
data"'Ci]:=data"'[i]-Meanvl; 
data"'[i+l]:=data"'[i+l]-Meanv2; 
i==i+l; 
end; 

i: =l; 
for j:=l to roundCd_size/2) do begin 
v[ j l: =data"' [ i]; 
i:=i+2; 
end; 
for i:=l to round(d_size/20) do begin 
v[ i J: =v[ i ]*( 1-cos( 10*pi*( i-1 )/d_size)); 
end; 
for i==round(9+d_size/20) to roundCd_size/2) do begin 
v[ i J: =v[ i ]+( l+cos( l0*pi+i/d_size)); 
end; 
i: =1; 

for j:=l to round(d_size/2) do begin 
data"' [ i J : =v [ j ] ; 



i: "'.i+2. end; 
i:=l; 
for j==l to round(d_size/2l do begin 
v[jJ:=data"[i+lJ; 
i==i+2 
end; 
for i:=l to roundCd_size/20) do begin 
v[ i]: =v[ i ]*( 1-cos( 10*Pi*( i-1 l/d_size)); 
end; 
for i==roundCS*d_size/20> to round(d_size/2) do begin 
v[il==v[il*Cl+cosC10*pi*i/d_size)); 
end; 
i: :::s!; 
for j:=l to round(d_size/2) do begin 
data'' [ i + 1 ] : =v [ i ] ; 
i:=i+2 
end; 

j:=l; 
for i==0 to nl do begin 
with a•[i] do begin x:=data•[j]; y:=0.0; j.==j+2 end; 
end; 

j: =1 i 

for i::::s0 to nl do begin 
with b•[i] do begin x:=data"Cj+ll; y:=0.0; j:=j+2 end; 
end; 

reordl(a); 
trfl<a); 

··reord2 Cb ) ; 
trf2(b); 
for k:=0 to nl do begin 

gxEkl:=gxCkl+Mag<a•[k]); 
gy(k]:=gy(kl+Mag(b•[k]); 
end; 
for i==0 to nl do begin 
conj (a" ( i J, q ) ; 
prod(q,b"(i] ,g•[i] ); 
with g"[i] do begin suMx[iJ:=suMx[i]+x; 
suMy[iJ:=suMy[iJ+y end; 
end; 
end; 
for i==0 to nl do begin 
gxy[ i l: =sqrt ( sqr( suMx [ i] >+sqr( suMy[ i]) ) ; 
theta[iJ:=arctanCsuMy[iJ/suMx[iJ); 
end; 

wr i-teln; 
for k:=0 to nl do begin 
gx[k]:=gx[k]*(2*pase2/nl*l.14286*1/nsaMp; 
gy[k]:=gy[k]*(2*pase2/n)*l.14286*1/nsaMpi 
gxy[k]:=gxy[k]*(2•pase2/n)*l.14286•1/nsaMpi 
gaMMa[k]:=sqr(gxy[k]l/Cgx[k]•gy[kJ); 

end; 
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rewrite<txt, 'V20=COHERENCE.TEXT' ); 
for j:=0 to round(n/2) do begin 
f:=j/(n*pase2); 
writeln(txt,f=9=6,' ',gaMMa[jJ:9:6); 
end; 
close(txt, 'SAVE'); 
rewrite<txt, 'V20:FAZE.TEXT' ); 
for j:a0 to round(n/2) do. begin 
f: = j I ( n•pase2 ) ; 
writelnCtxt,f:9:6,' ',theta[jJ:9:6); 
end; 
close<txt,'SAVE' ); 
end. 
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APPENDIX 8 

UNCERTAINTY ANALYSIS 
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In order to determine the experimental uncertainties associated 

with measurements performed in this investigation, an analysis based on 

the method of Kline and McClintock ( 1953) was used. 

results were obtained: 

1 • Uncertainty in setting the Reynolds Number 

Re0 = ±3.6% 

2. Uncertainty in Mean Velocity Measurements 

u = u ±2.5% 

3. Uncertainty in RMS Velocity Measurements 

I u2 ±5% 

4. Uncertainty in Correlation Coefficients 

p = ±8% 

The following 
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