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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 1layers 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.

Traditionally 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 (i977) 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



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 c¢oherent 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.

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 1ongitu&inal 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 vortical structures whicn 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 1leads 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 1layer 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.



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
pulsation. 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 em 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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A1l 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 55D25 anti-alias filters and then digitized with an HP=98640A
analog/digital conversion board. Thé 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
0.6 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

F2 = A + BUO'MS (2-1)
where E is the anemometer D.C. bridge voltage, U is the mean velocity

and A, B are calibration constants.



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 £o 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". 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.



CHAPTER III
BASIC FLOW DEVELOPMENT

This chapter presents the experimental results which document the
general development of the Jjet 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 3-7T.
The initial mean velocity 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. 1In
this figure the abscissa is n = y/8 where y is the lateral spatial co-~
ordinate and &6 is the maximum slope shear layer thickness (8§ = 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

o/D = k,(x/D = C,) (3-1)
where ki = d(b/D)/d(x/D) = 0.104, C; = virtual origin based upon jet
widening = -1.8. The widening rate near the jet exit is due pﬁimarily
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 1linear decay rate

characteristic of the similarity region is obtained and is given by

[em}

=2
m . -
(E;) = K,(x/D = C,) (3-2)

where K, = d((Um/UO)*Z)/d(x/D) = 0.18, C, = virtual origin based upon
velocity decay = 0.354, Near the jet exit the centeriine velocity
remains essentially constant until the developing shear layer engulfs
the potential core, after which a gradual approach to the self-similar
form is noted.

Table I. lists the Jjet 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
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 ReD K1 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) 1.33 x 10" 0.100 0.205 0.000 ~1.700
Foss (1965) 5.50 x 10" 0.085 0.257 ~2.000 6.500
Kaiser (1971) 6.00 x 103 0.101 0.208 ~2.600 0.000
ott (1972) 1.00 x 10" 0.097 0.228 ~3.000 7.000
Jenkins (1974) 1.45 x 10" 0.085 0.160 -6.100 4.000
Mulej (1975) 1.60 x 10" 0.095 0.185 -0.789 13.200
Gutmark and Wygnanski (1976) 3.00 x 104 0.100 0.170 ~2.000 4,700
Cervantes (1978) 1.00 x 10" 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 10" 0.086 0.253 ~4, 711 10.371
Current 7.00 x 103 0.104 0.180 -1.800 ~0.354

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 percgnt 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 Wygnangki
(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
Jjet. 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 distribﬁtion 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 55D25 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
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sampling rate was selected to be sufficiently rapid so as to satisfy the
Nyquist c¢riterion which requires a sampling rate At = 1/2fmax, where
fmax is the highest frequency expected in the data and At 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 1layer in order to obtain satisfactory spatial
resolution (the hot-wire sensor diameter is 5um). 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 woﬁld 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

presénted in Appendix A.

4,1.1., Linear Region

The linear instability region specifies the near exit, nascent jet
shear layers in whiech 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 1linear 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 B = dimensionless frequency = 21rf‘6/Uo and —a, = spatial ampli-
fication rate of the disturbance. Note that § 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 differeﬁt free shear layers is compared in terms of a
Strouhal Number and amplification rate. The Strouhal Number is a
dimensionless frequency given by fe/Uc whére f = disturbance fundamental
frequency, 6 = momentum thickness of the free shear 1layer and UC =
average mean velocity across the shear layer. The current ?alues are
seen to be in general agreement with the other tabulated values. Figufe
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.
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TABLE II.

MEASUREMENTS OF LINEAR AMPLIFICATION IN FREE SHEAR FLOWS

Strouhal Number Amplification
Rate (=aB)
Reference Theory Expt. Theory Expt.
Freymuth (1966), Round jet 0,033 0.034 0.114 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 0.03% - =

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 1level 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

3 which from Figure 18 is shown to be a neutral mode

be B = 5.95 x 10
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 1likely 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
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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 Res* = 139. The instability characteristics
of the Blasius-flét 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 Res* = 520, Thus, the possibility that the nozzle boundary
layers are the source for the low frequency wave may be ruled out since
the measured Res* is far below Res*critf

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 Ay/8 and Ay/6 were calculated,

where Ay = lateral flapping amplitude = v/ uZ / (aU/By)max, § = maximum
slope free shear 1layer thickness = 0.017 inch and 6 = momentum thickness
of the free shear layer = 0.0069 inch. The computed values of Ay/§ at
x/D = 0.25, 0.5 and 1.0 .were 0.033, 0.029 and 0.05 respectively
and Ay/e6 at x/D = 0.25, 0.5 and 1.0 were 0.081, 0.071 and 0.12
respectively. Since these values of Ay/§ and Ay/6 are so small we may
safely concluae 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 Ilow
~ frequency wave 1s 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 1layer



instabilities in the 1linear 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 (?960) is met since v u? /Um > 4% shortly
beyond x/D = 1.,25.

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 Jjet basically consists of two
free shear layers it seems natural to expect similar behavior. Indeed,
in the 1linear 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 repbrted in
the 1literature for free shear 1layers have not shown similar low
frequency modulation effects. However, work by Laufer and Monkewitz
(1980) has demonstrated a similar modulation effeet in the initial
region of a round jet while Miksad et al (1982) considered the effects
of modulation on two-dimensional wake transition. |

Figures 26 and 27 present results of shear 1layer 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

earlier x/D station compared with those in Figures 24 and 25. The
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presence of stronger s_idebands is due to the fact that the modulating
mode was somewhat higher in amplitude in this set of measurements as
compared 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 1is 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 (1982), Ho and ﬁuerre (1984)).
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 growfh 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 1location 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
Adecay 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 1locations 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 harmonies 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 veloeity fluctuations obtained on the jet
centerline are sequentially présented 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 distinet peaks as
compared to those of shear layer spectfa which are obscured by high
levels of fine grain bturbulence. 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
prefile 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 strong 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 1is 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 1level 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 in the Jjet shear 1layers obtained for selected
streamwise locations within the region 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 = #1.0 as
shown schematically in Figure 49 ét 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 u, and u, is defined in Equation -1,

T
R, (8y,7) = Lim g [ u(y=b,t) u(y=-b, t+r)dt (4-1)
u Tow
0
where Ay is the lateral probe separation, 1 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

R..(rAt) = 1/N=r T (e,) (
12 R
: n=1

) (4-2)

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

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

1
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.

R12 (rAt)
912(PAt) = (4-3)
v &2 v §&Z

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 anélyze 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 defininé 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 1is 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 1likely 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 1in Figure 54 1is 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 £ 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 léw 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 1locations 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 1is 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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maintained. This halving in frequency corresponds well to a similar
halving noticed in the shear 1layer 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 étructural
array appears complétely lost as the correlation 1is 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 aé
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 bﬁt 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 = 16.0.

4.3 Spectral Coherence and Phase Angle

Measurements

The cross-spectrum 1is a Jjoint 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
Gy (£) = C  (£) = 1 Q () 4-3.1

where ny(f) is the coincident spectral density function and Qxy(f) is
the quadrature spectral density function. The spectral coherence
between the two signals is a real valued quantity given by
| ny(f) |

Y (f) = 1
Xy A
[G, () G (£)]*

4-3,2

where |ny(f)| is the magnitude of the cross-spectral density function,
Gx and Gy are the power spectral density functions of each of the two
signalst When ny(f) = 0 at a particular frequency the two signals x(t)
and y(t) are said to be incoherent at that frequency and if ny(f) = 1

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

o (£)

- -1 Xy

by () = tan | (=g 4
Xy

Xy 3.3

In order to obtain further information regarding the nonlinear
‘transition of the jet, spectral coherence and phase angle measurements
were performed., 1In thé 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.ly/b = 1,0) over streamwise
locations 0.25 £ x/D § 20.0. This probe positioning 1is 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 1investigated, 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 TU4 pfesents the measured frequencies corresponding to the
maximum spectral coherence for various downstream locations of the
movable probe. A discontinuous distribution involving four nearily
constant frequency regimes 1is 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 variatign 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 = 2,0 as expected. A second peak
near x/D = 4 is likely associated with a vortex pairing event previously
noted from spectral measurements. The 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 1s noted to occur soon after roll-up (x/D = 2.0) from
Figure T4, 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 = 4,0
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 £ 8.0, 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
suggésts 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 mérge and
represents the beginning of the "interaction region" of the jet. From
previously presented spectral measurements x/D = 7.0 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
8.0 £ x/D £ 16,0, and is Dbelieved related to the shear layer
interactions taking place. Such a double halving is noted in Figure T4
which 1leads 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)
with 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

A
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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 £ x/D £ 15)
and, in particular, the event associated with multiple halving which
seems completed by x/D = 16,0.

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 douSled 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. The coherence measurements for the probes
positioned side by side at Ay = 2b show very low levels which is due to
the high 1level of randomness that characterize the shear 1layer
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 étrongly 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 = +1.0
(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 correlaﬁion
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 mbdes
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 8i4
corresponding to x/D = 1.0 and 1.5, respectively, show strong coherence
between 40 Hz and 80 Hz and above 250 Hz. The increase in coherence of
méde above 250 Hz 1is rather expected as according to Figure 8, these
correspond to the inétability wavés 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 signal 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. The signals were modeled as an interaction

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

sin(mzt) 4-3.4

1

3 i *
A1(t) a s1n(m1t) a,
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A2(t) = a sin(mTt + 1) * g sin(wzt) 4-3,5

1 2

= 60 Hz, a, = 18, a, = 3.4,

where w1/2w = 20 Hz, m2/2w = 3w 5

1 1

Note the m phase shift on the w, mode introduced to account for the

1
assumed antisymmetric pattern of this component, while a zero phase
shift was assumed on the uw, mode as it was assumed to be symmetrict
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 siﬁilar 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 5,0, 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
inecrease 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



COHERENCE

1.00

.68 [~

8.40 I~

.20

1 | | 1
0.pa 208.08 400,080 £08.020 809.28 1P03.09

FREQUENCY (Hz)

Figure 91. Coherence Spectrum at x/D = 2.5

LT1



COHERENCE

1.00

b.5p

8.40

D.28

| 1 |

0.080 200.020 400.00 602.08 8PR.B0 1000.80

Figure 92.

FREQUENCY (Hz)

Coherence Spectrum at x/D = 3

8C1



COHERENCE

1.00

8.60

B.48

8.28

0.02

| | ]

8.00 208.0a 480.20 £08.80 680.28 1@w8.020

Figure 93.

FREQUENCY (Hz)

Coherence Spectrum at x/D = 4

6C1



COHERENCE

1.2a

.68 |~

8.48 [

B.20

1 | ! ! |
B.ho 200.08 408.082 600.20 b08.80 140d.00

FREQUENCY (Hz)

Figure 94. Coherence Spectrum at x/D = 5

0€1



PHASE ANGLE (Radians)

1.57

0.94

B.31

—-0.31

~-8.94

—1.57

| | 1 1

0.80 200.88  400.20 600.20  BOA.20
FREQUENCY (Hz)

Figure 95. Phase Spectrum at x/D = 2.5

1008.00

T€T



PHASE ANGLE (Radians)

1.52

8.94

8.31

—0.31

—8.94

= 1.57

L. | il 1
0.0a 200.90 408.00 600.08 060.00 1b00.20

FREQUENCY (Hz)

Figure 96. Phase Spectrum at x/D = 3

4%}



133

0a-geat

. ¥ = @/X 3® wnijoodg eseyqg

16 9814

(ZH) AIN3INDIN4

08" vee @8°8a9 08" aar

gg'ene vo'@

] ] I

(40 S

v6'8—

1E°@ —

1]

b6'@

5871

(sueipRy) F7ONH 3SBHd



COHERENCE

1.00

LEGEND

0 20 H=z

A ' L A

0.00 2. 00 4.00 6. 00 8. 00 10. 00

x/D

Figure 98. Variation of Coherence of the Mode Near 20 Hz
(Bandwidth 5 Hz) with Downstream Distance
(Both Probes set Side by Side)

%El



COHERENCE

1.00

0. 20

0. 00

0

0. 00 2.00 4. 00 6. 00 8. 0C 10. 00
x/D
Figure 99. Variation of Coherence of the Mode Near 60 Hz-

(Bandwidth 10 Hz) with Downstream Distance
(Both Probes set Side by Side)

LEGEND

60 Hz

GElT



COHERENCE

1. 00

0. 60

0. 40

0. 00

LEGEND

0 125 H=z

x/D

Figure 100. Variation of Coherence of the Mode Near 125 Hz
(Bandwidth 10 Hz) with Downstream Distance
(Both Probes set Side by Side)

9¢1



COHERENCE

LEGEND

0 250 Hz

0. 00 ) ) o : 4
0. 00 2. 00 4. 00 6. 00 8. 00 10. 00

x/D

Figure 101. Variation of Coherence of the Mode Near 250 Hz
(Bandwidth 10 Hz) with Downstream Distance
(Both Probes set Side by Side) '

LET



138

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 = U4, 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 2 7.0 but instead a linear
variation is noticed. This 1s due to the fact that the location of
vortex pairing events becomes more random with .increasing downstream
distance. Hence, an average over time results in such a 1linear
" variation. Of importance 1is 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

The 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 1light of the presented experimental
measurements. The analytiéal model described is based on a feedback
model proposed by Ho and Nossier (1981) fo; 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 Ax is given by

"Time Taken for Convection of "Time for acoustic
+
large-scale structures downstream" 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 vortical structures whose subsequent interactions

140
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lead to upstream propagating acoustic waves, These are believed to
excite the nascent jet shear 1layers to complete the feedback loop.

Mathematically the above relation is then

X +Ax

dx Ax N )
J KU_(%) YA F (5-2)

X res
o}

where N = integer, K = constant = Uc(x)/Um(x) = 0.6, Uc(x) = structural

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

[}

0

location for the feedback node and fres the resconant frequency
associated with the structural interaction event near the end of the
potential core and xo + Ax = downstream 1location associated with the
vortex pairing event.

~Since in our case Xg is approximately at the nozzle 1lip the

equation (5<2) reduces to

xi X

dx i N
f o .t __N_ (5-3)
0 KUm(x) a fresi

where Xy is the location of the ith downstream large=~scale structural

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

xi dx Xi
—_—— D> — (5=4)
0 KUm(x) a
hence,
X3
[ _a&x ___ N (5-5)
0 KUm(x) f

res,
1
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or
N
res, <X, (5-6)
i fl dx
0 KUm(x)

If global resonance ié 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 léyers adjoining the potential core. Evidence for symmetry is
seen from both the phase spectra and correl;tion 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 self-preserving anti-symmetric
array (see Thomas and Brehob (1986)). The shear layer interaction
initiated near the end of the potential 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 = f o associated with this structural

p

event should satisfy the requirement of global resonance. Thus it

1
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follows that

poa N (5-7)

T P
0 X
m
The experimental measurements illustrating the developing shear
layer frequency spectra show significant frequency changes with
downstream distance (see Figure 7U4). 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 globallresonance when one pairing event location along

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

it could be said that

f.=2"f (5-8)

where i corresponds to the "ith"

event prior to the end of potential
core and fi is the structural frequency associated with the completion
of the ith pairing event. In this manner negative 1 values denote
events downstream of Xpa Substituting equation (5-8) in equation (5-7)

we get an implicit relation for event locations:

21 £ - XL- (5-9)
6 i dx
KUm(x)
Figure 104 shows schematically another parameter of importance, namely

the shear layer spreading rate dé/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 ié

seen that

(5-11)

-1 D )
@ = tan . (2x ) (5-10)
pec
Assuming small angles,
D
@ 2%
pe
and from geomefry it is seen that
dé D
=5 (5-12)
pc

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

of dé/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 dé/dx by

e, ds,-1
D

= () (5-13a)

The characteristic frequency associated with the structural

interaction near the end of the potential core is obtained from

£ c X >
P 6pc dx
KUm(x)

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

events are then obtained from
£, = 2'f (i = integer) (5~13¢)

The location of these events are implicitly given by

olr o = x——l—— (5-13d)
- 3 '
KUm(x) |
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 x o/D = 8.5. This is seen

p
to be in good agreement with the value of xpc/D = T.0 - 8f0 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 Hzf 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, 0, 1, 2,
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3... in equation (5-13d). Note i = 0 corresponds to the end of the
‘potential core with positive "i" corresponding to upstream locations.

th vortex interaction event

The passage frequency corresponding to the i
is calculated from equation (5-13¢) and for i = -1, 0, 1, 2, 3 the
predicted frequencies are 25.5 Hz, 51 Hz, 102 Hz, 204 Hz and 408 Haz.
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=o 8.0, (X/D)i=1 = LI.J-I

1.1,

It was shown earlier that the lineér 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 1linear
stability theory). Hence, any strqctural 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 frequencies 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 fhe 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 fpc
{ = 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 1is 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 measurements at the nozzle exit (Figure 21) is seen to bring
about a faster redistrivbution 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
impartant in the flow development: The roll-up of the instability waves
into vortices near x/D = 2.0, 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 1loop. 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. The model is
found capable of predicting the frequencies and streamwise 1locatins
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 visuaiization

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 Jjet. 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 phenomenon and in
turn the proposed model.

4, Experimental measurements similar to those reported could be
done but with nascent shear 1layers 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
background 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}

{spectrum by the Fast Fourier Transform method.
written?}
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The spectrum is

{to disk as "SPECTDATA.TEXT"'. This program assumes that the 0.C.
component}

{of the signal has been removed prior to A/D conversion.

is not the}

{case then program spectrum2 should be used.}
import iodeclarations:

import general_2;

import measurement_lib;

const
name = 'ADC’:
model = '98B40A°;
select_code = 18;
errar = 'NO’;
units = 'STANDARD’:
multiplier = 1.8;
offset = 0.0:;
p_size = [L;
g_size =1;
c_size =1;

type

var

n=512; nl=5811; r=9: pi=3.14159265;

r_array = ARRAY[1..1500@1 of real;
r_ptr = “r_array;

i_array = ARRAY[1..7] of shortint;
i_ptr = "i_array;

complex=record x,y: real end;
datta = ARRAY[Q..nll of complex:;
c_ptr = “datta:
a_array=ARRAY[B..nl] of real;

channel: i_ptri

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,azc_ptr;

txt:text;

amp, freq:a_array;

procedure reord(var a:c_ptr);

var

i,j,k,l:integer;:-

If this
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g:complex;
begin
for i:=1 to nl do begin
=1
k:=Q; )
for j:=@ to (r-1) do begin
k:=(2#k )+l mod 2;
1:=1 div 2
end;
if i<k then begin
:=a*lili
a*lil:=a"lkl;
a“lkl:=q
end
end
end; {reaord}

procedure sum(z,w:complex; var s:complex);
begin
with s do begin
X:=2.Xxtw.x
yi=z.ytu.y
end
end;

procedure dif(z,w:complex; var s:complex);
begin
with s do begin
XI=Z X=W. X
Yi=zZ.y-w.y
end
end;

procedure prod(z,w:complex;: var s:complex)i
begin
with s do begin
XITZ KW K2 Y RUL Y
yi3z . X*uW.ytz.y*w.x
end
end;

pracedure negl{u:complex; var w:complex);

begin
WeKk:=~U.K;
W.y:=~u.y

end;
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procedure trf{var x:c_ptrl;

var
lvl,tl,tli,expon,p,i,j,k:integer;
s,z:complex;

{tl = 2"1vi}
{t11=2"(lvi-1)}
{p=2"(r-1vl}?}
{expon=j*p}

begin
tl:=2; tll:=1;
for lvl:=1 to r do
begin
p:=n div tl: expon:=0;
for j:=0 to tll-1 do
begin
i:=ji; s:=w"lexponl;
while i<n do
hegin
k:=i+tll:
if j=0 then z:=a"“[kl
else prodta“lkl,s,z);
dif(a*l[il,z,a"(k1);
sum(a“lil,z,a"lil});

i:=i+tl
end;
expon:=expon+p
end;
tl:=2#t1; t1ll:=2#tll
end
end;: {trf}

function mag(z:complex):real;

begin

with z do
mag:=sgri(x)+sqriy)

end;
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bBegin {MAIN PROGRAM}
new(w);
new(ayl;
writeln('ENTER THE MAXIMUM FREQUENCY COMPONENT OF THE SIGNAL');
readnumber(l, fmax);
writeln:;
pase:=(1,0/(2.0*fmax));
if(pase < 0.200@18) then
begin
writeln('THE PACE VALUE IS TOO SMALL FOR THE HP-88B40Af!17);
WERLtEln( T ## % X R XX H XX R R RX AR X RFXERFEXRXREERFERFRRER R LR RERXT ),
writeln{'IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE
VALUE 2.000018");
pase:=0.000018;
end;
if (pase>?.03%93336) then
begin
writeln('THE PACE VALUE IS TOQQ LARGE FOR THE HP-3864@A1!1"');
Writaln( ' ## P et Rttt R n R R R RERRRERREREBRFERRRRREFRRRREEL AT )
writeln('IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE VALUE
@.08383336" );
pase:=0@.0393336;
end;
writeln('THE PACE RATE ON THE HP-98640A WILL BE SET TO:',pase:9:7);
writeln;
d_size:=n;
writeln(’THE NUMBER QF ELEMENTS STORED IS ',d_size:S5);
rept:=d_size;
writeln:’
deltaf:=(2%fmax)/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”"{11:=1;
new(pace );
pace"[11:=pase;
new(gain);
writeln(’ENTER THE GAIN SETTING FOR THE HP-38640A ADC BOARD');
writeln(’'THE AVAILABLE CHOICES ARE 1, 8, B4, 512');
writelns
readnumber(l,gan);
gane:=round{(gan’;
gain”(1l]:=gane;
meas_lib_init;
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config_0(name,model,select_code,1,0.02,error,units,multiplier,offset);

init(name);
sc:=(8+arctan(l)/n);
for i:=0 to nl do
with w*li] do begin
x:=cos(sc*i);
y:=gin{sc#*i)

end;

for i:=0 to nl do begin
amp(il:=0.0
end;

calibrate(name,3,0.0001,1000);:
new(data);
for p:=1 to round(nsamp) do begin
writeln(chr(12));

writeln(’DATA SAMPLING IN PROGRESS###SAMPLE ',p:3,’ OF ',nsamp:4:0);

random_scan(name,c_size,channel,d_size,data
rept,p_size,pace,g_size,gain);
{APPLY COSINE WINDOWING TO THE SAMPLED DATA}
for i:=1 to round (d_size/1@) do begin
data"(il:=data"“[il*(l-cos(S+*pi*(i-1)/d_size));
end; .
for i:=round(3*d_size/1@) to d_size do begin
data"[il:=data"[il#{l+cos(5S+pi*i/d_size));
end;

{ASSIGN REAL DATA TO ONE COMPONENT OF COMPLEX NUMBER "a"

for i:=0 to nl do
with a*{il do begin x:=data"[i+l]l; y:=0.0 end:
reord(a);
trf(a)l;
for 1:=@ to nl do begin
amplil:=amplil+mag(a“lil)
end;
end:
reuwrite(ixt,’V18:SPECTDATA.TEXT’ ):
nn:=round(n/2);
for 1:=0 to nl do begin
amplil:=amplil*(2+*pase/n)*1.14286:
amplil:=amplil/nsamp;
amplil:=amp{i]+]1.0EB8;
freglil:=ix*deltaf;

end;

for 1:=@ to nn do begin
writeln{txt,freqlil:8:4," ',bamplil:28:17);
and;

close(txt, SAVE');
end.

}
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CORRELATION PROGRAM

program corr{input,output):
{This 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. b
import iodeclarations: ’

import general_2;

import measurement_lib;

const
name = 'ADC';
model = '98640A7;
select_code = 18;
erraor = 'NO*;
units = 'STANDARD’;
multiplier = 1.0;
offset = 0.@; p_size = 2; g_size = l;
type
r_array = ARRAY[1..15Q0Q01 of real:
r_ptr = “r_array;
i_array = ARRAY[1..71 of shortint;
i_ptr = "i_array;
corr_array = ARRAY[G..750@1 of real;
corr_ptr = “corr_array;
var

data: r_ptr;
cor,corn: corr_ptr;
channel: i_ptr;
gain: i_ptr;
pace: r_ptr;
¢_size,d_size,rept,n,ns,i,j,k,np,p,msamp: integer;
fmax,m,time,size,tavg,totaltime,sumsqvl,sumsqvd,sumvl
,sumv2,tau,
meanvl,meanv?,pasel,pase2,samplelength,rmsl,rms2,d,rns:real;
x:text;

begin {MAIN PRQGRAM}

pasel:=0.000025:
writeln(’ENTER THE MAXIMUM FREQUENCY COMPONENT QOF 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’ };
writeln('NOTE: FOR GOOD DISCRETIZATION "m" SHOULD BE AT LEAST 5');
readnumber(l,m);
pase2:=(1.0/(1.9*m))*(1.0/(2.0%fmax));
if(pase2 < 0.000@18) then
Begin

writeln('THE PACE VALUE IS TOO SMALL FOR THE HP-98642A11');

WELtElN( " # 4 F A XA R R R R R EXERRRRERERERFRREFXXRERBRRRRERR SRR ),



writeln('IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE

VALUE 2.000018’); :
pasel:=0.000018;
end;
if (pase2 > @.0393336) then
begin

writeln(’THE PACE VALUE IS TOO LARGE FOR THE HP-988404i1°);

WRLiteln( " ## 2 a R 2R 0 R R LB R XX FHPRFRRLXFERFRBRERRRERERRRFR ),

writeln('IF ALLOWED TO CONTINUE PACE WILL BE SET TQ THE

VALUE @.0383336°');
pase2:=0.0333336:
end;
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writeln('THE PACE RATE ON THE HP-398640A WILL BE SET TQ:',pase2:9:7);

writeln;

writeln('ENTER THE MAXIMUM TIME-LAG (seconds)');

readnumber{(l,time);
size:=(time/(pasel+pasel))+1.02;
d_size:=2#*round(size);

if (d_size mod 4 = Q) then d_size:=d_size+Z;uriteln;

writeln('d_size:= ',d_size:4);
writeln:
if (d_size > 750Q) then begin

writeln(*THE INCREMENTAL TIME IS TOO LARGE!!’);

WELlteln( ' ¥ *# £t R LR R R HHERERLERRERERRERRRERERFRT )

writeln('STOP PROGRAM EXECUTION AND RESTART WITH A

INCREMENTAL );
writeln(’TIME....... eevas suriteln:
end;

rept:=round(d_size/2.@);

writeln('ENTER THE NUMBER OF ENSEMBLES FOR COMPUTING
writeln('SPACE-TIME CORRELATION FUNCTION’);

writeln;
readnumber{(l,rns);
ns:=round(rns};
writeln:
c_size:=2;
new(channel );

for i:=1 ta 2 do begin
channel*lil:=i
end;

new(pace);
pace”[1]l:=paseal;
pace"[21:=pasel;
new(gain)l;
gain”(11:=8;
meas_lib_init;

SMALLER

THE AVERAGE' );

config_@(name,model ,select_code,1,0.82,error,units,nultiplier,offset);

init(name);
calibrate(name,3,0.00@1,1000Q);
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new(cor);
new(corn);
new(data):
sumvly:=0.0;
sumv2:=0,0;
sumsqvli:=0.0;
sumsqv2:=0.0;
for i:= @ to (round(d_size/2)-1) do begin
cor"[il:=0.00;
corn*{i1:=0.00
end;
writeln:
writeln(’NOW CALCULATING THE MEAN VOLTAGE TO BE SUBTRACTED FROM ALL');
writeln('TIME SERIES DATA ELEMENTS®);
writeln;
writeln(ENTER THE AVERAGING TIME FOR COMPUTING THE MEAN UQLTAGE');
writeln:;

readnumber(l,tavg);
msamp:=round(tavg/((pasel+paseZ)*(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,
' QF ',msamp:3);
random_scan({name,c_size,channel,d_size,data,rept,p_size,pace
v3_size,gain);
for j:=1 to (d_size) do begin

sumv]:=sumvi+data“[jl;

sumv2:=sumv2+data“[ j+11;

sumsqvl:=sumsqvl+sqri(data“(jl);

sumsqv2:=sumsqv2+sgridata“(j+11);

jr=j+l;

end;
end;
meanvl:=(2.@*sumvl)/(d_size*msamp);
maanv2:=(2.0%sumv2)/(d_size*msamp);
sumsqvl:=(sumsqvl/(((d_size/2.0@))*msamp))-(sqgr{meanvl));:
sumsqv2:={sumsqv2/(((d_size/2.0))*msamp) )~(sqri{meanvd));
rmsl:=sqrt(sumsgvl);
rms2:=sqrt{sumsqv);
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writeln('****xsxxxx»x2BEGIN CORRELATION MEASUREMENT****%x%%’);

for i:=1 to ns do

begin :

writeln(chr(12));

writeln;

writeln(’CORRELATION SAMPLE NUMBER ',i:4,' OF ',ns:4);
random_scan{name,c_size,channel,d_size,data,rept,p_size,pace
yg_size,gain);

for k:=1 to (d_size-1) do begin

data"lkl:=data"(k l-meanvl;

data"lk+l1l:=data"[k+!]l-meanvl;

k:=k+l:

end;

for k:= @ to (round(d_siza/2)-1) do begi
p:=1; -
for j:=1 to (round(d_size/2)-k) do begin
cor*lkl:=cor*[kl+data"{pl*data*lp+(2%k)+11;
pi=p+2;
end:
end;
for k:=@ to (round(d_size/2)-2) do begin
p:=2;
for j:=1 to (round(d_size/2)-k-1) do begin
corn“fkl:=corn"lkl+(data"[pledata"ip+(2«k}+11);
p:=p+2;
end;
end;
end; .
for k:= @ to (round(d_size/2)~1) do begin
cor*lkl:=cor"[kl/(ns*({(d_size/2)-k))/(rmsl+rms2);
end;
for k:=@ to (round(d_size/2)-2) do hegin
corn*lkl:=corn"[kl/{ns*((d_size/2)-1-k))/{rmsl*rms2);
and;
for k:=0 to(round(d_size/2)~-1) do begin
cor*lk+round(d_size/2)]:=cor"[kl;
end;
{SHIFT OATA ONE ELEMENT TO THE LEFT}
for k:=(round(d_size/2)-1) to (d_size-Z) do begin
car"[kl:=cor"[k+l]
end;
for k:=@ to (round(d_size/2)-2) do begin
cor"“lkl:=corn*[round{(d_size/2)-2-k1l;
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end;
rewrite(x,'V20:CORRDATA.TEXT' );
taur=—((d_size/2)~1}*(pasel+pase);
np:=d_size-1;
writeln(x,np);
for k:=0 to d_size-2 do begin
writeln(x,tau:9:6,’ 'yeor®lkl:7:4);
tau:=taut+(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}

{functicn between two sampled anemometer signals?
import iodeclarations;

import general_2;

‘import measurement_lib;

const
name = 'ADC’;
model = '98640A°’;
select_code = 18;
erraor = 'NO’;
units = 'STANDARD’:
multiplier = 1.08;
affset 2.9;
p_size = 2;
g_size =1;
c_siza =2;
n=258;
nl=255;
r=8;
pi=3.141539265:

type
r_array = ARRAY(1..2#nl of real:
r_ptr = “r_array;
i_array = ARRAY[1..7]1 of shortint:
i_ptr = "i_array:;
complex=record x,y: real end;
datta = ARRAYI[Q..(2#n)-11 of complex:;
c_ptr = “datta;
a_array=ARRAY[B..nl]1 of real;
1_array=ARRAY[l..n] of real;

var .

channel: i_ptr:

gain: i_ptr;

pace: r_ptr;

data: r_ptr;
d_size,rept,i,j,m,c,p,msamp,k:integer:
fmax,time,nsamp,pasel,pasel,sc,sumvl,sumvZ,meanvl],meanv?
,temp,tau,

f:real;

w,a,b,g:rc_ptr;

txt:text;

theta, sumx,sumy,gxy,gx,gy,gamma:a_array;
g,9g:complex;

v:l_array;

grocedure reordl(var a:c_pir);

var
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i,j,k,l:integer;

g:complex;
begin
for i:=1 to nl do begin
l:=1i;
k:=0@;

for j:=0 to (r-1) do begin
k:=(2#k )+l mod 2i
1:=1 div 2
end;
if i<k then begin
:=a"{il;
a“lil:=a"lkl;
a“lkl:=q
end
end
end: {reordl}

procedure reord2(var h:c_ptr);
var
i,j,kyl:integer:
g:complex;
begin
for i:=1 to nl do begin
L:=i;
k:=Q@;
for j:=0 to (r-1) do begin
k:=(2#k)+]l mod 2;

l:=1 div 2
end;

if i<k then begin
g:=b"[il;
b*lil:=b"[k1:
b"lkl:=q
end

end

end: {reord2}

procedure sum(z,w:complex; var s:complex);
begin :
with s do begin

X:1=2Z.,xtW.x;

y:=z.ytuw.y

end
end;



procedure dif(z,w:complex; var s:complex):
begin
with s do begin
KITZoX~W.x;
Yi=zZ.y=uw.y
end
and;

procedure prod{z,w:complex; var s:complex);
begin
with s do begin
KiTZ.XKRW X—Z. Y *U. Y
yi=z.x*W.y+tz.y*w.x
end
end;

procedure negl(u:complex; var w:complex):

begin
WeX:==U, X3
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 = 2~1vl}
{tl1=2"(1lvl-1)}
{p=2"(r-1vl)}
{expon=j#*p}

begin
tl:=2; tll:=1;
for lvl:=1 to r de
begin
p:=n div tl; expon:=0:
for j:=0 to tll-1 do
hegin
i:=j; s:=w"lexponl;
while i<n do
begin
k:=i+tll;
if j=0 then z:=a"lkl
else prod(a~lkl,s,z);
dif(a~lil,z,a"(ki);
sum(a~(il,z,a"lil);

i:=1i+tl
end;
expon: =expontp

and;
tl:=2%tl; tll:=2#tll
end



end; {trfl}
procedure trf2(var x:c_ptr);

var
ivi,tl,tll,expon,p,i,j,k:integer;
s,z:complex;

{tl = 2~1lvl}
{tl1=2"(1lvl-1)?
{p=2"(r-1vi)}
{expon=j*p}

begin
t1:=2; tll:=1;
for lvl:=1 to r do
begin
p:=n div tl; expon:=@;
for j:=@ to tli-1 do
begin
i:=j; s:=w"lexponl;
while i<n do
begin
k:=i+tll:
if j=0 then z:=h"[kl]
else prod(b"lkl,s,z);
dif(b~Cil,z,b"Ck1);
sum(b*{il,z,b"[il);
i:=i+tl
end;
expon:=expon+p
‘and;
tl:=2#¢tl; tll:=2»tll
end
end: {trf2}

procedure conjl(u:complex; var w:complex};
begin

WeXI=U.X3

W.y:=-u.y
end;

function mag(z:complex):real;
begin
with z do
mag:=sqr(x)+sqriy)
end;
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begin {MAIN PROGRAM}
newl(w);
new(a)l;
new(data);
new(b);
new(g)ls;
writeln('ENTER THE MAXIMUM FREQUENCY COMPONENT OF THE DATA (HZ)');
writeln;
readnumber(l, fmax);
writeln:
pasel:=0.000025;
pase2:=1.8/(2.0+fmax);
d_size:=2#n; .
writeln('THE TOTAL NUMBER OF ELEMENTS STORED IS ',d_size:5);
writeln:
.rept:=n;
writeln(ENTER THE NUMBER OF SAMPLES TO FORM THE AVERAGE
COHERENCE’ );
writeln:
readnumber(l,nsamp);
new(channel );
for i:= 1 to 2 do
begin
channel”[il:=i
end;
new(pace);
~pace*{l]l:=pase2;
pace"{2]:=pasel;
new{gain);
gain*[11:=8;
meas_lib_init;
config_@(name,model,select_code,1,0.02,error,units,multiplier,offset);
init(name); .
calibrate(name,3,0.0201,10200);
sc:=(8*arctan(l)/n);
for i:=0 to nl do
with w*lil do begin
x:=cos(sc*i);
y:=sin(sc#*i)
end;
writaln( ™ # 2 2 % % * # ¥ ¥ # % % F ¥ F ¥ F ¥ ¥ ¥ * E ¥ £ * x * ¥ V),
writeln( 'NOW CALCULATING THE MEAN UOLTAGE TO BE SUBTRACTED FROM ALL’');
" writeln(’TIME SERIES DATA ELEMENTS®):
writeln('* *= % * % % % % % % # % % ¥ ¥ % ® F £ ® X ¥ ¥ ¥ * ¥ ¥ * ¥ V)
writeln;
writeln('ENTER THE AVERAGING TIME FOR COMPUTING THE MEAN UOLTAGE’);
writeln;
readnumber{l,time);



174

msamp:=round((2*time)/((pasel+tpase2 )*d_size));
sumv!:=0@.9;
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_scan{name,c_size,channel,d_size,data,rept,p_size,pace
,8_8ize,gain);
for j:=1 to (d_size-l) do begin
sumvl:=sumvi+data~[jl:
sumv?:=sumv2+data“l[ j+11;
jr=j+1l;
end;
end;
meanvl:=(2.0*%sumvl)/(d_size*msamp);
meanv2:=(2.@*sumv2)/{d_size*msamp);
{% % # % % % % % %2 % ¥ ¥ £ ¥ ¥ ¥ ¥ F ¥ ¥ ¥ ¥ ¥ ¥ F * F ¥ ¥ ¥ * ¥ ¥ *}
for k:=0 to nl do begin
gxylk1:=0.8;
gx[k1:=0.0;
gylk1:=0.0;
thetalkl:=0.0;
gammalk1:=0.0;
end;
for p:=1 to round(nsamp) do begin
writeln(chr(12));
WRiteln( ' *# #3542 XXX R X R RLHREFEREFRERFRERESRRRERERERERERRT ),
writeln(*COHERENCE MEASUREMENT IN PROGRESS...... cerranan '
writeln(’SAMPLE ' ,p:3,’ OF ',nsamp:4:0):
WRLtln( ' #4444 R R XA AR RERREFRE R R XX RRHFRREEXRR AR E R AR RN NRR" ),
writeln;
random_scan(name,c_size,channel,d_size,data,rept,p_size,pace
,g_size,gain);
for i:=1 to (d_size-1) do begin
data“(il:=data"[il-meanvl;
data*{i+ll:=data"l i+l ]l-meanvl;

i:=i+1;
end;
i:=1;

for j:=1 to round(d_size/2) do begin
vljl:=data"[il;

i:=1+2;

end;

for i:=1 to round(d_size/2@) do begin
viili=vlil#(l-cos(1lQ*pi*(i-1)/d_size));
end;

for i:=round(S*d_size/28) to round{d_size/Z2) do begin
viil:=vlil#(l+cos(1@+*pi*i/d_size)):
end;

i:=1;

for j:=1 to round(d_size/2) do begin
data*lil:=vljl;
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i:2j+2 endi

1e=1;

for j:=1 tao round(d_size/2) do begin
vljl:=data"[i+11];

i:=1i+2

end;

for i:=1! to round(d_size/28) do begin
viil:=v[il*(l-cos(iQ#pi*(i-1)/d_size));

end; .
for i:=round(3*d_size/20) to round(d_size/2) do begin
viil:=v[il*(l+cos(1@*pi*i/d_size));

end;

i:=1;

for j:=1 ‘o round(d_size/2) do begin
data®(i+131:=avlil;

i:=i+2

end;

je=L;

for i:=@ to nl do begin

with a*({il] do begin x:=data"{jl; y:=0.0; j:=j+2 end:;
end;

j:=1;

for i:=0 to nl do begin

with B*Lil do begin x:=data"(j+11; y:=0.@: j:=j+2 end:;
end;

recrdl(a);

trfl(a);
~reord2(b);

trf2(h);

for k:=0 to nl do begin

gxlk1:=gxlk l+mag(a~lkl);

gylkl:=gylkl+mag(b“[kl);

end;

for i:=Q to nl do begin

conj(a~lil,q):

prod(g,b"Cil,g"Clil);

with g*lil] do begin sumx[il:=sumx[il+x;

sumylil:=sumylil+ty end;

end;

end;

for i:=@ to nl do hegin

gxylil:=sqri(sgr(sumxlil)+sqgr{sumylil));

thetalil:=arctan(sumy{il/sumx{il);

end;
writeln;
for k:=@ to nl do begin
gxlkl:=gxlk1l#(2#pase2/n)*1.14286*1/nsamp;
gyfkl:=gylkl*(2*pase2/n)*1,14286+*1/nsamp;
gxylkl:=gxylk1*(2#pasel/n)*1.14286+*1/nsamp;
gammalk l:=sqr(gxylkl)/(gxlkl*gylk]);

end;



rewrite(txt,'V2@: COHERENCE.TEXT )
for j:=0 to round(n/2) do begin
f:=j/{n*pasel);

writeln(txt,f:9:6," ',gammaljl:9:6);
end;

close(txt,'SAVE’ );

rewrite(txt, 'V20:FAZE.TEXT');

for j:=0 to round(n/2) do. begin
f:=j/(n*pasel);

writeln(txt,f:3:6,’ °’,thetaljl:3:8);
end;

close(txt,"SAVE’):

end.
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APPENDIX B

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. The following
results were obtained:

1. Uncertainty in setting the Reynolds Number
Rep = +3.6%

2. Uncertainty in Mean Velocity Measurements
U =1U +£2.5%

3. Uncertainty in RMS Velocity Measurements

/Y uZ = £5%

4, Uncertainty in Correlation Coefficients

p = 8%
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