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CHAPTER I
INTRODUCTION
1.1 Introduction

A planar jet 1s a flow in which the working fluid
discharges from a two dimensional slotrof width "D*", at an
initial velocity of U., into a stagnant environment.
Figure 1 shows a schematic of the planar jet flow field.
Two thin free shear layers develop from each lip of the
nozzle and widen with downstream distance. The free shear
layers bound a core of 1irrotational fluid known as the
“poténtial core". The shear layers eventually engulf the
potential core after approximately 3-4 nozzle slot widths.
The region extending from the nozzle lip to the location
where the shear layers merge is known as the "initial
region". After the initial region, the shear layers begin
to dynamically interact with one another in the "inter-
action" region. This region extends until the the jet
reaches a state of dynamic equilibrium. Following this
region is the "similarity region" in which the mean
velocity profiles collapse into a single profile when
scaled by the proper length scales.

The majority of published work presented on the

turbulent planar jet can be divided into two distinct
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regions: the near exit region and the similarity region.
A large volume of these works centers on the similarity
region. Past work in this turbulent flow region documents
the existence of large—scale coherent structures
coexisting with fine gréin turbulence. Townsend (1956)
was one of the first researchers to describe large-scale
cocherent motions existing in free turbulent shear.flow.
Later work in plane mixing layers by researchers such as
Brown & Roshko (1871, 1974>, Winant & Browand (1974)>, and
Browand & Weidman (1976) have clearly illustrated the
presence of large, essentially two-dimensional roller
vortices with axis perpendicular to the plane of mean
shear. Due to works such as these, there has been a
gradual shift in the approach taken to turbulent fluid
mechanics research. It has become clear that much of what
has been traditionally considered as a completely randém
phenomenon actually contains certain deterministic
aspects. Authors taking this new deterministic approach
to research have clearly established that large-scale
structures do exist and should be included in modeling
turbulent shear flows. Oler and Goldschmidt (1984) have
provided a kinematic model of the large—-scale structures
in the planar turbulent jet. Their findlngs suggest that
coherent structures extend across the entire width of the
flow and are quite similar to a Karman—Vortex—Street.

Other work in the similarity region involves



documentation of what was initially referred to as the
“flapping" phenomenon. The shear layers in the near exit
region were noted to flap like that of a flag in a strong
wind. This phenomenon has been reported in the planar
turbulent jet by researchers Bradbury (1865), Goldschmidt
& Bradshaw (1973)>, Gutmark & Wygnanski (1976), Cervantes
(1980)>, Antonia et al. <1983>, Thomas & Goldschmidt

(1986>, Thomas & Brehob (1986), and has been demonetréted
to be the strongest indication of large-scale vortices
rotating in opposite directions in the self-preserving
region (i.e. similarity region) in a Karman-Vortex—-Street
arrangement. It should be noted here that not all
researchers agree that the antisymmetric coherent
structures are arranged in a Karman—-Vortex-Street pattern,
but instead suggest that a multiple structural form may be
indicated. This flapping phenomenon, due to the
antisymmetric large—-scale structures, is easily detected
by measuring the correlation function between the
fluctuating longitudinal velocities at symmetric points on
either side of the jet cénterline.

Work centered on the near field of the planar
turbulent jet can be put into a single category:
instability wave interaction measurements that
characterize transition. The main objective of transition
type measurements is to document the wave interactions of

the shear layers during transition to turbulence. It has



been shown by Michalke (1965), Sato & Okada (18966),
Browand (1966), and Freymuth (1966) that inviscid
linearized theory can be applied to free shear flows when
the amplitude of the velocity fluctuations are small.
When the amplitude of velocity fluctuations become
sufficiently large, the linear theory 1s no longer valid
due to nonlinear interactions taking place 1in the flow
field . Investigations of the stability interactions of
the planar turbulent jet have been performed by Tatsumi &
Kakutani <(1958), Sato (1960), Sato & Sakao (1964), and
Browand (1966). Results of these investigations led to
conclusions that observed values of the amplification
rate, the propagation velocity and the amplitude
distribution of small-amplitude veloclity fluctuations are
in good agreement with the theoretical results predicéed
by stability calculations.

The above mentioned instablility calculations are based
on linear equations and are only valid for low amplitude
flowé which only truly occur at low Reynolds numbers.
Therefore it has been desirable to obtain nonlinear
stability equations for those flows where parallel flow
does not exist. The difficulty in solving for the
stability characteristics of a non-parallel flow lies in
the evaluation of the eigenvalues of a set of partial
differential equations. An assumption must be made that

non-parallel effects are of higher order than parallel



effects. Attempts to apply nonlinear stability theory to
the planar turbulent jet by such researchers as Ling &
Reynolds (1973) and Garg (1978) have shown some agreement
in measured values. It would be helpful to future
researchers to have a better understanding of the exact
nature of nonlinear interactions involved in transition.
Research by Sato (1970, 1975, 1978)>, Motohashi (1979,
Miksad et al. (1983, and Chang (1987) have investigated
the quanfitative features of nonlinear interactions during
transition. Thelr results point to the importance of low—
frequency fluctuations produced by sum and difference-mode
interactions. Also }mpbrtant in the transition process is
the presence of vortices in the shear layer. Winant &
Browand (1974) have shown the importance of vortex
interactions 1n determining shear layer development. They
showed that an interaction takes place whereby two
neighbouring vortices coalesce to form a single, larger
vortex and the'spacing between vortices then roughly
doubles. Continuous repetition of this 'pairing' process
ls responsible for the entrainment of surrounding fluid,

and controls the growth of the mixing layer.
1.2 Objectives of the Research

The primary objective of this research is to document
the transition and structural development of the near

field of a planar jet under the influence of low level



acoustic excitation. To accomplish this objective,
techniques used in the above mentioned research papers
will be used. Linear stability calculations will be
performed and compared to theory in the near region of the
jet, linear and non-linear effects of the jet will be
documented and examined, and the role of downstream
structure influence on the near exit region will be
studied. It is the goal of this research to leave little
question as to the mechanisms of transition involved in

the planar turbulent fet.



CHAPTER II
JET FLOW FIELD AND MEASUREMENT AFPPARATUS
2.1 The Planar Turbulent Jet

A schematlc of the planar turbulent jet 1s shown in
Figure 1 on page 2. The coordinate system which describes
the jet flow fileld 1s as follows: x — longitudinal
coordinate which is non-dimensionalized by the jet
diameter D, y - iateral coordinate which is non-
dimensionalized by the mean velocity half-width b which is
defined as the lateral distance from the jet centerline to
the iocation where the mean velocity is one half that of
the mean centerline velocity <(see flgure), and z -
coordinate in direction of mean flow homogeneity. The jet

flow field, as mentioned in Chapter I, can be divided into

three regions: 1initial region, interaction region, and
similarity region. Several generalizations can be
mentioned about the similarity region. When the mean

velocity profiles in this region are normalized by the
maximum local velocity and the proper length scale they
will collapse into a single profile shape. All mean
velocity profiles and turbulence quantities will be
normalized by the local mean centerline velocity, U,, and
the mean velocity half<-width b. The jet widening rate in

8



the similarity region behaves in a linear fashion. The

widening rate, b/D, 1s given by the relationship
b/D = K, (x/D = Cy> 2. 1>

where K, = d(bs/D>/d{(x/D) = the non-dimensional widening
rate and C, = the virtual origin based on jet widening.
The mean velocity decay rate 1in the similarity region is

also a linear relationship and given by the equation

U, /U.) % = Ko (x/D — Cu) 2.2

where K.. = d{U,,/U.)"%)/d{(x/D> = the non-dimensional mean
velocity decay rate and C, = the virtual origin based upon
mean velocity decay. In the initial region U, remains

relatively constant, while in the interaction U, gradually

decays until the similarity region is reached.
2.2 Facility Set—-up and Measurement Apparatus

The experimental facility used in this study is shown
schematically in Figure 2. The jet 1s driven by a three
horse-power centrifugal blower which supplies air to a
cubic plenum chamber of 4 feet on a side. The blower and
plenum are coupled by means of flexible rubber duct for
vibration isolation. A 5 inch thick slab of fiberglass
insulation material is used within the plenum to both
filter the air and to insure that any blower pulsation is

decoupled from the exit jet flow. A rectangular duct of
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dimensions 2.5 feet in length, 1.5 feet in height, and 8
inches in width connects the plenum to the nozzle
assembly. The duct assembly contains flow straighteners
and turbulence reducing screens. The two-dimensional
nozzle has a conftraction ratio of 16:1 and ends in a slot
that is 0.5 inches in width and 18 inches height. The
nozzle contour is based on a design by Jordinson (1361).

In order to keep the flow field two-dimensional, fwo
large horizontal plates are mounted parallel to one
another. These plates are of dimensions 5 feet by 7 feet
and are separated by an 18 inch air gap. The inner
surface of these plates have been sanded and waxed to
insure a smooth surface. Twin stainless steel faceplates
are mounted flush with the nozzle assembly and extend
laterally to the edge of the flow field. The rest of the
flow field is unrestricted. The probe traversing
mechanism is attached to a sturdy angle iron frame that
supports the set-up. The probe traversing mechanism
allows probe positioning in three dimensions accurate to
@. 23 inch. Lateral probe positioning is accurate to ©.001
inch.

The Jet exit veloclty 1s measured by a pitot static
probe mounted in the nozzle exit plane near the top
plywood plate. The accuracy of the pressure reading was
2.21 inch of water <(corresponds to 6.68 ft/s).

In order to introduce controlled sinusoidal



longitudinal velocity perturbations into the exit flow, a
1oudspeaker‘is mounted in the rectangular duct assembly
The loudspeaker is driven by an audio-oscillator. The
frequency of the oscillaton is monitored by a digital
frequency counter, while the rms amplitude of the
exclitation is monitored by a digital true rms voltmeter.
Jet facility was constructed by Brehob (198675,

All measurements to be reported were made with
commercial hot-wire anemometers operating in the constant
temperature mode at 220° C which corresponds to an
overheat ratioc of approximately 1.6. Standard straight
wire probes were used. The analog signals from the probes
were passed through anti-alias filters and were digitized
with .an HP-98640A A/D board which has a maximum sampling
rate of 18 microseconds. A HF-99205 minicomputer
processed the digital signals and performed all data
reduction.

The hot wires were calibrated using an axisymmetric
calibration jet facility. The calibration jet is shown
schematically in Figure 3. The calibratlon jet facility
has an exit diameter of ©.6 inches. The calibration Jet
is powered by compressed air which is controlled by a
valve allowing precise velocity setting to 0.005 inches of
water. The anemometer D.C. bridge voltage is recorded for
each velocity setting and calibration is obtained by using

King's law
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14
B = A + BU®. 4% 2.3

where E is the mean D.C. bridge voltage, and U is the mean
velocity. A and B are the then experimentally determined
calibration constants. Figure 4 shows the typical

calibration fit.
2.3 Validation of the Flow Field

In this section experimental results will be presented
that document the basic development of the jet. These
results will be used to show that the jet exhibits no

unusual behavior that would invalidate the conclusions of

this research. All results are obtained at a Reynolds
number of 16700. This corresponds to an exit velocity of
63 ft/s.

2.3.1 The Unexcited Jet

The basic development of the natural (unexcited) jet
is presented in this section. The exit centerline
fluctuation intensity is found to be low (@. 121 percent).
The initial momentum thicknesé of the shear layer is
measured to be . 1033 mm. The downstream variation of the
momentum thickness, 8, is shown in Figure 5. Localized
increases in the momentum thickness can be seen at x/D =
1.5 and x/D > 5.0. A linear relation is noted for x/D >

7. This slope is defined as d{(8/6,>/d(x/D> = 2.891.
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Figure 6 presents the widening of the jet. The plot
shows the widening rate b/D as a function of downstream
distance x)D. Localized increases in widening are noted
at x/b = 1.5 and x/D = 3. 0. For x/D > 5.0 a linear
variation is seen. This linear variation of the widening

rate is expected in the similarity region as described in

section 2.1. The non-dimensional widening rate (defined
in section 2.1) is Ky = ©.099, with the geometric virtual
origin C, = —-1.7307. Figure 7 shows the mean velocity

decay with downstream distance x/D {(decay is shown as a
positive slope). This figure shows constant mean velocity
in the potential core of the initial region, increased
decay in the interaétion region, and linear increases in
the similarity region. In this linear region, the mean
velocity decay rate 1s K; = 0.1706 and the kinematic
virtual origin C, = —-1.3812. These results agree
favorably with previously measured values shown in Table 1

on page 20.

2.3.2 The Effect of Acoustic Excitation

It 1s well known that the properties of jet flows may
be controlled by the application of periodic forcing. Low
level acoustic excitation can be utilized in order to
introduce a controlled perturbation into the flow in order
to facilitate study of transition to turbulence. In this

study, low level sinusoidal excitation is used to

.
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introduce a controlled instabillity into the flow that can
be documented throughout the transition region. Using the
theory of Michalke (1965) discussed in section 3.1, the
range of unstable frequencies is determined. The jet is
to be acoustically excited at the theoretically determined
most unstable frequency. This excitation is éccomplished
by the means of the loudspeaker mounted in the duct
assembly upstream of the nozzle exit.

The range of unstable frequencies shifts toward lower
frequencies as dne travels downstream 1in the jet. This
fact leads to the most unstable frequency at x/D = 0.75
being chosen to excite the jet. The frequency at this x/D
location is chosen since it amplifies significantly both
upstream and downstream of x/D = 0.75. This frequency is
used extensively throughout this research except where
noted. This frequency is determined to be f, = 2650 Hz.
The amplitude of the excitation 1s chosen such that at the
nozzle exit the rms amplitude udf,> of the excited mode
does not exceed the amplitude of the natural background
fluctuations. The longitudinal fluctuation intensity at
the excitation frequency f, was measured to be ©.0092
percent while the exit longitudinal fluctuation intensity
at the same frequency for the natural jet was 0.0061
percent. This corresponds to a very low level excitation
that should not significantly change the exit flow field.

The total longitudinal turbulence intensity at the nozzle
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exit when excited is 0. 1013 percent, compared to ©. 1006
percent for the unexcited jet. This translates to a .7
percent difference.

In order to document the effects of the low level
excitation, measurements are presented that directly
correspond to those presented in the section 3.2. 1.
Figure 8 gives the momentum thicknesses for the excited
case plotted along with the natural case. Very little
difference is seen in the near exit region of the jet.
However, downstream at x/D > 7, the slope of the excited
momentum thickness is not as steep as in the natural jet.
The excited momentum variation for x/D > 7 is
d<6/8,.>/dx/D> = 2,555 compared to 2,891 for the natural
Jet. . Comparison values of momentum thicknesses canvbe
found in Table 2 on page 42.

Figure 9 documents the widening of the excited jet.
For x/D > 5 a linear variation is noted as in the
unexcited Jet. The non—-dimensional widening rate is found
to be Ky, = 0.105, while the geometric virtual origin is
found to be C, = -1.1031. Figure 10 documents the mean
velocity decay of the jet centerline. Again a linear
variation is noted for x/D > 5. The mean decay rate is
given by K. = 0.1747, while the kinematic virtual origin
is C, = —1.1646. The widening rate of the excited jet
shows a slight increase of 5.7 percent over the unexcited

jet, while the centerline mean velocity decay showed a 0.6
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percent increase. Overall, the basic characteristics of
the excilted Jet behave very similarly to the unexcited

Jjet.

2.3.3 Velocity and RMS Fluctuation Variations

The mean velocity profile development 1is shown in
Figures 11-15. The natural Jjet is directly contrasted
with that of the acoustically excited jet. Figure 11
shows the mean velocity profile at x/D = ®.25. No
significant difference between the two cases is
observable. The mean velocity profiles for x/D = ©.5 and
1.0 is shown in Figure 12, Again the profiles are very
gimilar. The initial region of the jet profile is seen to
be flat across the potential core. The variation of
velocity is shown to be completely within the shear
layers. The shear layers are shown to be very thin on
eilther side of the irrotational potential core. Figure 13
(x/D locations 1.5 and 3.9) clearly shows the widening of
the shear layer to engulf the potential core. The

potential core is completely engulfed by approximately x/D

]

3.5. The interaction region is very small and extends
from x/D = 3.5 to x/D = 5, 0. Figures 14 and 15 show the
mean velocity profiles in the similarity region. The
profiles, as predicted, are collapsed into one similar
profile. The similarities between the excited and

unexcited profiles are obvious. The main differences lie
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in the non-dimensional mean velocity half-width, b/D.
Table 2 on page 42 gives these values for the excited and
unexcited cases.

Along with the presented mean velocity profiles,
longitudinal fluctuation intensity profiles were taken in
order to document their growth and development in the
natural flow. These intensitles are normalized by the
local centerline velocity, U,, and scaled by the local jet
half-width, b, as were the mean velocity profiles.

Figures 16-20 present these intensities. As in the mean
profiles, the intensity profiles are presented in a manner
to allow direct comparison of the excited jet to the
natural jet. Figures 16 (x/D = 0.25) and 17 (x/D = ®.5
and 1.0> show that the initial intensities are very low in
the potential core and are relatively constant. The
intensities peak near the center of the shear layer (y/b =
1.9> which is fhe location of maximum mean shear dU/dy.

It can be easily seen that the intensity levels in the
center of the shear layers grow rather rapidly with
downstream distance. The excited jet intensities are very
similar in form to the natural jet intensities, but they
show higher levels . From Figure 18 (x/D = 1.5, 3.0) it
can be seen that the turbulence intensity from the shear
layers "diffuses" toward the centerline. This gives the
intensity profiles a characteristic “saddle" shape. In

Chapter 3.1, the u velocity fluctuations calculated by
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linear atability theory will be very similar in form to
the longitudinal fluctuation intensity profiles shown
here, the difference being that the fluctuations in
Chapter 3.1 are the results of a single instability wave
while the fluctuations in this chapter are the result of
the entire spectrum of disturbances. Figures 19 (X/D.=
5.2 and 7.5) and 20 (x/D = 10.0® and 15. @) show the
intensity profiles in the similarity regions. It is
interesting to note that the intensity profiles do not
give evidence of self-similar behavior as did the mean
veloclty profiles. However, further downstream (by x/D =
202.0> the intensity brofiles exhibilt self-similar behavior
as reported by Bradbury (1965) and Gutmark and Wygnanski
(1976>. This type of behavior where the mean velocity
profiles show self-similar behavior before that of the
intensity profiles is also seen in plane mixing layers.
The only difference in the excited jet turbulence
intensities from that of the natural jet turbulence
intensities is found to be the maximum amplitude of these
intensities. Figure 21 shows the maximum amplitudes of
the natural and excited jet with downstream distances,
while Table 2 on page 42 lists these values.

Figure 22 presents the longlitudinal turbulence
intensity variation with downstream distance x/D measured
on the centerline of the jet for the natural and excited

cases. The figure shows the strongest growth to occur in
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the range 1.0 < x/D < 4.0. In the similarity region of
the jet the intensities are equal. The intensity
increasés at x/D = 1.0© and becomes approximately constant
around x/D = 7.5. At x/D = 4.9, the end of the potential
core, it is interesting to note that the intensity is less
than a curve fit of the data would indicate. The
intensity profiles show nothing out of the ordinary
happening in the jet.

The results of this chapter show the overall behavior
Jet to behave as expected. It can be concluded that any
results obtained in this research will be completely
obtainable in all similar planar jets.

In the next chapter the transition mechanisms of the
Jet will be documented by several different measurement
techniques. The following techniques will be used to
accomplish the documentation: application of linear
theory (Michalke, 1965), power spectral measurements,
digital demodulation measurements, bicoherence
measurements, coherence measurements, and correlation
measurements. Each of these measurement techniques will

be described before the data is presented.



TABLE 2

JET CHARACTERISTICS FOR EXCITED AND UNEXCITED PROFILES

NO SOUND f.=2650 Hz
Turb Turb
x/D b/D 8/6 Iten. b/D 8/9., Tten
0. 25 0. 488 1.200 ©0.0156 ©. 486 1.000 0.0164
@. 50 @. 489 1.244 0.0133 0. 489 1.205 ©0.0155%5
1. 00 @. 495 2.024 0.0468 ©.493 1.932 ©.0686
1.50 @.521 5.634 0©0.1490 ©.533 5.955 0. 1600

3. 00 0. 556 1

N

. 707  ©.1795 0.619 12, 205 @. 1847
5.00 0. 684 23.756 0.1744 9.639 22. 455 0. 1824
7.50 . 906 36.610 0.1671 @.917 34.318 0.1701
10. 00 1.149 43,098 0. 1854 1.163 4. 500 0. 1867

15. 00 1.8670 58.293 ©0.1911 1.698 53.727 ©. 1937



CHAPTER III

TRANSITION MECHANISMS OF THE JET

In this chapter the primary results of the
experimental measurements utilized in the research are
presented. Transition mechanisms measurements are
presented along with the application of linear stability

theory to the jet shear layers.

3.1 Application of Linear Theory

This section compares the results of linear theory
predictions to the actual jet behavior. Linear stability
theory 1s first discussed before the results are

presented.

3.1.1 Linear Stability Theory

In order for linear stability to be applicable the
following criteria must be met:
1. Very low amplitude velocity fluctuation
2. Mean velocity profile has an inflection point
3. Must be an inviscid type flow
4. The Reynolds number must be sufficient to produce
parallel flow.

If the above criteria is met the linear stability theory

43
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introduced by Michalke (1965) 1s applicable. The general
equation that must be solved is obtalined by restricting

the flow to wavy disturbances of the form

i(ox-BtD
Yix,y,t> = Rld(yde ] (3. 1O

where ¥ is a disturbance wave function, « and B are
constants, and R[] refers to the set of real numbers.

This gives the celebrated Rayleigh equation
U-p/ed[p' ' —x®p]1-U""'d = @ (3.2>

For unbounded veloclty profiles the disturbances must

vanish at infinity making the boundary conditions
Pp(—m) = p(0) = B (3.35
Since the velocity profile is unbounded

lim U*'' = 0 (3.4
yotom

and from (3.2) and (3.3) the asymptotic behavior of ¢' 1is

y2+o® o' = —ad (3.5)

1

y—om ¢ +op (3. 6>

The order of the differential equation (3.2) can be

reduced if we use the following transformation

¢ = exp [ [ dyl (3. 7D
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Using the transformation (3.7) we obtain from equation

(3.2> the corresponding Riccati equation in @ (y>
Q' = o - O+ U S U-B/o (3.8>

With <(3.5) and (3.6) the appropriate boundary conditions

become

Qitw) = —ap Pl-w) = + (3.9
The constants o = a,. + ia, and B = B, + 1B, are in general
complex. o, 1is the wave-number, B, the cyclic frequency

or angular velocity of the distrubance and «, and B, the
spatial and temporal growth rates respectively. For the
application of linear theory to the planar turbulent jet,
Freymuth (1966) has shown that it is appropriate to assume
spatial amplification only giving B, = 0.

Equation (3.8), along with boundary conditions (3. 9),
has to be integrated for real values B>0. An eigenvalue
problem must therefore be solved first in order to

determine
o = alB) = «,. + lo, (3.1

« and B can be limited to the following values of «,<0,
and B»® due to the fact that we are only interested in
disturbances traveling and growing in the basic flow
direction. The eigenvalues are then determined by

numerical integration via a Runge-Kutta-Gill procedure.
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The computer code to accomplish this can be viewed in
Appendix A.

With the computed eigenvalues known the eigenfuctions
¢ can be found by integration of equation (3.8). Since
the eigenfunctions are determined except for an arbitrary
multiplicative constant alone, the initial values are

normalized to

6.8 = 1; ¢, (@ = 1 (3.11)

The initial gradient is found from (3.7) to be

p' (@) = 9. @) + 10, (@) (3.125

Equation (3.8) along with initial values (3.11> and <3.12)
is solved via a Runge-Kutta-Gill procedure program shown
in Appendix A. Once the solution to these equations is
known the u' and v' velocity fluctuations can be

calculated by the proportion

ut o D+ Dy e (3.13)

Vo (@t g, (3. 14>

with the phase angle between them given by

u' phase o TAN™'(D,/0.0 (3. 15>

v' phase a TAN-' {p, /¢, (3. 16>

In the next section the techniques used to apply linear
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stability theory to the planar turbulent jet is discussed.

3.1.2 Linear Stability Technigues

and Results

In order to use linear stability theory, very accurate
mean velocity profiles must be obtained. The excited mean
profiles shown in section 2.3 are the profiles that will
be used to obtain the theoretical predictions of the u
velocity fluctuations and u phase variation.

The excitation frequency used in this research to
produce a controlled perturbation is of the same frequency
as the most unstable frequency at a given x/D location in
the near field of the jet. This frequency must first be
found. Unexcited mean velocity profiles are taken in the
initial region. The Rayleigh equation (equation 3.2) that
is to be solved requires the mean local velocity and the
second derivative of fhe mean local velocity as inputs.

In order to obtain a second derivative of the mean
velocity, a family bf curve fits is suggested by Cohen and

Wygnanskil (1978)

©.5{1 + tanhnl1l + sech®n(-C,tanhn + C;>1} (3. 14

n = 0.5Culy — y(@.5>1/90 (3. 155

is fitted to the mean velocity profile. The constants C,
and C; are constants describing the symmetric and

antisymmetric corrections, respectively, to the classical
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hyperbolic tangent profile. The constant C., 1s related to

the other constants by

Cw = 1 = 2/3(Cy) = 2/35(C,0% = 2/15(C, ) (3.165

After the profiles are fitted and a second derivative is
found, the Rayleigh equation is solved. The elgenvalues
o = x{B> are obtained where « 1s the wave number and f is
the cyclic frequency. The excitation frequency is found

from the relationship
f = BU./2n8 3.175

where U, 1s the maximum velocity at the nozzle exit and &
1s found as in the Figure 23. At x/D = @.75 the maximum
amplification rate (-o,) corresponds to a cyclic frequency
of B = 0.275 or f = 2650 Hz. This location of x/D = 0.75
is chosen because the corresponding frequency at this
location amplifies at upstream locations and several
downstream locations as well. This frequency 1is chosen to
excite the flow throughout this paper except where noted
Using the frequency given above, the excited mean
profiles are generated as presented in section 2. 3. Curve
fits are generated for the positions x/D = 0.5, ©.75, 1.0,
1.25, and 1.5. The eigenvalues are then found for each of
these cases. Figure 24 shows the amplification rates
versus the nondimensional frequency beta. A shift in the

range of frequencies is noted in the curves for x/D = 1.25
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and x/D = 1.5. The reason for this shift is that the
excitation used slightly changes the mean velocity
>profiles at these locations from the natural profiles
while‘the upstream locations are not affected by the
excitation. Since the eigenvalue calculations are very
sensitive to the second derivative of velocity, small
changes in the mean velocity profile can have a
significant effect on the solution. As expected, the
farther downstream from the exit, the lower the maximum
unstable frequency becomnes. Figure 25 shows the phase
velocity c,. as a function of B. The phase velocity is
defined as c,. = B, /«,.. Now that the eigenvalues are
known, the elgenfunctions can now be determined. Fron
these eigenfunctions the u and v velocity fluctuations can
be calculated for the profile.

The flow fleld is excited at the predetermined
frequency of 2650 Hz. The u disturbance measurements are
taken with a standard hot-wire probe used in the constant
temperature mode. The hot-wire signals pass through
filters and are then digitized by an HP-98640A
analog/digital conversion board. A total of 512 samples
is recorded for each ensemble. Each sample is phase
locked with the inputted excitation frequency by sampling
only when the sinusoidal periodic excitation is at a

maximum peak. The phase locking allows the comparison of
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the theoretical u velocity fluctuations at a certain B
frequency to the spectral measurements at fo = 2650 Hz. A
total of 50 ensembles is used to assure a smooth spectrum.
A Nyquist frequency of 6000 Hz is used for each spectrumn.
A Fast Fourier Transformation algorithm is used to compute
the spectral density function from the inputted signai.
Appendix A contains the computer program used to
accomplish the above.

In order to convert the spectral density function to
the desired u velocity fluctuations, the local mean
velocity is needed for each location the spectral density
is taken. The spectral density function can then be
converted to u velocity fluctuation by the following

relationship

(U)¥ = (e®)wdU/dE (3.17>

over a 50 Hz bandwidth centered on the.excitation
frequency and dU/dE is the derivative of equation <(2.3).
The results are then normalized to the maximum value
obtained to allow direct comparison to the theoretical
curve that 1s also normalized to its maximum value.

Figure 26 shows the results of the theoretical u
velocity versus the experimentally measured u velocity at
x/D = @.5, The location y = @ 1s the location in the

shear layer where U/U,, ... = 0.5. Good results are obtained
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from the phase reversal at y = -1.2 up to a location y =

1. Theoretical u velocity fluctuation overpredicts on the
low speed side of the shear layer and underpredicts on the
high speed side. The discrepancy on the low speed side 1is
expected due to limitations in measuring with hot wires in
zones where low velocities cause flow intermittency. The
discrepancy on the high speed side is seen to occur at the
location where the intensity of the u velocity
fluctuations reach a maximum. However, the relative shape
of the theoretical curve on the low and high speed sides
are 1n good agreement with the experimental curves.
Figures 27 and 29 show the results at x/D locations of
©.75 and 1.0. Again good results are obtained near the
center of the shear layer. The curves show near perfect
agreement fromy = -1.5 to y = 1.0, As in the case of x/D
= 0.5, the slope of the curve on the low and high speed
sides are consistent aithough they do not agree in
magnitude. The discrepancies between the measured and
calculated u fluctuations are expected to become greater
the farther downstream one travels since the amplitude of
fluctuations increases with downstream distance.

Figures 29 and 30 show the results at x/D locations
1.25 and 1.5. The results show very little agreement. At
these locations the intensity levels are at significant
levels to invalidate linear theory. From the results

obtailned it would seem that linear theory can only be used
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at locations wherekthe turbulent inteqsity iz less than 10
percent. At x/D locations less than ©.5, the frequency
chosen would not significantly amplify to obtain
experimental curves.

Figures 31-35 present the results of the phase angles
at x/D locations ©.5, .75, 1.0, 1.25, and 1.5. The
results at x/D locations ©.5, ©.75, 1.0 show agreement
with theoretlical calculations. The phase shift and
general slope of the phase 1s seen precisely at all three
locations. Very little agreement is seen at x/D locations
1.25 and 1.5 although the general slope of the phase is
indicated. This is expected since the u velocity
fluctuation curves at these two locations are not in good
agreement due to large amplitudes of velocity

fluctuations.
3.2 Power Spectral Measurements

This section presents power spectral measurements
documenting the spectral evolution of the jet under two
different excitation conditions. The first accoustic
excitation will be at the most unstable frequency at
location x/D = 0.75, f, = 2650 Hz (determined in section
3. 1. The second case of frequency excitation to be used
will give what is referred to as an "untuned jet". An
untuned jet refers to a jet that has been acoustically

excited at a frequency that is not a multiple of the jet
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column mode (passage frequency of large-scale vortices at
the end of the potential core). A sample frequency that
provides an untuned jet is that of f,, = 2200 Hz. Power
spectra are obtained on the jet centerline and in the

developing shear layers for x/D locations 0.25 to 5,

3.2.1 Spectral Measurement Techniques

For the spectral measurements a standard "straight
wire" probe was used in the constant-temperature mode.
The signal from the hot-wire is AC-coupled and passed
through anti-alias filters and then digitized by an HP-
98640A analog/digital conversion board with 512 samples
recorded for each ensemble. The number of ensembles
increased with downstream distance, with the typical value
being 100 ensembles. The Nyquist frequency used is 6000
Hz. A Fast Fourier Transformation algorithm is then used
to compute the spectral density function. The program

used can be viewed in Appendix A.

3.2.2 Spectral Development at f. = 2650 Hz

All spectral measurements in this section correspond
to the jet acoustically excited at frequency f, = 2650 Hz
Figure 36 presents the power spectra in the excited Jjet
shear layer at x/D = 0.25, 0.5, ©.75, and 1.0. The energy
levels at x/D = 0.25 are very low, but definite peaks are

observed. A low level peak occurs at the most unstable
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Jet shear layer frequency of 2650 Hz. This peak occurs
due to the low level excitation of the jet. Already at
‘this near exit streamwise location, the spectrun indicates
nonlinear wave interactions. A definite peak is observed
at the subharmonic frequency f,./2 = 1325 Hz. Sidebands
about the fundamental and subharmonic frequencies are also
being generated, suggesting modulation effects. These
sidebands help to distribute the energy throughout the
shear layer. The modes present in the power spectrum
suggest that interactions between the excitation frequency
and the jet column mode f. are occurring. The jet column
mode is defined as the passage frequency of large-scale
vortices at the end of the potential core. This frequency
is measured to be f, = 390 Hz. A Strouhal number can be

found from the jet column mode and is given by
St = f,.D/U, (3.18>

The Strouhal number is St = ©.26. A very important mode
formed by the interaction of the fundamental and the Jjet
column mode is seen at P The beginnings of other
modes formed by interaction of f, with f. are found at
(f,—2f.>/2 and at (f. +2f.)>/2.

At x/D = 0.5, the modes found at x/D = 0.25 are still
evident only at higher energy levels. The emergence of
the difference mode at f,—f. can clearly be seen at this

location. At location =/D = 0.75, the excitation
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frequency shows large growth over the previous location.
The previously defined modes are still in evidence. The
harmonic frequency <(2f,), although very low in energy,
begins to form at f = 5300 Hz. By x/D = 1.@ the spectrum
shows growth of energy levels throughout the entire
frequency band. Other modes are forming at f,., f,.+f_),
and (2f,~f,.).

Figure 37 presents the development of the power
spectrum from x/D = 1.25 to 1.5. ‘At x/D = 1.25, the
spectrum shows very large and dominant growth of the
subharmonic frequency. The harmonic frequency is still in
evidence, although it has less amplitude than at the
previous upstream location. Growth of modes Bf,—-f.r/2
and (3f,+2f.)/2 are noted along with a large growth of
3f.’2. Downstream at x/D = 1.5, the majority of the
energy in the flow i1s being shifted to the lower
frequenciles. The second subharmonic frequency f,/4 is
seen at this location. The harmonic frequency is
decreasing in amplitude to a very low amplitude, along
with the modes surrounding it. The subharmonic frequency
is still the dominant frequency, although a peak at <(f, -
3f.>/2 is emerging as a dominant frequency. The modes on
either side of the excitation frequency have exhibited
growth. This growth is seen in the entire range of
frequencies less than 3000 He. The peak at (f_—-2f.>/2 is

no longer evident at this location.

.
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Figure 38 documents the development in the shear layer
from x/D = 1.75 to 2.0. At x/D = 1.75 it is very
interesting to note that the fundamental excitation
frequency is the dominant peak. However, the spike is
very thin with all the energy concentrated right at the
excitation frequency. Again it is noted that the majority
of the energy has been shifted to the lower frequencies.
The subharmonic is still visible, but like the fundamental
it 1s very thin. The majority of the energy at x/D = 1.75
is centered at the mode f,/4. Since the harmonic
frequency has completely disappeared, the scale on the
frequency is adjusted to show the lower frequencies
better. It is also interesting to note that the distinct
modes, besides modes mentioned above, observed at the
previous upstream location are no longer noticeable.
Energy has transferred to the valleys between the modes.
This is characteristic of the growth of random
instabilities which occurs when transition to turbulence
begins. At x/D = 2.0 the frequency centered at mode f_/4
has grown to be the dominant peak containing the majority
of the energy in the spectra. The other observable peaks
are those at the fundamental and subharmonic frequencies.
The subharmonic has shown growth while the fundamental has
shown significant reduction in amplitude.

Figure 39 documents the spectra at locations x/D =

2. 5. At x/D = 2.5 the fundamental excitation frequency is
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no longer evident. The mode that was centered at f_./4 has
broken down from a centered peak to a broad peak. The jet
.Column mode is now observable. The subharmonic frequency
is still evident, but as before it is very thin with all
the energy located at the frequency itself. The spectrum
has almost all of‘the energy at the lower frequencies and
has begun to resemble a broadband spectra.

In order to determine more about the power spectra at
downstream locations where the spectfa has begun to
resemble a broadband spectra, a simple transformation.will

be used. The energy in the spectrum is given by
E = [ S«f) df (3. 1%

where f 1s the spectrum frequency and S(f)> is the spectrum
value value at a particular frequency. If we let x = log
f and dx = df/f, then df = fd{log f). This glves the

energy in the spectrum as
E = [ fS(f) d(log > (3. 20>

Figure 40 documents the transformed spectum at location
x/D = 3.0. This figure clearly shows the increase of the
mode at f,/4. The peak at the jet column mode is also
clearly visible. Figure 41 shows the transformed spectrum
at location x/D = 4.0. At x/D = 4.0 the subharmonic
frequency has completely decayed. The peaks clearly

visible exist at modes f,/4 and f.. Figure 42 presents
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the transformed spectrum at location %/D = 5.0. The peaks
at f,/4 and f, are still visible with a new peak showing
vup at f./2.

By plotting the spectral density amplitudes of the
modes observed in the previously presented power spectra
with downstream distance x/D, an effective picture of what
is happening in the shear layer can be presented. Figure
43 presents the spectral density amplitudes versus
downstream distance for modes four fw/2, and f_ /4. It can
be noted from this figure that the growth of the
fundamental mode is linear for x/D < 1.0. The saturation
of the fundamental occurs at x/D = 1.0. The saturation of
the fundamental is associated with the rapid growth on the
subharmonic which saturates at x/D = 1.25. The
subharmonic growth is significantly larger than the
fundamental growth beyond x/D = 1.0. An interesting
deviation appears between x/D locations 1.5 and 1.75. The
subharmonic decays while the fundamental shows a
significant growth. Also present between these locations
is the growth of the second subharmonic. By x/D = 2.0,
the second subharmonic frequency is the dominant
frequency. After x/D = 1.75 the fundamental shows
dramatic reductions, while the subharmonic does not show
significant decay until after x/D = 3.0.

Figure 44 shows the spectral amplitudes versus

downstream distance for the excitation frequency and the
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sidebands on either side of it (fo = fo. Although
significantly less in the magnitude, the sidebands appear
to be directly related to the excitation trequency. Both
of the sidebands show linear growth at the same x/D
locations as the excitation and both sidebands deviate
from linear growth at the same location as the harmonic.
It is interesting to note that the lower sideband is
favored over the upper sideband. The only location where
any deviations of the sidebands from the harmonic appear
is at x/D = 1.0 where the upper sideband shows contigued
growth where the harmonic deéays and at x/D > 2.0 where
both sidebands show constant amplitudes where the
fundamental decays.

Figure 45 shows the spectral amplitudes versus
downstream distance for the subharmonic frequency and the
sidebands on either side of it (Ff/2 = f.0, As in the
fundamental and its sidebands, the subharmonic and its
sidebands appear to be directly related. Similar growth
is shown for x/D < 1.0 and growth trends continue to be
present further downstream |

Information about the shear layers' influence on the
centerline of jet can be found by looking at the power
spectra on the jet centerline. Distinct peaks should be
observable farther downstream due to lower turbulent
intensities on the centerline. Figure 46 shows the

centerline power spectra for x/D = 1.9, 1.5, 2.0, and 2.5.
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No noticeable energy shows up at locations upstream of x/D
= 1.0. At x/D = 1.0, the energy levels are very low.
Several modes begin to appear at this point. A very thin,
almost nonexistent peak appears at the excitation
frequency. The dominant peak ih the spectrum appears at
the subharmonic frequency f,/2. Other observable peaks
are at the jet column mode f, and a peak forming at f_ -

2f,>/2. By x/D = 1.5, all the peaks have grown

considerably. The fundamental, although still low in

energy, 1s now observable. The subharmonic is still the
dominant peak in the spectrum. New modes are observable
at locations (f,+2f.>/2 and f,—f,.. All of these modes

were observable in the shear layer spectra at higher
amplitudes. This suggests the peaks observed on the
centerline reflect the presence of the shear layer modes.
At x/D = 2.0 there are only two modes present. All of
the energy at the higher end of the spectrum has now been
shifted to the lower end. The only modes observable are
the subharmonic frequency and at a frequency f,/4. The
only change at x/D = 2.5 is that the modes grow. Figure
47 shows the centerline power spectra at x/D = 3.® and
4.0, The majority of the energy is showing up in between
the modes f,. and f,/4. The subharmonic frequency is still
a visible mode, although it has diminished in energy. At
location x/D = 4.@ the only mode present is the jet column

mode. This signifies the end of the potential core and
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shows the passage frequency of the large vortical
structures. Figure 48 is the transformed (equation 3.20)
centerline spectrum at location x/D = 5. 0. The jet column
mode is again the dominant mode showing growth over the
previous x/D location. Figure 49 shows the transformed
centerline power spectrum at x/D = 7.5. The jet column
mode 1is still the dominant frequency, but the remaining
energy in the flow has shifted to lower frequencies. We
will now look at the power spectrum for what is referred
to as an "untuned" jet. An untuned jet is obtained by
exciting the jet at a frequency that is not a multiple of
the jet column mode. For the case just examined fo./8 =
331 Hz which is close to the jJet column mode f. = 3990 Hz.
If the jet is excited at an arbitrary frequency of f, =
2200 Hz, the multiples of the excitation frequency will be
fu/4 = 550 Hz and f,./8 = 250 Hz, neither closé to the jet
column mode frequency. In the next section the way the

Jet responds to this untuned case will be examined.

3.2.3 Spectral Development at f. = 2200 Hz

Excliting the jet at a frequency that is not a multiple

of the jet column mode (f,. = 390 Hz) gives a different
exit flow field. The power spectrum measurement technique
is applied to the jet, acoustically excited at f,. = 2200

Hz, in this section.

Figure 5@ presents the power spectra for the untuned
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Jet for locations x/D = @.25, 0.5, and 0.75. It is
obvious from this figure that the untuned jet behaves
differently than that of the tuned jet. The peaks
observed in the power spectrum do not show the sharp
concentration of energy as in the tuned case. The peaks
of energy are rounded, spreading the energy over a greater
frequency band. By x/D = 0.75 the following energy peaks
are noticeable: fu, (F,+3F. 072, (f,.—f.>/2, (f.tf.>/2,
fotf., and 3f,/2+f,_. It is very interesting to note the
fact that the subharmonic frequency does not show up as a
peak, but instead has a peak on either side of it. Also
interesting is the peak at f = 2100 Hz.

Figure 51 presents the power spectra for the untuned
Jet for locations x/D = 1.0, i.25, and 1.5, The spectra
at these locations show basically the same peaks at higher
energy levels as in the previous location x/D = @.75. At
x/D = 1.25 the jet column mode f, becomes evident. New
peaks are located at 2f,—-f./2 and 2t +f./72, As in the
subharmonic frequency, the peaks do not occur at the
harmonic but rather at either side of the harmonic. By
x/D = 1.5 a few changes in the spectrum is noticed. The
peak at (f,.+3f.>/2 is no longer present and the two peaks
located on either side of the subharmonic are not as
pronounced as in previous locations.

The power spectra for x/D = 2.0 and 2.5 are shown in

Figure 52. At x/D = 2.0 only two peaks are noticeable. A
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low energy peak exists at the excitation frequency. Most
of the energy in the shear layer is located in a peak
centered at f,./4. By x/D = 2.5 the only peak present is
the peak at the jet column mode f,. The transformed power
spectrum (equation 3.20> for x/D = 3.0 is shown in Figure
53. The dominant peak at this location is shown to be the
Jet column mode.

The power spectra for the untuned jet have shown a
different distribution of the energy in the shear layef
than that of the tuned jet. The difference is due to the
Jet redistributing the energy in the shear layer to allow
efficient passage at the end of the potential core.

Figure 54 shows the spectral density amplitudes versus
downstream distance for the fundamental, subharmonic, and
the two modes on either side of the subharmonic (fo #
f.>/2. The fundamental frequency shows linear growth for
x/D < 1.0, with saturation occurring at x/D = 1.0, Even
though the sidebands of the subharmonic frequency are
greater in amplitude than the subharménic itself, the
sidebands seem to be directly related to the subharmonic.
Growth patterns are consistent for the subharmonic and its
sidebands throughout the entire range of x/D locations.

In the next section digital complex demodulation

measurements will be presented.
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3.3 Digital Complex Demodulation

Complex demodulation enables the experimentalist to
obtain quantitative measurements of the amplitude and
phase modulation characteristics of unsteady flow.
Background and theory will be presented before the

measurements are presented.

3.3.1 Digital Complex Demodulation

Technigues

The presence of wave modulation is easy to detect in
power spectra measurements since a modulated wave is
portrayed in terms of its "carrier wave" and upper and
lower sidebands. However the power spectra give little to
no information on whether the carrier wave is amplitude
modulated, phase modulated, or both. Digital complex
demodulation technique enables one to directly recover
both the time traces of amplitude and phase modulation of
a carrier wave with a center frequency ..

®(x, t> denotes the unsteady signal measured at point
X. With starting point %x=0, assume that ®<(t) is an
amplitude and phase modulated wave described by the
following equation

Pty = alt) coslo,, + pt)1]
= alt)/2H{explio.t+ipt)I+expl-w..t-ipCt) 1) (3.215

where ad(t), pdt), and . refer to amplitude modulation,

.
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phase modulation, and carrier frequency, respectively.
Equation (3.21)> 1is then multiplied by an exponential term

2exp{(-iw,t>, where o, is the demodulation frequency, to

obtain

20 (W) exp~layut) = alt) {fexplilo,,~w. 0t + ipdtH1

+ expl-ile,.to. 0t - ipdto1} (3.22)
Set o, = ., and feed the result into a digital lowpass
filter with a cut-off frequency less than 2. This will

glive the complex demodulation c<(t>

cdt) = a(tyexplip(t)] (3.22)

Since c(t) is a complex number expressed as c,.{(t) and

ci (t) the instantaneous amplitude and phase modulation are

found by computing

adt)

]

lc,.®CE) + c,= (k1w (3.24)

p<to tan~'lc, (t)/c,. (t)] (3.25)

From computer-generated values of the instantaneous
amplitude and phase modulation we can determine the degree

of modulation by computing the modulation indices
a = <{a - <a>)X#ym»/<Lad (3.26>

where a and B denote the amplitude and phase modulation



indices respectively, and the angular bracket denotes a
time average. The computer code used can be viewed in

Appendix A.

3.3.2 Digital Complex Demodulation

at f,. = 2650 Hz.

The technique discussed above is used at an excitation
frequency of f, = 2650 Hz. The hot wire probe is placed
in the shear layer at the location U/U.,.,.. = 0.8. The
Nyquist frequency is f,, = 6000 Hz. The excitation
frequency of f, = 2650 Hz is also the frequency of
demodulation. The digital low-pass filter is set to a
frequency bandwidth Af = ©.03 and a cutoff of 35 db.

Figure 55 shows the amplitude (alpha) and phase (beta)
modulation indices. These indices quantitatively measure
the changes in the intensity of the amplitude and phase
modulations. It can be seen from this figure that the
shear layer 1s undergoing both amplitude and phase
modulation. Even though both amplitude and phase
modulation exist, phase modulation is clearly dominant.

It has been shown by researchers such as Miksad, et al.
(1982) that phase modulation is preferred when nonlinear
interactions are occurring. This is due to the more
efficient spectral-energy redistribution properties of
phase-modulated waves. The ratio of the two indices can

be viewed in Figure 56. The near exit region of the jet
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(x/D < 2.0) shows deviations due to the fact that the
phase modulation index (beta) is varying with downstream
distance while the amplitude modulation index remains
relatively constant. The drop of the ratio at x/D = 1.0
is interesting. At this point the phase modulation
increased significantly. This could be attributed to the
fact that the fundamentai frequency saturates at this
location. At x/D > 2.0 locations, the amplitude and phase

modulations seem to have become constant.

3.3.3 Digital Complex Demodulation

at f,. = 2200 Hz

The jet 1s now excited at an excitation frequency of
fo = 2200 Hz. This frequency is also the frequency of
demodulation. The digital filter setting remains the
same. Figure 57 shows the amplitude and phase
modulations indices. As 1in the tuned jet, the phase
modulation is the dominant modulation. Both indices
remain relatively constant throughout downstream
distances. Figure 58 shows the ratio of the two
modulation indices. At x/D = 1.0 the ratio of the two

indices drops comparably to that in the tuned jet.
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The power spectrum and demodulation techniques are
useful tools for looking at the energy distributions {n
.the flow field. However, neither provides information on
the interactions between the modes observed. The
bicoherence spectrum is used to determine whether the
waves are coupled nonlinearly or are coupled linearly.
The next section will provide information regarding the
nonlinear interactions in the developing jet flow via use

of this bicoherence spectrum.
3.4 Bicoherence Spectra Measurements

This section presents bicoherence measurements
documenting the nonlinear wave reactions of the Jet under
excited conditions (f, = 2650 Hz and fo = 2200 Hz).
Bicoherence measurements are obtained in the shear layers
for x/D locations 0.5 to 4. 0. Background information on
the bicoherence technique and theory is presented before

the results are documented.

3.4.1 RBRispectral Techniques

To distinguish between nonlinear coupled waves and
linear independent waves, a higher order spectrum than the
power spectrum is used. Thi's spectrum is referred to as
the bispectrum, which is a cube spectral density function.
A nonzero bispectrum is indicative of nonlinear

interactions between instability waves. Kim and Powers
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(18795 and Kim et al. (1980) describe the bispectrum in
detail. Use of the bispectrum along with the previously
presented power spectrum can provide quantitative
information on the nature of the nonlinear interactions

invoked during transition.
Consider the longitudinal velocity fluctuation
measured at a point which has a Fourier representation

x(t) = X e (3.28)

where X, is the complex Fourier amplitude at frequency f,.

defined by
1 T/2 i2nf, t
X. = lim - I =<ty e dt 3.29
Toaw T =T/2

where T is the total record length of x(t). The degree to
which frequencies f, and f,; are coupled to wave f,, can be
determined by the bispectrum. The bicoherence spectrum is

the normalized version of the bispectrum and is defined by

Kim and Powers (1979) as

IBCL, ) 1=

ECIX, X, P #1EL X, 0y | #]

where E[] denotes an expected value, i and j are integers
representing the frequencies f, = (1-1)Af and f, = (j—1)Af

(Af represents the frequency resolution), and B(i, j> is
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the discrete bispectrum defined as
B, §5 = EIX X X%, ,] (3.3

The bicoherence spectrum measures the phase coherence
among a wave triad. If three spectral components are
nonlinearly coupled, a phase coherence will exist between
them. The bicoherence spectrum is bounded by & ¢ b® ¢ 1.
A value near 1 indicates that the wave at frequency f,. is
nonlinearly coupled with waves f, and f,. A value near
zero indicates a lack of phase coherence between the waves
suggesting f,. is a linearly independent wave not related
to waves f, and f;.

The bicoherence spectrum is plotted only in the
triangular region of the f,, f, which is defined as
follows: @ ¢ f, ¢ f,/2, f, ¢ f, ¢ fu/2-f,, where f, is
the Nyquist frequency. Each bicoherence plot shows lines
of constant frequency f,. = f, + f,. A schematic of the
bicoherence plot is shown in Figure 59, Values along
these lines can be interpreted as nonlinear interactions
between different pairs of instabilities with a sum
frequency equal to f,,. However, due to the symmetry
properties of the bispectrum, difference-mode interaction
of the form f,.,—-f, = f; and f..—fy, = f, are also mapped into
the b* (i, j> interaction. To determine‘which of the three
possible interactions is taking place, the corresponding

power spectrum should be referenced. The computer program
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used to take the bicoherence measurements can be viewed in

Appendix A.

3.4.2 Bicoherence measurements

at f,., = 2650 Hz.

Bicoherence measurements are taken at locations x/D =
2.5 to 4.2 in the shear layer where U/U,, ... = 0. 6.
Measurements are also taken on the Jet centerline at
locations x/D = 4.0 to 10.0. The excitation frequency for
each measurement 1is f,, = 2650 Hz. The Nyquist frequency
for each case is f,, = 6000 Hz. Figure 6@ shows the
bicoherence measurement at location x/D = 0. 5. The major
peak in the plot occurs at b# (f /2, f./2) = @. 729, This
peak represents the subharmonic production through a
nonlinear interaction of the form fo—fa/2 5 f./2. The
symbol "' is to be read "undergo nonlinear interaction to
yield". This peak showing complete phase coherence
indicates that the spectral mode at f,./2 is truly the
subharmonic of the excitation frequency and not a linear
independent mode. An important mode at f,-f. is formed by
the nonlinear interaction of the form fo—T. = (fo.—f.).
This is shown on the plot as an observable peak at
b# (f., fo—f.) = @.221. Two other elevated peaks are also
noticeable. The first occurs at b (fu/2-F,., fo./2+f.) =
©..261. This corresponds to the nonlinear interaction of

the form f  —<f,/2-f,) 4 (f./2+f.). This interaction shows
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that the upper sideband of the subharmonic is produced by
the nonlinear interaction of the excitation frequency with
the lower sideband of the subharmonic. The second
observable peak at b¥(f,/2, f,—f.) = @.170 shows how the
lower sideband of the subharmonic is formed. The lower
sideband of the subharmonic 1s formed through the
nonlinear interaction (f,—f.)-f, /2 = fn/2—1.. It is
interesting to note the interaction of the jet column mode
at this near exit case. This indicates that the jet
column mode exerts an upstream influence on the near exit
flow field. These nonlinear interactions occuring at this
near exit case help to explain the deviations observed in

the application of the linear theory in section 3.1 at x/D

= 0.5. In addition to these noticeable major peaks
contours along the line f,, = f, are observable. The line
fi. = f. indicates that multiple modes between f./2 and

(f./2-f.) are also involved in the subharmonic resonance.
The bicoherence spectrum at x/D = ©.75 is shown in
Figure 61. The dominant peak occurs at b¥#(f,_, f,) = @.890
which indicates harmonic production through a nonlinear
interaction of the form f, +f, - 2f,. The power spectrum

at location x/D = @.75 (Figure 36) shows the harmonic
frequency occurring due to this nonlinear interaction.
Contours extending in the f, = f, and f, = f. directions
represent nonlinear interactions between the excitation

frequency and nearby modes to strengthen the neighboring



m"m

(ZH 0592 = @F)
GL°0 = Q/% 38 umajoedg eoUaIeyOOTg

*19 eandtyg

Ny/%s

' Sh" & S€° €£° S 2' s’

% " pr—

$—

[ L 1ol
a3 agmay U/ (PIe+2I) 203 /(32-33) *um.
.vf- .- -
= 3 - .
23=L3+13 o1°0_~% < 6726 ., - o5
=f - .. o w e
N\wu,.uV Jhﬂh”a € X a. 9
Dl R
CETNCL S S
R
R T | et
-
a3 TR Sre T - A.ud
-...u g 0- .. .um-
- H -
- - ° - - c . —
- . ot & - - - PeE el -
- R e T - kg
. IR e R —
S e ST . -
. -'.'o\hmdr.ooc. - k—
voO-.fo < .= 'o... .
9o hd . ‘ l‘h ‘e m
s .'..\o . 'lo' |
ZH 0592 = °3 o e 6
zH 0009 = N3 =t
L. SO — — —_— - .

-

23433

¢/@3¢

23+33C/¢

3¢




112

modes around the harmonic frequency. A contour line is
beginning to form in the direction f, = f./2. This
‘contour represents nonlinear interactions between the
subharmonic frequency and nearby modes to enrich the modes
around the excitation mode. The peak at b¥*(f,/2,f./2) has
decreased slightly from a value of @.730 to.®.710. The
contour line f, = f, is still evident.

Figure 62 shows the bicoherence spectrum at location
x/D = 1.0. It 1s evident from this plot that numerous
nonlinear interactions are taking place at this x/D
location. The peaks at b*(f,, f,> and b#{f, /2, f./2) are

still very dominant peaks, showlng almost perfect

coherence,. Contour lines extend from these peaks in the
directions f, = f,, f; = f,, f, = fw/2y, f.. = f.,
and f,. = 2f,. With the exception of f, = 2f,, the contour

lines extending in the other directions have strengthened
over previous locations. The contour line f,, = 2f

W

represents the interactions of multiple modes between f,,

and f, to help form the harmonic mode.

Figure 63 shows the‘bicoherence spectrum at location

x/D = 1.25. The contour lines extending in the directions
f, = fu, f, = fo, f, = f,./2, and f,, = f,, are still
evident. The peak at b#®<(f,, f,> has decreased from a value

of 0.883 to ©.607 while the peak at b*<(f,/2, f./2) has
increased from ©.733 to 0.933. The power spectrum at thie

location shows the subharmonic frequency as the dominant
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frequency agreeing with the information provided in the
bicoherence spectrumn. A small peak at b*®<(f,/4, f /4> =
'¢‘233 shows the nonlinear interaction f,/2-f,./4 - fe/d
This is the second subharmonic frequency beginning to
form. Other nonlinear interactions are also occurring at
this location. As an example, b¥*({(f_.,3f,/2) = @.251 shows
the nonlinear interaction (3f.,/2+f.>-f,. - 3f. /2 occurring.

Figure 64 shows the bicoherence spectrum at location
x/D = 1.5, Contour lines f, = f,, f, = f,., f, = f,./2, and
fi.. = f, 8till show dominant interactions among these
frequencies. Newly appearing contours can be seen in
directions f, = f, /2 and f, = f,/2; the first contour
representing nonlinear interactions between the
subharmonic frequency and nearby modes to strengthen the
subharmoeonic mode. The second contour line represents
interactions of multiple modes between f,./4 and f. to
enrich the mode f_./4. Both peaks at b*(f,, f,.) and
b¥(far2, fo/2) have decreased in magnitude. Very few peaks
are present that show the formulation of the harmonic
frequency 2f,.

Figure 65 shows the bicoherence spectrum at location

x/D = 1.75. It is interesting to note from this figure

that the contour lines f, = f, and f, = f, seem to be
scattering to neighboring modes. Contour lines f, = f, /2
and f,. = {, are still dominant lines even though they have

lessened in intensity from the previous location. The
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peak showing the interaction fou=fu/2 9 f,./2 has decreased
in phase coherence significatly from a value of 0.704 to a
value of 0. 197. Also of interest is the increase of the
peak at location b¥®(f,, f,.> from a coherence value of ©.414
to a value of ©.572. This explains the dominance of the
excitation frequency shown in the power spectrum at this
location (see Figure 38). Both the peak at location
b¥(f./4, f,/4> and the contour line at , = f,./2 are still
evident. Both of these features of the plot produce the
mode f,/4.

Figure 66 shows the bicoherence spectrum at location
x/D = 2.0, The alone contour line remaining by this
location is the line given by f, = f,./2. The remaining
peaks present show nonlinear interactions producing the
dominant mode at f,/4. Figure 67 shows the bicoherence at
location x/D = 2.5. The contour line at f;, = f,./2 is
still present showing the interactions to produce the
subharmonic mode. A peak at b#(f, /4, f,./4) is still
present showing the interaction to form a mode at fo/4.

No other peaks are present.

The blcoherence spectrum at location x/D = 3.0 can be
viewed in Figure 68. Again the contour line fy = /2 is
still present. The only peak observable besides those
showing up in the contour line is the peak at
b* (f /4, f./4). By x/D = 4.0 the bilicoherence spectrum

shows a complete random plot due to a turbulent flow field
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(Figure 69).
The next section presents bicoherence measurements for
the untuned jet. These measurements will determine the

nonlinear interactions for the case of f, = 2200 Hz.

3.4.3 Bicoherence Measurements

at f, = 2200 Hz

Figure 70 shows the bicoherence plot at x/D = 1.0.
Locations closer to the nozzle exit do ﬁot show any phase
coherence. The peaks in this plot are very broad agreeing
with the power spectruﬁ plots that show the energy to be
spread out over a wider frequency band. Dominant peaks
are observable at locations b# ((f,+3f,. ,/2, (f.t3f.>/2) and
b*(fo—f. /4, fo—Ff./2). It is interesting to note the dual
peak arrangement instead of the one dominant peak 1in the
tuned case. Also it is important to notice that no peak
shows up at the excitation frequency. This suggests that
there is no true harmonic production in the untuned case.
Contour lines extend from these modes in the directions f,
= f,; = (f +3f.>/2 and f, = f.—f./4. These contour lines
show multiple interactions to strengthen the modes
(f.+3f.>/2 and fo—Ff./4. A strong mode is shown at
location b®(f /2, fe./2). This mode corresponds to the
interaction f, - f_./2 = fﬁ/é. Another mode is at b#(2f. .,
{(f—Ff.0/2) showing the non-linear interaction 2f,. + (f_-

f.2/2 2 (F+3F.>/2. A contour line extends in the
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direction f,, = f —f,. starting from this mode. This
corresponds to interactions strengthening the mode at
‘<fﬂ+3f¢)/2. The last strong mode is found at b#(f../2, f.
f./2).

Figure 71 shows the bicoherence plot at x/D = 1.25,
Very little change is shown at this location. The mode at
b¥ ((f @ +3f,.0/2, (f+3f.0/2) 1is strengthened slightly while
the mode at b*(f,-f,./4, fo—f.72) is decreased in cohe;ence
slightly. A new mode is shown at b#(f /2, (f +3f_.>/2).

Figure 72 shows the bicoherence plot at x/D = 1.5.
Major changes are shown from the previocus location. The
only modes at this location that were seen previously are
the modes at b®(f,/2, f,/2), b¥(f,/2, (f,+3f.>/2), and
b# (f 72, f.—f./2). A new peak is now seen at b¥ (f /4,
fo./4> showing the interaction fow/2 — f,/4 > f /4. This is
the first interaction to produce the second subharmonic
frequency.

As in the power spectrum, the bicoherence spectrum at
locations further downstream (x/D > 1.5) show a random
spectrum. This contrasts with the 6tuned" jet which did
not show a random spectrum until the potential core ended
at x/D = 4.0. This suggests that the untuned Jet has
considerably more turbulence inherent in the shear layers
due to the jet trying to redistribute the energy to become
in tune with the jet column mode.

The next section presents coherence measurements
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between the fluctuations in the two jet shear layers for
x/D locations 0.5 to 4.0. The coherence measurements
should give further information on the mechanism by which
the jet column mode interacts with shear layer unstable

modes.

3.5 Coherence and Phase Angle Measurements

This section presents coherence and phase angle
measurements documenting the coherence of fluctuations
between the two shear layers. Coherence and phase angle
measurements are obtained for x/D locations ©.5 to 4.0.
Background information on the coherence technique and

theory 1s presented before the results are presented.

3.5.1 Coherence and Phase Angle Techniques

The coherence function 1s derived from the cross-
spectral density function. The cross—-spectral density

function is generally a complex number defined by
Guy = Coy (F) = Q.o (£ (3.32)

where the real part; C.., (f>, 1s called the ceocincident
spectral density function and the imaginary part, Quay €T,
is called the quadrature spectral density function. In
frequency terms, the coincident spectral density function
is the average product of x(t)> and y(t) within a narrow

frequency interval f and f+At, divided by the frequency
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interval. The quadrature spectral density function is the
same except that either x{(t)> or y<(t), not both, is shifted
in time sufficiently to produce a 80-degree shift at
frequency f.

Expressing the cross-spectral density function in

complex polar notation gives the relationship

, =38, (£
G...,. (f> = |G. (fole (3.33
where
PGy <FO 1 = [CL,%(F) + Q. (f)1% (3. 34>
B..s (f) = tan~'0Q, ., (f)/C,, ()] (3.35)
Another useful relationship is
[ Gy CFX 13 € G, (FDG, (f) (3. 36>

The coherence function can now be defined by

Yo “f) = mmmm e ¢ 1 (3.37>
G..(f3G, ()
where v, % (f) is called the cocherence function, and G. (f)
and G, (f) are power spectral density functions. When
Yur, “Cf) = @.0@, the two signals x(t) and yv<{t) are said to
be incoherent at that frequency. When vy..,#*(f) = 1.0, the
signals x(t> and y(t) are said to be fully coherent at

that frequency. In-between values give partial coherence



at that frequency.

Spectral coherence measurements were made at selectead
x/D locations between ©.5 and 4.0. The hot-wire probes
were placed on opposite sides of the centerline in the
shear layers at a location U/Une = @, 6, Each coherence
and phase angle spectrum represents an ensemble average
over 100 samples of 512 points each. The program used can
be viewed in Appendix A. Figure 73 shows the placement of

the hot-wire probes in the flow field.

3.5.2 Coherence and Phase Development

at f,.,. = 2650 H=

Figure 74 presents the coherence function at an x/D
location of @.5. Five distinct peaks of coherence can be
seen at x/D = 0.5, The peak centers occur at 200 Hz, 1125
Hz, 1525 Hz, 2250 Hz, and 3450 Hz. The peak at 200 Hz is
centered at half the jet column mode, f,./2. This mode is
phase coupled on opposite sides of the jet shear layers.
The peaks at 1125 Hz and 1525 Hz show very high coherence.
It is interesting to note that these peaks occur at a
frequency of f,./2 * f_/2. Half the jet column mode is
interacting with the subharmonic frequency to produce
highly coherent peaks within the shear layers. The peak
at 2250 Hz, showing lower coherence than the other
mentioned peaks, shows coherence of the mode produced by

the interaction f, - f.. The fifth peak is at a
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Figure 74, Coherence and Phase at x/D = 0.5
(fe = 2650 Hz)
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frequency produced by the interaction f, + 2f.. All the
coherent peaks are peaks formed by interactions with the
Jet column mode. Another point of interest is that the

excitation frequency shows almost no coherence.

The phase coherence spectrum for x/D = 0.5 shows the
shear layers are mn out of phase for frequencies f = 0-1000
Hz. This shows that the shear layers are undergoing

lateral oscillations. The shift to being completely in
phase occurs where the coherence becomes a minimum in the
coherence plot. A second phase shift occurs at the
frequency f = 2250 Hz. The phase is shifted to being -m
out of phase. At f = 3050 Hz another shift of phase is
not ed. This relates to the interaction fo + f... A fourth
shift 1s noted at f = 3450 corresponding to the mode at f,
+ 2f,. At higher frequencies the phase coherence is
slightly random due to low coherence levels. As with the
coherence spectrum, the phase coherence seems to be
governed by the interactions of instabllity modes with the
Jet column mode.

Figure 75 shows the coherence and phase for x/D = 1.0,
Basically the same peaks as in the previous upstreamn
location (x/D = 0.5) are observable. The peaks at 200 Hz,
1125 Hz, and 2250 Hz show much lower coherence. The
coherence at frequencies 1525 Hz and 3450 Hz still show
very high coherence. A new coherence peak has formed at a

frequency of 5100 Hz. This is the peak given by 2f, - f..



(fe+fc)/2
- ‘ LEGEND
0.80 &- — fe+2fc
—— ¥/D=1.0
0.60
(fe-fc)/2
—2fc-fc
0.40
0.20
0.00 1 1 \ /\/V\J i \/\h/\[\"/\!\/\/\l} /\ 1 »/I
2000.0 | 4000.0 6000.0
fe
FREQUENCY (HZ)
4.0 -
m—3
A \r\J LEGEND
20 - k (\/\’\ — X/D=1.0
T/ — .
0.0

[y
=
~~
R

-2.0 -
I
-1 __..al'/‘
[
—-4.0 e . ] 1 . | 1 . . |
0.0 2000.0 4000.0 6000.0
F (H2)
Figure 75, Coherence and Phase at x/D = 1,0

(fe = 2650 Hz)

134



Phase coherence at x/D = 1.0 shows the shear layers
are m out of phase for frequencies f = 0-400 Hz. Agaln

this phase shift occurs where tﬁe coherence becomes a
minimum. As in the previous location, the phase shifts
occur where the coherence peaks form. These shifts occur
at frequencies 1125 Hz, 1525 Hz, 2250 Hz, 3450@ Hz, and
3975 Hz. All of these modesg invdlve the jet column mode.
The influence of the jet column mode agaln can be seen to
affect the upstream flow.

Further downstream at x/D = 1.5 (coherence and phase
1s shown 1in Figure 76), three distinct peaks are visible.
Peaks occur at 1525 Hz, 3450 Hz, and 5100 Hz. These peaks
are present in upstream locations but have decreased in
coherence due to increased turbulence in the shear layers.
The phase coherence plot for x/D = 1.5 can also be viewed
in Figure 76. Again, the phase shifts can be related to
the peaks of coherence. As in the cases of x/D = ©.5 and
x/D = 1.0, the peaks of coherence and phase shifts occur
at modes that involve the jet column mode.

By x/D = 2.0, see Figure 77, only two coherent peaks
exist. The peaks are at 1525 Hz and 3450 Hz. By =x/D =
3.0, also shown in Figure 78, the only peak that shows any
amount of coherence is the peak at 1525 Hz. Due to
increasing turbulence levels, no coherent peaks are
observable any farther downstream. At these downstream

locations the phase coherence is becoming hard to
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determine where the phase shifts take place due to low
levels of coherence between the shear layers

Chang (1987) has shown that the coherence between the
two shear layers can be reasonably modeled by using two

complex cosine waves of the form

A, = aw[coS(QTt)+cos(mm>1cos(mmt+¢)+n<t) (3.38>
A. = aw[cos(m,t)+cos(mm)]cos<mmt)+n6t) (3. 39
where a_, = 1.0, ¢ = arbitrary phase angle to account for

the possibility of asymmetry in the low frequency
component, ndt)> is small amplitude random noise which is
never larger than 0. la,, and Wiy @, W, are frequencies
determined by the bicoherence spectrum, Certainly the
actual shear layer anemometer signals are more complex
than these, but the bicoherence measurements indicate that
the strongest interactions that occur in the developing
Jet shear layers will involve some multiple of the
excitation frequency and some multiple of the jet column
mode. This modeling technique has been shown to capture
the dominant features of the coherence spectrum.

An explanation for the influence of the jet column
mode on the upstream flow is given by Prakash (1986). The
model described by Prakash is shown in Figure 79. In this
figure two large-scale vortical structures with opposite
rotation interact with one another at the end of the

potential core. This generates a pressure field that
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travels upstream and interacts with initial shear layer
instabilities. The interactions will then generate the
Aberiodic structures that are con&ected to dowstream
locatlions to complete the feedback loop. In region “A",
the coherence measurements exhibit higher values since
both shear layers are equally influenced by the “socurce"
in section C immediately upon 1eaviné the jet nozzle.
Coherence values lessen in region “B" due to increasing
~downstream disturbances.

The coherence measurements in this section show that
the initial excited jet shear layer development is coupled
to the vortical interactions downstream. This coupling of
near exit conditions to the downstream interactions (the
Jet passage frequency f.,) has been suggested by both the
power spectrum and the bicoherence spectrum. In the next
section the coherence functions will be examined for the

untuned jet.

The "untuned" coherence measurements, like the

"untuned” power spectra and bicoherence measurements, are

vastly different from the "tuned" measurements. Figure &80
shows the coherence and phase measurements at x/D = Q. 5.
The only coherence at x/D = 0.5 occurs at the lower

frequencies of ©-40Q0 Hz. This corresponds to frequencies
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less than the jet column mode. The coherence of these low
frequencles is seen to be very high. The phase cocherence
ét x/D = @.5 shows the shear layers to be completely in
phase from ©-600 Hz. This is contradictive of what is
expected to happen at this location. It is expected that
the shear layers should be n out of phase to indicate
lateral oscillations. A phase shift occurs at 600 Hz.
Another phase shift occurs at 110® Hz. The higher
frequencies show random phase due to nonexistent coherence
levels.

By x/D = 1.0® (coherence and phase shown in Figure 81),
higher frequencies show coherence. Coherence peaks are
located at frequencies 0-400 Hz, 900-1300 Hz, 2100-2300
Hz, and 2700-2900 Hz. These coherence peaks are centered
around f./2, f,/2, f., and f.t3f./2. The phase coherence
at x/D = 1.0 shows zero phase angle from 0-200 Hz. Again
this is difficult to explain as to why the phase angle is
not n out of phase. From 2®®‘Hz until 4000 Hz the phase
coherence shows steady drift from zero phase angle to m
out of phase.

Figure 82 shows the coherence and phase at x/D = 1.5,
The peaks at x/D = 1.5 show that coherence between the two
shear layers occurs between the frequencies 900-1700 Hz.
This relates to the frequencies between (fo—f.>/2 and
(F+3F.0/72, The phase coherence for /D = 1.5 shows a

steady drift for frequencies @ to 2400 Hz. The drift is
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from zero phase angle to n/2 out of phase. A phase shift
to m out of phase occurs at 2400 Hz. This phase shift

occurs at mode f,+f,./2.

By x/D = 3.0, Figure 83, the coherence has shifted to
lower frequencies. Frequencies ©-900 Hz show very high
coherence. Frequencies higher than 2200 Hz show almost no
coherence. The phase coherence for x/D = 3.0 is very

similar to that of x/D = 1.5, By the end of the potential
core, /D = 4.@; the entire frequency range shows no
coherence (coherence plot at this location not shown).

In the next section correlation measurements will be
taken to examine the correlation between the two shear

layers.
3.6 Correlation Measurements

This section presents lateral space-time correlations
between the two shear layers. The correlation
measurements will provide additional information
concerning structural patterns in the jet. Correlation
measurements are obtained for x/D locations 9.5 to 7.5.
Background informatibn on the correlation technique and

theory is presented before the results are presented.

3.6.1 Correlation Techniques

The correlation function of two sets of random data

describes the general dependence of the values of one set



1.00

LEGEND
0.80

'/-/‘N\ —— ¥/D=3.0

0.60
0.40 +~

0.20 +~

0.00 ! :
0.0 2000.0 4000.0 6000.0

FREQUENCY (HZ)

4.0

LEGEND

2.0

T —

ol | I
L WW\ :

-2.0 - : l

—— X/D=3.0

=

- Ty —

- —

1 1 1

_4'0 1 1 il 1 1
0.0 2000.0

4000.0 6000.0

FREQUENCY (HZ)

Figure 83, Coherence and Phase at x/D = 3.0
(fe = 2200 Hz)

147



148

of data on the other. An estimate for the correlation
function between two real slgnals of x<{(t) and y{t+t),
Qhere T is a time delay, may be obtained by taking the,
average product of the two values over a sufficiently
large observation time T. The resulting average product
will approach an exact correlation function as T
approaches infinity:
1T
R, <(t) = 1im - [ x{(tdyt+r)rdt (3. 49>
Too T @
The function R, (1) is always a real-valued function which
may be either positive or negative. R.., () does not
necessarily have a maximum at Tt = Q. R.., (1) displays
symmetry about the ordinate when x and y are interchanged.

That is,
K., (=1 = R,., (D (3.41)

Two useful relationships which bound the absolute value of

the correlation function are
f Roy CTO | ¢ R..(@OR, <@ (3. 42
| Ro.o ¢T] € %IR, (B + R, (&)1 (3. 43>

When R,., (1> = 0, x<(t) and yv<{t> are sald to be
uncorrelated. If x{t) and y<(t> are statistically
independent, then R.., (1> = @ for all time displacements.

R.., (1) 1s then normalized by the RMS fluctuations to give
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a correlation coefficienf that is bounded between @ and 1.
Correlation measurements were made at selected x/D
locations between 0.25 and 7.5. The hot-wire probes were
placed on opposite sides of the centerline in the shear
layers at a location U/U,... = 0.6 as in Figure 73. Each

correlation measurement represents an ensemble average
over 100 samples. The time delay is © = +0.01 seconds.

The program used can be viewed in Appendix A.

3.6.2 Correlation Measurements at

fo = 2650 Hz

The correlation at x/D = ©.25 is shown in Figure 84
The maximum correlation between the shear layers occurs at
a zero time delay. The peak at zero time delay is
positive and shows a value of ©.88. This is a very high
value of correlation meaning the.two shear layers at this
point are dependent to one another. The positive value of
correlation means the flow is in a symmetric pattern.
This contradicts the coherence measurements taken. From
the coherence measurements an antisymmetric pattern is
expected. Since the correlation measurements do not show
correlation of particular frequencies it is suggested that
the reason a symmetric pattern is indicated is that the
higher frequencies that are in phase overshadow the lower
n out of phase frequencies thereby indicating symmetric

patterns in the near exit case. At x/D = ©.5 (Figure 85)
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the flow is still symmetric with a strong dependence
showing bétwaen the shear layers at a zero time delay.
The correlation coefficient at this point is . 78, Also
noticeable at this location are smaller correlation peaks
at nonzero time delays. Average frequencies can be

associated to these oscillations by using the relationship
f = 1/T (3.44>

where T i1s the time period between peaks. The frequency
associated with the time period between each of the
osclllations is f = 1325 Hz.

The trend of the correlation value getting smaller
with downstream distance continues as shown in Figure 86.
which shows the correlation plot at x/D = 1.5, This
figure does not show one peak at zero time delay as do the
other previous plots. A positive correlation is shown
approximately every 0.0008 second time delay (1325 Hz),
while a negative correlation is shown 0. 0004 second time
delay (265@ Hz) detween the positive peaks. The absolute
values of the correlation coefficients are approximately
equal at a value of @.15. This is not a very strong value
of correlation, meaning the two shear layers at this point
are almost independent of one another.

Farther downstream at a location x/D = 2.5 (Figure
87>, the correlation plot again shows a distinct peak at a

zero time delay. The value at this point is 0. 12. Again
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this low of a value indicates a slight dependence between
the two shear layers. The frequency associated with the
.time delay between positive peaks 1s 1325 Hz. The
frequency associated with the correlation peak at 0.0055
second time delay is 200 Hz. This corresponds to half of
the jet column mode. From the previous section pertaining
to coherence, it was noticed that half of the jet column
mode is very important in the transition of the jet.

At x/D = 4.0, the end of the potential core, the
correlation plot (Figure 88) shows a slight negative
correlation. This corresponds to a switch from a
symmetric to an antisymmetric pattern caused by the
merging of the shear layers. This switch is also observed
by other authors: Antonia et al. (1983) and Thomas &
Goldschmidt (1986). Average frequencies can be associated
with time delays at ©.0025 seconds and —0. 0052 seconds:
390 Hz and 195 Hz respectively. Since x/D = 4.¢ is at the
end of the potential core it is not surprising that the
Jet column mode and half the Jet column mode show
correlation between the shear layers.

At all locations downstream from the potential core,
the correlation function is similar to that shown in
Figure 89 which shows the correlation of the two shear
layers at x/D = 7.5. A negative correlation at zero time
delay is noted. Although the value of the correlation is

not a large value, it still suggests an antisymetric
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structural arrangement in the flow. This antisymmetric
structural pattern agrees with the model presented in 'the
.previous section shown in Figure 79, The low value of the
correlation is due to the random turbulence that occurs
downstream of the potential core. Thomas and Brehob
(1986)> have shown that the antisymmetric structures can be
tracked as far downstream as x/D = 120. They also showed
that the frequency of oscillations assoclated with the

structures are given by the relationship
b/ U = 0. 1 (3. 45)

where f 1is the frequency of oscillation, b is the mearn
velocity half-width, and Uiwe 18 the maximum mean

velocity.

3.6.3 Correlation Measurements at

fo = 2200 Hz

Figure 90 shows the correlation at x/D = ©.25. This
figure shows negative correlation at the exit of the jet.
Negative correlation corresponds to an antisymmetric
structural pattern. This antisymmetric pattern at the Jet
exit 1is expected since 1t shows lateral oscillations
between the shear layers. It is interesting that the
untuned case showed negative while the tuned case did not.
This would seem to suggest that the upstream influence of

the untuned jet is greater than that of the tuned jet.
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The correlation at x/D = 0.5 is shown 1in Figure 91.

At zero time delay almost no correlation is shown between
the two shear layers. The frequency associated with the
correlation peak at 0.0025 second time delay is 390 Hz.
Agaln the jet column mode is shown to play a major role in
the transition of the jet. By x/D = 1.0, Figure 92, low
correlation is shown at zero time delay. The average
frequency associated with the alternating correlation
peaks is 1100 Hz. The trend of low correlation at zero
time delay continues downstream to the end of the
potential core (see Figures 93 and 94). Tt is interesting
to note in Figure 93 (x/D = 3.0) that the time delay
assoclated with half the Jet column mode (. 005 seconds)
shows negative correlation. Downstream from the end of
the potential core, negative correlation is shown for all
x/D locations. This again indicates antisymmetric
structural patterns.

The bispectral, coherence, and correlation
measurements have all indicated a definite coupling of the
near exit shear layers with that of the jet column mode at
the end of the potential core. If the antisymmetric
patterns shown at the jet exit are caused by the coherent
structures at the end of the potential core, one would
expect correlation between the shear layers at the near
exit to that at the end of the potential core. Figure 95

shows the probe placement used to determine if the
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coherent structures at the end of the potential core
influence the jet at upstream locations.

Figures 96-98 show the results of placing one probe at
x/D = 0.25 and the other probe at x/D = 3.0, 3.5, and 4.9
respectively. These figures show a definite correlation
at zero time delay. These figures prove that the
downstream coherent structures produced a éignificant
effect on the‘near exit conditions of the untuned Jet.

The next chapter will discuss the conclusions to be

drawn from the measurements presented in this chapter.
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CHAPTER 1V

CONCLUSION AND RECOMMENDATIONS

In this chapter the sum total results of the
measurements will be discussed for both the tuned (f, =
2650 Hz) and the untuned (f, = 2200 Hz> jet. Conclusions
will be presented and recommendations for further studies

will be suggested.

4.1 Discussion of Results

4.1. 1 The “Tuned" Jet

The "tuned" jet refers to the Jet under excited
conditions in which the excitation frequency is a close
multiple of the jet column mode f.. In this research the
tuned Jjet case is achileved by the sinusoidal excitation of
the flow at a frequency f, = 2650 Hz. The measurements
taken at this excitation frequency will be discussed in
this section.

The power spectrum, bicoherence spectrum, and
coherence measurements show the most obvious feature of
transition in the Jet. The power spectrum and bicoherence
spectrum measurements strongly indicate the importance of
the jet column mode f_. in determining the initial spectral
development and energy transfer which characterizes the

170
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jet transition, while the coherence measurements show that
the modes created by the jet column mode interactions are
coherent across the jet, By a downstfeam location of x/D
= 1.0, the jet column mode has formed new modes by
interacting with the excitation frequency and both its
subharmonic and harmonic modes. The modes formed by these
interactions are shown in the power spectrum to be ZfW—RH
fatf., and (ftf_>/2. The bicoherence measurements show
that these modes are created by nonlinear interactions of
the form: 2f, - f. » 2f,—f., f, - fo =2 fa-f., f.
fatfo, fu — (F,/2-f.) 5 (Fo/2+f,), and (f,—f. > ~ f,/2 4
fo/2=1... These modes can be traced as far dowristream as
x/D = 1.75.

Digital demodulation techniques show that modes
generated about the éxcitation frequency at these near
exit locations are produced by amplitude and phase
modulation, with phase modulation being the dominant
modulation. Miksad, et al. (1982) has shown that
amplitude and phase modulations are produced by nonlinear
interactions involving a low-frequency mode, in our case
the jet column mode f.. Further they found that the
larger the nonlinear effects, the larger the phase
modulations will become. The presence of high levels of
phase modulation at the near exit of the Jjet again shows
that nonlinear effects are occurring in the initial

development of the shear layers.
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The results of the coherence measurements suggest that
the initial excited jet shear layér is also strongly
Aéffected by downstream vortical interactions which couple
the near exit flow with that of downstream locations.
These measurements indicate that a global resonance
mechanism operates in the jet flow, exerting upstream
influence on the near exit shear layers. This influence
1s determined to involve the jet column mode, f., and half
the jet column mode, f./2 (also seen in the power spectra
and bicoherence spectra). This influence by the jet
column mode and half the jet column mode is seen only at
x/D < 1.0. It is expected that the streamwise evolution
of the disturbance induced near the nozzle exit results in
a loss of coherence downstream.

Since nonlinear interactions are shown to exist at
locations right at the nozzle lip, it is understandable
why the application of linear stability theory had limited
success. Good agreement between linear theory and
measurements was shown for locations x/D < 1.25, but even
at these locations the nonlinear effects, along with high
amplitudes of instability fluctuations, were strong enough
to produce discrepancies. In order to achieve better
agreement between theory and measurements, the stability
theory needs to incorporate nonlinear effects.

As the measurements progress downstream from the

nozzle exit, the importance of "pairing" in transition can
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be seen. Interactions take place whereby two neighbouring
vortices coalesce to form a single, larger vortex. This
process is seen as a halving of frequency. Continuous

repetition of this pairing process is responsible for the
entrainment of surrounding fluid which allows the mixing
layer to grow. The first pairing can be seen as early as
x/D = ©.25 where the subharmonic frequency (f./2> is first
noticed in the power spectrum.  This pairing is produced
by the nonlinear interaction fo — /2 o f,./2 (determined
by the bicoherence measurements). A second pairing 1is
seen to occur at x/D = 1.50. This is the location where
the frequency f,/4 first occurs in the power spectrumn.
This pairing is brought about by the nonlinear interaction
fou/2 = fu/4 » f,/4 documented in the bicoherence spectrum.
By x/D = 3.0 the jet column mode becomes apparent in
the power spectra and by x/D = 4.9 the jet column mode
contains nearly all of the energy in the power spectra.
The shift of energy in the power spectra to the jet column
mode, which is defined as structural passage frequency
near the end of the potential core, indicates the end of
the potential core. Correlation measurements at this
location indicatevthe present of antisymmetric large-scale
coherent structures by showing negative correlation
between symmetric points on either side of the Jet
centerline. This contrasts with correlation measurements

upstreamn. Measurements upstream showed strongly
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correlated symmetric structures. The symmetric structures
at the near exit case were not expected, but it is
Believed that the higher frequencies that are in phase
(symmetric) are overshadowed by the lower frequencies that
were shown to be antisymmetric (oscillating n out of
phase) by the coherence measurements. The switch from
symmetric to antisymmetric structurés at the end of the
potential core indicate the rearrangement of the
structures to some form similar to a Karman-Vortex—Street.
Correlation measurements taken further downstream of the
potential core continue to indicate antisymmetric coherent
structures. |

A simple dynamic model of the transition in the jet
can be presented now that the importance of the individual
measurements have been determined. Transition in the
tuned jet occurs as follows:

1. A global resonance mechanism operating in the jet
exerts influence upstream to the shear layers at the
nozzle lip in thé form of the jet column mode and half the
Jet column mode.

2. The jet column mode and half the Jet column mode
nonlinearly interact with the excitation frequency to
produce sum and difference modes.

3. The nonlinear interactions trigger amplitude and
phase modulations involving the excitation frequency a£d

the jet column mode. Phase modulations are dominant
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because phase modulations are more effective in
transferring energy across the frequency spectrum when
large nonlinear effects are present.

4. Increasing nonlinear interactions cause two
neighbouring vortices to coalesce and form a single larger
vortex. This palring process allows entrainment of
surrounding fluid which permits the mixing layers to grow.
A similar process 1s occurring in the second shear layer
creating coherent structures across the potential core of
the jet.

5. These symmetric coherent structures meet at the
end of the potential core where the structures realign
themselves into ant%symmetic structures. These .
antisymmetic structures remain coherent and travel
downstream.

6. The rearrangement of the coherent structures at
the end of the potentiai core and their interactions are
responsible for the upstream influence in 1.

The differences in the untuned jet will be noted in

the next section.

4.2.2 The "Untuned" Jet

The "untuned" jet refers to the jet uder excited
conditions in which the excitation frequency is not a
close multiple of the jet column mode .. The untuned jet

in this research is obtained by a sinusoidal excitation at



176

fo = 2200 Hz.

The power spectra and bicoherence spectra show that
the jet column mode is also an important feature of
transition in the untuned jet. By x/D = 1.25 the
following modes involving the jet column mode have formed:
(Fu = fo0/2, (f, + 3f.0/2, f, + f,., and Bf.t2f. )72, The
bicoherence measurements show that these modes are indeed
formed by nonlinear interactions.

Digital demodulation techniques show predominantly the
same results as in the tuned jet. Amplitude and phase
modulation exists with phase médulation being the stronger
modulation. The phase modulation agailn shows how
important nonlinear effects arerin the shear layer
transition process.

The nonlinear effects producing pairing are also
apparent in the untuned jet. However, the palring is not
as easily noticed in the untuned jet. The nonlinear
interactions with the jet column mode are strong enough to
produce modes on either side of the subharmonic that
contain significantly more energy than that of the
subharmonic. Therefore it i1s difficult to notice where
the first pairing takes place. The second pairing to
produce f,/4 is noticed at x/D = 2.@. These pairing are
brought about by the nonlinear interactions fo = /2 9
fo/2 and f,/2 — f,./4 = fo/4 as shown in the bispectrum.

The coherence measurements show a very different
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picture in the untuned jet than they did in the tuned jet.
These measurements show that the only coherent frequency
at the near exit (x/D = 0.5) is the frequency at half the
Jet column mode f_/2. The influence of the global
resonance at this point is strong enough to provide
disturbances which prohibit coherence at other
frequencies. The coherence measurements at x/D = 1.0 show
coherence at other frequencies involving the excitation
frequency, subharmonic frequency, the jet column mode, and
half the jet column mode as did the tuned jet. A slight
discrepancy is seen in the phase‘coherence measurements
because they do not show lateral fluctuations occurring
(shown by the shear layers being m out of phase).

The correlation measurements at the jet exit document
the "flapping" phenomenon discussed in the introduction.
The correlation measurements show antisymmetric coherent
structures to exist at x/D = 0.25. These anfisymmetric
structures at the jet exit have been shown to be
correlated with the antisymmetric structures located at
the end of the potential core. The correlation
coefficient in fact has been shown to be greater for the
correlation of the near exit to the end of the potential
core than for any symmetric correlation across the Jet
centerline.

The method of transition for the untuned jet seems to

agree with the model presented for the tuned jet. The
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major difference lies in the role the global resonance
plays in the transition. The vortical interactions at the
'end of thé potential core produce much stronger influence
on the initial exit shear layers. This influence is
strong enough to produce antisymmetric structures right at
the jet exit. The strong influence on the initial jet
shear layers 1s necessary to redistribute the energy in
the flow to allow efficient passage at the end of the

potential core.
4.2 Conclusions

The planar turbulent jet's method of transition has
been studied for both a "tuned' case (f, = 2650 Hz) and an
“"untuned" case (f,, = 2200 Hz). The measurement techniques
used to document the transition are as follows:
application of linear stabiiity theory, power spectrum
measurements, bicoherence measurements, coherence
measurements, correlation measurehents, and digital
demodulation measurements. The analysis of these
measurements can be summed up briefly by the following
statements:

1. Nonlinear interactions at the near exit of the jet
with those of the jet column mode are important in
determining the initial spectral development and
subsequent energy transfer.

2. Phase modulation is the predominant form of
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modulation which redistributes the energy during
transition.

3. Vortical interactioné at the end of the potential
core produce upstream influence in the form of the jet
column mode and half the jét column mode.

4. Further nonlinear interactions produce pairing of
neighboring vortices to provide growth of the mixing
layers.

5. The coherent structures at the end of the
potential core are forced to realign themselves in an
antisymmetric pattern thereby producing the upstream
effects in #3.

The major difference in the transition of the untuned
Jet from that of the tuned Jet comes in the amount of
upstream influence imparted to the initial Jet shear
layers. The untuned jet receives a larger amount of
influence since the jet has to be forced to redistribute
the energy of the shear layers into the jet column mode
frequency by the end of the potential core. This is
easily accomplished in the tuned Jet since the majority of
the energy at any given location is at a frequency that is
a multiple of the jet column mode.

The next section gives some recommendations that could
further this study of the near exit region of the

turbulent planar jet.



4.3 Recommendations

1. Freymuth (1966) suggests for high Strouhal numbers
that the characteristics of the jet will more readily
agree with temporal amplification rather than that of
spatial amplification. Inviscid linear theory could be
applied to the jet using temporal amplification
assumptions. The results could then be compared to those
complied in this thesis for the assumptibn of spatial
amplication.

2. Weekly nonlinear theory could be applied to the
near exit of the jet instead of the linear theory used.

It would be interesting to compare the applicability of
the two separate theories to the planar turbulent jet
under high Reynolds numbers.

3. A new quantitative measurement called the cross-
bispectrum could be used. This technique would give
insights regarding the phase coherence between two
developing shear layers with different frequency modes.
This technique could also be used to measure the growth of
three-dimensional effects which are inherent in the lérge~
scale vortical structures in the shear layer.

4. A new technique presented by Ritz and Fowers
(1886) could be used for the experimental determination of
transfer functions. The authors present a method by which
linear and quadratically nonlinear transfer functions are

to be computed based on the measurement of the
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fluctuations at two points in space and time. This method
ls extremely useful in that the nonlinear transfer
function eliminates the need for physical interpretation
of the bicoherence spectrum by reference to power spectra.
This means that the interaétions fo+f,;of., f.-f,»f,, and
fi.-f,»f, are each mapped into three different regions when
the nonlinear transfer function is computed.

5. The Reynolds stresses could be calculated and
plotted using an x-wire probe. This information would be
helpful in further understanding the transition of the
jet.

6. The experimental measurements used in this thesis
could be repeated with varying parameters of the jet. For
example, change the Reynolds number, change the frequency
and amplitude of sinusoidal excitation, or perhaps change
the physical dimensions of the jet nozzle. These
experiments would give insight into independent and

dependent factors of transition.
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program st

etinout, vutput,TKTL,TXTL,FAr.,‘KT41-

LAREL 2

{THIE - THE ZIGENVALUES anD EIGENFUNETIDNS FOR THE
CIMYTSIID TN ) ITV 2 A HYFERBOLIC TANGENT TYEE VELDZITY PROFILS:
CIMPUT SRFILE | A TABLE UF YALIES —-— 7,3

tyme
LILARRA \— RRAYLO. . 1O0T OF REAL:

AYLL.. OF REAL
; (=FACEED ARRAYCOL.. 172 OF CHAR
var
a, b, o, 11,h:",l'xnli.l'iffr;:_',,j,!rrf sMy,n.aa, bbb, oo, dd, ee, ¢, ,
Whoo, Tk yw,dphicry dphi dph111,dph11~,ddph1r1,ddphlr-.
dapniic,ddpnied ar, 1, beta,zd dz1, dz2, freal, fimag, difmin sdelar,

delai alpharming, #r1
duml, dumli amuit, vz

v?,upp‘,upp~,uum1 delp,delqirealy

» 1,11, 12,43, 14, nd, ndl , i,
TIZE YSIZE,ERRSTAT: INTEUER;
,betdr te”t-

Fi]enamel,Fi1enam@2,Filename?:PGRRAY;

Fhird phirZ, phiit, pRiiZ, diphir, diphii, dehir,d2phii,d3phir,d3phii
v1,d4phii, =2,z upp, dh,uum-rarray,

arr,aii,FdiF,FdiFl:lilarray;

furmztion Fr(mr,ni,:4,ddu,u1=rea1)=real;
begin

Fil,alohaimin armaA_armlu,alm1f,a1m1n tolerance,

191

,d4phir,

twriteln( b=- TL,eiTIS,C g=- q 7:5) s

{writeln( a= Wy n27:35, 7 bet “,betai7is),
fwriteln( 7 24=",z24:17:5 - ddu=f,ddu=7=.,’ ul=" 3
c .3

Fr1==(a—sqr(xr)+sqr(mi))/(1—5:r(:4));
Frl==Fr1+(ddu%u1*d—ddu*n)/((1—=qr(:4))*(sqr(ul)*d—ﬁ*ul*n+sdr(beta)));

Fri=+£ri,
{writeln(”Fr=",Fr1);}
@ndy

Function Fi(mr,mi,z4,ddu,u1=rea1):realg
beagin

lwriteln( =" f17:5 m=" m:7:S, " d=’,d=7=5,’ n=",n:7:5," beta=" beta:7:
{writeln(”~r‘” #PET785, 7 wi=T wis 7 =, :4=“,z4=7=5,"ddu=’,ddu=7:5,f yl=-
< ulz7eS) e

i PEUF-2uiser )/ (1-sqr (24 4));
Fil==Fi1+m*ddu/((1-sqr(z4))*(d*sqr(ul)—z*ul*n+sqr(beta)));

Fis=fily
{write1n(“Fi=”,Fil);}
nds

begin

toleranczet=0, 0OO1L .,
L***#************************%****#*****4***##***********»******
3338 38 3 48 36 36 34 36 3 2 read Vw]u'lgy profile S I I I 3 A N )
writein( "ENTER THE FILENAME FOR THE VELOCITY FROFILE COEFF. )
writelng

readin(filenamel),

writelng
BIND(txct3,
reset (txt:
il2=0Q,
while not EOF(t:t2) do bewin

filenameZ, ERRSTAT)

S)sel
)
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Cili,uumfit D unplll .

SYIDiidd i, temwaty L0111 +anp =y LDl
DOPT)TREN MDl:=[1,

mFlT?lﬁ( _NTEH THE FREGUENCY ZETAC)

raadlnd

CEICENVALLE ZEARCH WUSING FATTERN. SEARCHS

writeln("ENTER THE INITIAL VALLE OF ar ")
writelrs T

readlintarmin)g

writelns

writeln(“ENTER THE INITIAL VALUE 0OF ai ")

writzlns

readln(aimin)g

writelng

writeln(“ENTER THE INITIAL VALUE OF =TEP =IZE MULTIFLIER®)
wr~ite]r.;

readliniamul t) .,

delpi=delpramul t;

delgi=delgramult,

ZOtarrflls=arming aiilfil:=aiming
arrizlt=armin+delps - aiilZli=aimin+deln;
arrlZlt=armin+delq; caiilZli=aimin+delp;

while difmintolerance do
begin

Z0zai1i=aiiljjly
art=arrljjl;

{mmmm e COMPUTE CONSTANTS 3
af=(sgqr(ar)=sqriai));
bi= (L*:qr(ar)+ Heqr(ai))y
ci=(I%sqrlar)-dsbetarar+2%sqr(ail);
di=(sqr(ar)+sqriail)),
@i={(s qr(ar\—4*h«ta%ar+qqr(a1)+4*:qr(bgta))-
Fi=(Iixaitar);,
qi=(I*aitheta);
hi=te ta—:qr(ar)b:qr(a1)—ar+hgta*ar-
jr=hbetarai-ai-Zearxais

=‘heta+hetarar:

J
54
l=——ar*beta*(1+ar>—sqr(ai)*beta;
m:=-aji#*hetas
ni=ar<+hetay

qriar)-sqr(ai)+I*ars+betas
rar#ai+itaithetay
qr{ar)-sqr(ai)+sqr(beta)=-T#arsheta
#ar#ai-I#hetatai,

Y+ (bbkdd)

)= Caaxdd),
htar+jsai) / (sgrihY+sar(j),
Cirsiiar e lwar) Slrardh ) Fear ) .
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A AR - S &SI e e,

PO LR grihata) ),
] G ibetar),
ClLE#Egrip) )—(a,r'-?&p)-i-(,ai%:;)-tg

phiillile=0,0, phiiZzli
dZ‘phirEiE:=O.C’; AZphii
dd4phirlili=0. O3 d4phi i

@G
TLALCULATE DERIVATIVES FioR TAYLOR SERIES EXFANSTONG

dph1r12=(h%ar+j*ai)/(sqr(h)+sqr(j));
dph1r2==1/(sqrik)+sqr(m));

dphii1:=(h*ai—j*ar)/(sqr(h)+sqr(j));

dphiiﬂ==m/(sqr(k)+sqr(m));

ddphirie= gg*(1+O.3#ar)+hh*(0.5*ai))/(sqr(1+O.5*ar)+sqr(0.5*ai)h
ddphii1==(hh*(1+0.S*ar)—gg*(0.5*ai))/(sqr(1+0.5*ar)+sqr(0.S*ai));
ddphar: -(v#(1+0.5%ar)~w#(0.5*ai))/(sqr(1+0.S*ar)+sqr(0.5*ai));
ddoni12==(—w*(1+0.5*ar)—v*(0.5*ai))/(sqr(1+0.5*ar)+sqr(0.5*ai));

{CALTULATE INITIAL "FHI" YALLUES BRY TAYLDOR 3SERIES}
TALZ)-zI011)

dzli=abs( Cnd=11),
phirlCIJi'-ar—dphirl%dzl+0.So*ddphirl*sqr(dzl);
pOHir2Cnd :=ar+dphir2%dzz+0.EO*ddphirﬁ*sqr(dzz);
phiiLE13==—ai~dphii1*d21+0.So*ddphiilﬁsqr(dzl);
ph1i:tndJ==ai+dphii2*dz£+0.So*ddphiiz*sqr(dzz);
{writeln(dz B R I
{write1n(phir1EIJ,phirEtnd],phiil[l],phiiifnd]);}

C{INTEGRATE EBIOTH THE REALL AND IMASINARY DIFFERENT IAL ERNIATIONS S
{FERFORM NUMERICAL INTEGRATION VIA A RUNGE-KUTTA FPROCEDLRE}
for 12=1 to nd1l dn begin
dz[i+1]==z?[i+l]—z$[i];
upp :=(upp[i]+upp[i+11)/2;
upp}_‘::upp[i+1];
uuml:=0.5*(uum£i]+uum[i+1]);

dl:hir[i]‘-dz[i+1]*FP(phir1EiJ,phiilfi],:ﬁ[i],upp[i],uum[i]h
dlphiiEi]==dz[i+1J*Fi(phiri[i],phiilti],¢3[i],uppti],uumti]);

dzphirtiJ==dz£i+1]*Fr(phirl[i]+0.S*dlphir[il,phiilEiJ+0.5*d1phiiEiJ,

° :3EiJ+0.5*dz[i+l],uppl,uuml);

dEphii[i]==din+1J*Fi(phirl[i]+0.5*d1phir[i],phiil[i]+0.5%d1phiitij,
zECiJ+0.5*d:Ei+IJ,uppl,uuml);

dSphir[iJ==dz[i+1J*Fr(phirlEiJ+0.5*d2phir£i],phiilti] deTHIIphiili],
zEEi]+0.5*dzCi+IJ,Upp1,uuml);

dSphiiCiZ==dzfi+1]*Fi(phirl[i]+0.S*dﬁphir[iJ,phii151]+0.3*d2pniiﬁi],
zB[iJ+0.5*din+lJ,uppl,uuml);

d4phir[i]==d:[i+1J*Fr(phiri[iJ+d3phir[iJ,phiil[iJ+d3phii[iJ,
:3[i]+d:ti+1],upp2,uum£i+1]);
d4nhiiEiJ==dzE1+IJ*Fi(phir1Ei]+d3phir[i].phiii[i]+d3phii[i],
:3[i3+d:[i+l],upp?,uumti+ll):
fwr;calnidlph1r£i]:7=$“di:hiiTi]:?:S.dEphirCi]:?:S.d:phiifi}:7:$"3
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PRArlli+tlJr=phir D0+ Cdlphir [ L 1+0
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Cwrtteln( i= i phirlCi+13:7:S pRiil0i+1117:5), 2

@n
Fo

c
W
-

3

w

-
(S
e
8

w
"

L)

oy ey W
“+

{e
Fr
fi
Cw
WR
£
i
Fd
te

wr
wr
wr
wr
if
if
it

if

i3

roiZt=1 bt pdIZ-1 do begin

Li=nd=-i2+1,

dzli-13s=sz30i-~11~220i];

uppl::(upp[i]+upp[i-1])/2; R

uppdt=nppli-12.

wumil =0 34 (gumli Jeuumli-11) .

rrteln(i, " dz=rdzli-1127:4 - z3=- 230i3:7:4, 7 Lpp=", uppCil:7: 4 1
sum=", uumbils 784, 7 yppl=c uppli7i4, - UpRE="  upp2i7:d)y

diphirfili=dzli-LI%friphi i:,phiiEEiJ,-ﬁtil,upptil,uumCi]>;
dlphii[i]:=dz[i—13%Fi(phirﬁ[ij,phiiztil,:SEiJ,uupEiJ,uumEiJu

dzphirfi]==dzii"1J%Fr(phirzfi3+0.5*d1phir[i],phiiﬁ[i]+0.5*dlphxiii].
' FICLI+0. S e D=1 uppl, uuml )

dEphiiEiJ==dz[i—l]*Fi(phlPQ[iJ+0.5*d1ph1r[i],phiiZEiJ+Q.S*d1ph1‘[13,
:3Ei]+0.5*dz[i-1],upp1,uum1);

dEmhirEi]==dz£i—1J*Fr(phir2[iJ+O.S*d2phir[i],phiiﬂ[i]+0.5*d2phii[i],
zSEi]+O.S*din~lJ,upp1,uuml);

dEphiiCiJ==din—IJ*Fi(phir&ti]+0.5*d2phir£i],phiiﬂ[i]+0.5*d2phii[i],
zSEi]+0.5*dz[i—1],upp1,uuml);

d4phir[i]==dz[i—1]*Fr(phirﬁtiJ+d3phir£i],phii£[iJ+d3phiiti],
z&Ei]+din~l],uppE,uumEi—lJ);
d4phii£i]==dz[i—1]*fi(phir:[iJ+d3phir[i],phiiﬁ[i]+d3phii£i],
zEEi]+dz[i—l],uppﬂ,uumti-l]);
riteln(i,” ﬁ,dlphir[i]:&:ﬁ,dlphiifi]:B:S,d2phir[i]:8=5,d2phii£i]=3:5,}
d3phir[i]=$=3,d3phii[i]=8=5,d4phir[iJ=3=S;d4phii[i]=8=5);}

phirE[i-l]==phir2EiJ+((dlphir[i]+2*d2phirti]+2*d3phirci]+d4phir[i])/é);
phiit[i—l]:=phii£[i]+((dlphiiEi]+2*d2phiiEi]+2*d3phii[i]+d4phiiEiJ)/6);
riteln(fi=f,i,phir:[i-i]:7=5,phi12Ei-13=7=5);} .
d:
oriii 3=40 to 40 do begind )
writeln( i=",4iii, " phirl=", phiriliiil:7:s - phirZ=" phirzliiil:7:5, 2
Phiil=", phiilCiiils7:s, « PhiiZ=" phii2[iiil:7:S);3
nds >
eal==phir1tndi+1]—phir2[nd—nd2+1];
mag==phiilfnd1+1]—phiiEEnd—nd2+lJ;
riteln(fr=" freal:7:s, ~ fi=", fimag:7:5)¢3
ITELN(”TESTFIND’,TESTFIND,“dd”,dd);
ifljj ==sqrt<5qr(Freal)+sqr(Fimag));
fmint=fqdifljjis
iFlEt@stFind]:=FdiFCJJJg
stfind:=testfind+ly

itelng

iteln( delp=" delp: 25, delg=",delq:7:5),

iteln(jj,” FDIF = TL,difmini 7S, FOR Ar =

itelng

(testfind3) then jji=jj+1,

(testfind<2) therm gato 20,

(FdiFl[testF1nd—lJ=FdiF1EtestFind—BJ) then beain delpi=0,2I%delpy

de]q::O.Q*de]q;
testfind:s=0, armin:=ar; aimint=aj. Jit=1s
qoto 203 ends

“,ari7iS, 7 AND Ai = 7, ai

(FAiFLIIFdiFL2Y) and CFAifFL1IFdifFLZY) then begin
arrEi]:=arr[2]+arr[3]-arr£1];
aii[lJ:=aii[2]+aii£3]—aiit1];
rjr=1;

~
.
(4]
-

Py
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CPOFAIFLZIZFdiET) and CFraiFian
Arrl2s=qr 13
aiiE:J==aiiEiJ+aiiEBJ—aiiCEJL

JJr=ig

@rnds

IFOFAIFLEIZFAIF02T) and CFAIFLRIEFAIFLLIT) *hen beain
arr[?]:=arw[13+arr£2]-arr[“];
aiit?]:=aii[1]+a1iEZJ—aiiESJ:

Jii=3;

ZETA = " BETA:7:4).

FEAL AT ZERD = CLFHIRLINDLI:7:5),

IMAGINARY AT ZERD = CLFHITICNDI I 7:5),
writeln("ENTER THE FILEMAME FOR THE REAL ETGENFUNZCTION) .
writelng

readin(filenamel),

BIND(twtl,Filenamel,ERRSTAT);

rewritetitl),

For ifi=1 ta ndl+1 do begin

writeln(txti,zBEiJ:7=5,’ Ty phiriLili7:s),

@nds

for ii=rnd1+2 to nd do begin

writeln(tmtl,zJ[i]:?:S,” yPhirE0ilz7e5),

ands '
close (txtl),

WRITELN,

writeln(“ENTER THE FILENAME FOR THE IMAGINARY EIGENFIINCTION )
readin(filenamel),

BIND(tLtE.Fi]enameE,ERRETAT);

rewrite(tutl),

for i:=1 to ndl+1 4o begin

writeln(txt?,z?[i]:?:ﬁ,“ Typhiilfils7:S),

ends

FOR I:=ND1+2 TO ND 0O RESIN
uriteln(tmtﬁ,:S[i]:?:S,” ”,phiizfi]=7=5);
endsy

close (txt2),
END. I,
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SEMCTMEUIT, td7 e
ROGRAM IMEUTES
TLITY OF THE HYFER

TL,TETZ TATS) .
ENFTWLTI” P FOR THEZ INVISCIO
TANGENT YELDIZITY FROFTLED

RRARRAY=aRRAY L1, . 2001 OF REAL:
MIDARRAY=aARRAYIL. . 201 OF REAL,
FRRRAYV=FACEED ARROGYL1..171 OF CHAR:

VAR

FHIR, DZFHIR D4FHIR DIFHII, OD2FHIT, DEFHII, DAFKHT T,
ELPR,H;rE,D}HR.D4PR,DiP[,DZPI,D&PI,D4P!,YUFPEP.YLQWER,
wppl,uped, ddul ul dumt, dumi, = DY, dy1l, dyZ, A, B, SETA, AR, Al REAL .

DEIZE, I,i1,1i3, 4,11, nd,ndl , ERRSTAT: INTEGER
TXTL,TXTZ, tt 2t TEXT;

FILENAMEI,FtLENAMEZ,Filename3=”ARRAY;
PHIR1,FHII1,PRL,PI1,PHIRZ, FHIIZ, FR2,PIZ, Y1, Y2, ddu, u, =31 RARRAY;

al:MIDARRAY;

FUNCTION GROX,upp,u2: REAL) ! REAL;

BEGIN

GR:=A+( (upp*AR%* (U2*AR-BETA) +uZ*upp+3aR (AT ) ) / (SOR(UZ#AR-EBETA) +
SER(UZ)#IOR (ALY ) ) g

END H

FUNICTION 31X, upp,uZ: REAL) t REAL;

BEGIN

GIli=B+{ (upp*Al#(uZ*AR-BETA) -AR¥AT#upp#ul) / (SOR (U2*AR-BETA) +
SRR #EAR (AL ) )y

ENDg

FUNCTION FROX,Y,Z,upp,ultREAL) :REAL

BESIN

FR2=0R(X, upp, u2)#Y=-GI(X,upp, u2)#Zs

END;

FLINCTION FI(X Y,Z,upp,s2tREAL) tREAL

BESIN

FI: UI(X,upp,uz)*Y+bR(X,upp,u_)*Z-

ENL's

BESIN

R R L Rk 2 X R R R R R B R RV R VR R R SRV §
L3333 A4 B read velocity profile Ih 3636 303 3 S W E W HE )

writeln( "ENTER THE FILENAME FOR THE VELOCITY FROFILE COEFF. )
writelng
readln(filenamel);
writelnsg
BIND(txtZ, filenameZ, ERR2TAT)
reset (txtl),
i1:=0;4
while not EOF(txt32) do begin
ile=i1+1;
readbl MOttt v 0113, ulilI ddulill),



[ELEEES G O S B T T SR NT R B Tk LA N YR T RS
a2l
mdlr=il—-1y
mrzteln('nd=’,nd,' ral=r ndlys
Close (txd3)

v
?

WRITELMNCO ENTER FREDUENCY "EETA" )
WRITELN,

REATLM(ZETA)

WRITELMN( ENTER THE EIGENVALLE Ar Y
WRITELM.

READLMCAR 5

WRTTELM,

WRITELN( ENTER THE SIGENVALUE Al )
WRITELM,

READLM(AL)Y «

WRITELNS.

A =SER (AR) =SRR(A L) «

Br=l#01+AR,

CINITIALIZE VALLUES AT v=03

FHIR1Cndls=1.0, PHIIIEndJ==O.D; FHIRZIndl:= 3 PHIIZEnd]:=0.0;

WRITEILNC-ENTER THE VALLUE OF FHI REAL AT Y=0-),
READLN(FRILnd1)

WRITELN;

WRITELN( ENTER THE VALUE OF FHI IMAGINARY AT Y=0);
WRITELN;

READLN(FI1Lnd1) .

FRZLRd1:=FR1Crd],

FIZLndI:=PI1fnd],

NRITELN(“*i************%**********************************’);
WRITELN(~ RUNGE-KIITTA INTESRATION IN PRIGRESS: )
NR[TELN(“****#******%*****%***#*#***************%***%%***#’);

WRITELN
FOR i:= nd downte = 00O BEGIN

DY:t=y1li-11-y1Li];
dduls= ddu[i]+ddu[i—1])/2;
u1:=(u£i]+u[i—1J)/2;

D1PHIR: =DY#FR1LI];
DIPHIT:=DY+PI1C1];
DlPR:=DY*FR(Y1EI],PHIRI[IJ,PHIII[Ii,ddu[i],u[i]h
DIPI:=DY*FI(YIEIJ,PHIRI[IJ,PHIIIEIJ,ddu[i],u(i]h

DZPHIR:=DY#(PR1CIJ+O.5*DIFR);
DEPHII:=DY*(PIIEI]+O.5*D1PI);

DQPR:=UY*FR(Y1EIJ+O.5*DY,PHIRICI]+0.5§D1PHIH,PHIIIEIJ+0.5*01PHII.
DEPI==DY%FI(Y1EI]+O.S*DY,PHIRIEI]+0.5*DiPHIR,PHIII[IJ+0.S*DIPHII,

DEPHIR:=DY*(PR1[IJ+O.5*UEPR);
DSPHII==DY{(PI1£IJ+O.S*DEPI);

DSPR:=DV*FR(Y1EI]+O.S*UY,PHIR!CIJ+O.5*DEFHIR,PHIIIEIJ+O.5*DZPHII,d
DEPI==DY*FI(Yl[I]+O.S*DY,PHIRIEI]+0.E*UEFHIR,PHIII[IJ+0.5*D2PHII,

D4PHIR==DY*(PR1EI]+DT'R);
D4FHII==DY*(PI1[I]+DSPI);

D4FR==DV*FR(Y1EIJ+DY,FHIR1[I]+UEPHIR,PHIIIEI]+D3PHII,ddu[i—l],u[i-l]);
D4PI==UY*FI(YIEIJ+DY,PHIR1EI]+UBPHIR,PHIII[I]+DEPHII,ddu[i—l],u[i—l]);

PHIRICI—1J==PHIR1[I]+((DlPHIR+2*DEPHIR+2*DBPHIR+D4PHIR)/6);
PHIIIEI~1]==PHII1EIJ+((DIPHII+2*02PHII+2*G3PHII+D4FHII)/6);
PR1E1—1]==PR1EIJ+((D]PR+E*DEPR+E*CJFR+D4PR);6):
Pflﬁi—l1:=PI[EI]+(<01FI+2*02P[+2*D3PI+D4PI)/G):

198

ddul,ul),
ddut,ul),

dul, ul);.
ddul,ul),



FOR i3= nd bto ndi-1 o BEGIN

dyi=y i litl -y i1,
ddult=0dduli 2 +dduLi+13), 2y

Gli=oglid+ali+vi 1)/ 2

[Z0T3, dduliZ, ulil).
TECIT.ddulil uCil)s

DI+, BT
UY=SROY LD 40, 3 DY.pH[P*’I]+O.?*DIPHIR‘PHIIECI]+0.
DEFI==DV*FI(YIEI]+0.5*UY,PHInAEIJ+O.5*UlPHIR,PHIIECI]+O.

DEPHIR: =0Y % (FRZ0[I+0. SKOEFR)
7.GHIIE=DY*(PI2EI]+O.5%DZFI);
U‘PR:=DY*FR(Y1EIJ+Q.5%UY,PHIR2EI]+0.5*D2PHIR,PHIIEEI]+O.
DEFIe=DY*FI(Y1LI ]+C).S*DY,F'HIF\"E.‘EIJ-*O.S*DEF’HIR,F‘HIIE’EIJ-‘-O.

D4PHIR==DY*(PR2[IJ+DBPR);
D4PHII:=DY*(PIEEI]+DEPI):

D4P'==DY*FR(Y1EIJ+DY,PHIRECIJ+D3PHIR,PHIIZEIJ+D3FHII,ddu[i+1],u[i+1])
D4PI==DY*FI(Y1[I]+0Y,PHIR2EIJ+DSPHIR,PHIIEEI]+DEPHII,ddu[i+1],u[i+1])

199

SHDOISHIT, dd1 ul .
THDIPHII, daul, iy

SHDZPHIT, ddul, ul);,
S#DEPHIT, ddul, ul) g

N

’
.
3

PHIRE[I+1]==PHIR2EIJ+((DIPHIR+E*DEPHIR+E*D3PHIR+D4PHIR)/6)g
PHII:EI+11:=PHII2EI]+((DlPHII+2*DEPHII+H*D3PHII+U4PHII)/6); .

PR:EI*IJ==PR;EIJ+((DIPR+E*DEPR+2*DSPR+D4PR)/6);
FIZEI+1]:=PIE[IJ+((DIPI+2*U2PI+E*D3PI+D4PI)/6);

END.
WRITELN;

writzln( ENTER THE FILEMAME FOR THE REAL EISENFUNCTION ),

writalne
readlntfilenamel),
BIND(txtl,Filenamel,ERRSTQT)g
rewrite(tutl)y

For i:=1 TO nd do begin

writeln(txtl,Y10iJ:7:8,°  “ phirlCil:7:S," < PRICI1:7:S),

@ndsy
For =nd+1 TO ndl da begin
ende

Tlose (tutl),

writeln(tutl,Y10il:7:5,° ' phirZ[il:7:5, <, PR2LITE7:S),

writeln(“"ENTER THE FILENAME FOR THE IMAGIMARY EIGENFLINCTIONT)

readln(filenamel),
EIND(tth,FilenameE,ERRSTAT)g
Tewrlte(tut2)

far i:=1 TQ nd DO BESIN

writelnCbat2, YiLile7es, - TLphiilfili7is, 0 PIICI]:7:S

e@nds
for it=nd+1 TO ndl OO BEGIN

writeln(t:xt2, YILile7es, - TLPhiiZLileTes, s FTICI1:T7:S

@nde
close (twtl),
END.

)s

) s
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200



201

program spectS2(input,output);

label 5i

{This program samples a time varying voltage and computes the frequency}
{spectrum by the Fast Fourier Transform method. The spectrum is written}

{to disk as "SPECTDATA.TEXT". This program assumes that the D.C. component }
{of the signal has been removed prior to A/D conversion.}

{Voltage is phase correlated with the peak of an input signal from channel 2}
import rodeclarations;

import general_2;
import measurement_lib;

const
name = 'ADC’;
model = '98640A‘;
select_code = 18;
error = 'NO’;
units = ’*STANDARD';
multiplier = 1.0;
offset = 0.0;
p_size = 2;
g_size =2;
c_size =2; .
n=512; ni1=511; r=9; pi=3.14159265;
d_size = 650000:
rept = 30000.

type
r_array = ARRAY[!1,.150000) of real:;
r_ptr = “r_array; )
i_array = ARRAY[L1..71 of shortint;
i_ptr = *i_array;
d_ptr = "“1_array;
complex=record x,y: real end;
datta = ARRAY[Q..nl] of complex:
c_ptr = “datta;
a_array=ARRAY[Q..nl] of real:
l_array = arrayll..n] of real;

var

channel: i_ptr;
signal: d_ptr;
gain: i_ptr;
pace: r_ptr;
data: r_ptr;
iyjvkymyc,p,nn,n2,n5,msamp,gane,imin,imax,ilow: integer;
NSCALE;sig,fnax.tine.nsanp.pasel,paseZ.sc.deltaf.
trap,gan,FEX,BAND:real;
wy,a:c_ptr;
T otxtl,txt:text;
amp, freq:a_array;
filenamel,filename: packed arrayll..20] of char:

procedure reord(var a:c_ptr);
var
iyjykyl:integer:
q:complex;
begin
for 1:=1 to nl do begin
1:=j;
k:=@;
for j:=0 to (r-1) do begin



k:=(2#k)+] mod 2;
l:=] div 2
end;

if i<k then begin
Q:=a"(il;
a*lil:=a"(kl;
a"[k]:=q
end

end

end; {reord}

procedure sum(:z,w:complex; var s:complex);
begin
with s do begin
Ki=T, xtw, X
=z, ytw.y
end
end;

procedure dif(z,w:complex: var s:complex);
begin
with s do begin
X:iI®mZ XWX}
yi®=Z.y=w.y
end
end;

procedure prod(z,w:complex; var s:complaex);
begin
with s do begin
XimZ X X=Z.y*. Y
Yi®Z.XtW.y+Z Yyt X
end
end;

procedure neg(u:complex; var w:complex):
begin '
W.X:==U,x;
W.yi=-u.,y
end;

procedure trf(var x:c_ptr);

var
Ivl,tl,tl1,expon,p,i,j,k:integer:
s,z:complex;

{(tl = 2°1vl}
{(t11=2"(1vl-1)}
{p=2"(r-1lvl)}
{expon=j#*p}

begin -
t1:=2; tll:m|;
for lvl:=1 to r do
begin
p:=n div tli expon:=@;
for j:=0 to tll-! do
begin
i:=j; s:=w"[exponl;
while i<n do
begin
k:mi+tll;
if j=0 then z:=a“(k]
else prod(a~lkl,s,z);
dif(a"(il,z,a"lkl);
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gumia‘l1l,z.a (1)
1:=1+t]
end;
expon:=sxpontp
end;
tl:=2%t1; t11:=2#tll
end
end: {trf}

function mag(z:complex):real;

begin

with z do
mag:=sqr(x<)+sqriy)

end;:

begin {MAIN PROGRAM}
newiw);
new(a);
rewrite(txtl,'JIM:XDOATA.TEXT');
writeln(*CHANNEL 1| MUST BE CONNECTED TO HOT WIRE SIGNAL WITH THE ');
writeln('0C COMPONENT REMOVED'):
writeln;
writeln( 'CHANNEL 2 MUST BE CONNECTED TO THE DESIRED FREQ GENERATOR'):
writeln;
writeln('ENTER THE EXCITATION FREQUENCY'):
writeln;
readnumber(l, fax);
writeln;
writeln('ENTER THE MAXIMUM FREQUENCY COMPONENT OF THE HOT WIRE SIGNAL'); ,
readnumber(l, fmax);
writeln;
pasel:=0.000025;
pase2:=(1.0/(2.0+fmax));
if(pase2 < 0.000018) then
begin
writeln('THE PACE VALUE IS TOO SMALL FOR THE HP-398G640A!!");
writeln( AR RR R RN RN AR R RRGERNRARPRBR AR B ARG RN ),
writeln('IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE VALUE 0.000018');
pasel:=0.000018;
end;
if (pase2>0.2393336) then
begin
writeln('THE PACE VALUE IS TOO LARGE FOR THE HP-98640A!1"');
writeln( TR R RN AR RRRRR AR AR R R RN GRBRLARNRNRNBRNRRNIBGRRER RO ),
writeln('IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE VALUE 0.0393336');
pase2:=0,0393336;
end;
writeln('THE PACE RATE ON THE HP-98640A WILL BE SET TO:',pase2:9:7);
deltaf:=(2#(1/(2«(pasel+pasel))))/n;
writeln('THE FREQUENCY RESOLUTION WILL BE ',deltaf:6:4,' HZ');
writeln: )
writeln('ENTER THE BAND WIDTH TO BE VIEWED');
writeln;
readnumber(l,band);
writeln;
writeln('ENTER THE NUMBER OF SAMPLES TO FORM THE SMOOTHED SPECTRUM®):
writeln;
readnumber(l,nsamp);
writeln;
writeln('THE NUMBER OF ELEMENTS STORED IS 30000 »»ssesvvsss’);
writeln;
WRITELN;
WRITELN('ENTER THE SCALE READING');
READNUMBER( 1 ,NSCALE };
new(channel );
channel"[11:=2;
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channel"(Z21:=|;
new(pacea);
pace"(1l]:=pasel;
pace'[Z]:=paseal;
new(gain);
writeln(ENTER THE GAIN SETTING FOR THE HP-98640a ADC BOARD'):
writeln('THE AVAILABLE CHOICES ARE 1, 8, 64, 512');
writeln('channel 1');
readnumber(l,gan);
gane:=round(gan);
gain"[2]:=gane;
writeln('channel 2');
readnumber(1l,gan);
gane:=round{gan);
gain"[(1]:=gana;
meas_lib_init;
config_@(name.model.aelect_code,1,0.QZ.error,unxts,multxplier.offset):
init(name);
sc:=(8+arctan(l)/n);
for 1:=0 to nl do
with w"li] do begin
x:mcos(sc#i);
y:=sin(scei)
end;
for i:=0 to nl do begin
amp(i]:=0.0
end;
calibrate(name,3,0.0001,1000);
new(data);
new(signal);
for i:=1 to 512 do begin
signal*lil:= @.0;
end;
n5:=Q;
while n5<{nsamp do bagin
writeln('FFT DATA SAMPLING IN PROGRESS+*essss');
randon_scan(name.c_size.channel.d_aize.data.rent.p_sxze.nace,q_size.gain):
writeln(' 30000 data points taken ');

for i:=3 to (d_size-2) do begin
if (data“(il>=data"(1-2]) and (data"[il>data~(i+2]) and (data"(i1>0) then
begin
m:=];
for k:=(i+1) to (i+1023) do begin
signal*[ml:=signal“{ml+data"{k];

m:=m+];
k:=k+];
end;
nS:=n5+1;
if (n5 >= nsamp) than goto S;
i:=1+1022;
end; :
if (d_size-2-i < 1S50) then goto 5
i:mji+l;
end;
S:
writeln(n5:3,' samples taken ');
end;
nsamp:=ng;

for m:= | to 512 do begin
sig:=signal"{ml/round(nsamp);
writeln(txtl,m:6," ',8iQ:8:5);

end;

close(txtl, 'save’);

for i:=] to Sl do begin
signal"(il:=signal"[i]*(l~-cos(S*p1#(i-1)/512)):
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2nd;
writeln('y');
for i:=461 to 512 do begin
signal”(i]:=signal (1 1+(l+cos(S*pi*i/512));
and;
writeln('2');
{ASSIGN REAL DATA TO ONE COMPONENT OF COMPLEX NUMBER "a"}
for 1:=0 to n! do
with a”(i] do begin x:=signal [i+]]; y:=0.0 end;
reord(a);
trf(a);
writeln(’3');
for i:=Q to nl do begin
amplil:=amp(il+mag(a l[il)
end;
rewritte(txt, ' JIM: SPECTDATA.TEXT' );
nn:=round(n/2);
{WRITELN(TXT,NN:4)}
for 1:2Q to nl do begin
amn[i]:=amp[110(2'(pase1+pase2)/n)'l.14285:
amplil:=amp{il/nsamp;
amplil:=amp(ilel,.0EQS;
freqlil:=jedeltaf;
end;
for i:=0 to nn do begin
IF (ROUND(FREQLI])=710) THEN BEGIN WRITELN(TXT); WRITELN(TXT,NSCALE:4:2); END;
writeln(txt,freqlil:8:4," "yamplil:20:17);
end;
imin:=round((fex-band)/deltaf);
imax:=round((fex+band)/deltaf);
writeln;
writeln(nscale:8:4);
for 1:=imin to imax do begin
writeln(freqlil:8:4," 'yamp(il:20:17);
end;
ilow:=round((fex-2+deltaf)/deltaf);
trapt=deltaf/2-(anp[1lowl+2*anp[110w+l]+2'amp[ilow+2]+2*anp£ilow+3]
+amplilow+d]);
writeln;
writeln('INTEGRATED AREA BY TRAP RULE: ');
writeln;
writeln(trap:15:4);
writeln:
writeln('INPUT ANY NUMBER TO VIEW SUBHARMONIC VALUES');
readnumber(!,nscale);
writeln;
writeln('SUBHARMONIC FREQUENCY DISPLAYED');
fex:=fex/2;
imin:=round(( fex-band)/deltaf );
imax:=round((fex+hand)/deltaf);
for i:=imin to imax do begin
writeln(freqlil:g:4,"’ 'yamplil:20:17);
end; .
ilow:'round((fex-Z'deltaf)/deltaf):
trap:-deltaf/2’(amp[1low]+2'anp[ilou+l]+2'amp£110w+2]+2'anp[xlou+3l
+tamplilowtd]); .
writeln;
writeln('INTEGRATED AREA BY TRAP RULE: ");
writeln;
writeln(trap:15:4);
close(txt, 'SAVE');
end.
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“rogQram pectrumiinnut.sutout )

<This arzgram samolas a
{znecirum by the Fast Fourier Transform method.
"SPECTOATA.TEXT". This arogram assumes that the D.C. comoonant
{of the signal has been removed arior to A/D conversion, If this i1s not th

{tg disk as

{case then orogram spectruml should be used, }

imoort

icdeclarations;

tmoort general Z;
imaert measurement_iib;

const

select_code

type

var

multiolier = {,0Q;

name = 'ADC';
model = '98640A';
= 18;
error = 'NO';
units 'STANDARD ' ;

of fset 0.92;
o_size = [:
Qg_size =];
c_size =|;
n=1024: nl=1023; r=19; p1=3,14159265;

r_array = ARRAY(1..15002] of real;
r_pir = ‘r_array;

i_array = ARRAY[L1..71 of shortint;
1_ptr = *ji_array;

complex=racord x,y: real and;
datta = ARRAYIG..nl] of complex;
c_ptr = “datta;
a_array=ARRAY(A..nl]l of real;

channal: 1 _ptr;

gain: i_ptr;

pace: r_ptr;

data: r_ptr;

d_sl:e.reut,i.m.c.p.nn.gane:znteger:
realchan,Fmax,txne,nsamn,peﬁe,:c.deltaf,gantreal;
w,azc_ptr;

txt:text;

amp, freq:a_array;

orocedurse reord(var a:c_gtr);

var

i3,k 1 integer;

begin

qQ:complax;

for i:=| to nl do begin

1=y

k:

for j:=@ to (r-1) do begin

=(2¢k)+1 mod 2;
l:=1 div 2

if 1<k then hegin

g:=a"[11:

time varving voitage and computas the freguency}
The ecectrum 1s writtap}
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3 Zi‘.}::g
and
=nd
2nd:  {reord} !

orcczdure sum(z,w:compiex: var s:complex);

seqgin

with 1 do begin
<=z xby, <
YiEZ.vtuw.y
end

end;

orocegura dif(z,w:complati var s:compiax )

begin

with = do begin
ERE PSP
YimZLov-w.y
end

endi

procedura prad(z,w:complasx; var s:complex);:
begin :
with s do begin
XI®mT L AMW. A= VW, Y
YImZ KtW, y+2, ytw,.x
end
end;

procedure negtu:complex; var wicomplex);
begin

Wekim=u, X

W.y:==u,y
end;

procedure trf(var x:c_ptr);

var
lvl,tl,tll,expon,p, 1, ], k:integer:
s,Z:complex;

(tl = 2°1v])}
{t11=2"(lvl-1))
{p=2"(r~1vl)}
{expon=jep}

begin
tl:e=2; tll:=y;
for lvl:=l to r do
begin
p:=n-div tl; axpon:=Q;
for-3:=29 to tli-! da
beqin
i:=); «:3y"[axpan);
while 1in do
beg:in
koamp+tlls
if §j=2 then z:=a"(k]
else prod(a“(kl},s,z);
dif(a"lil,z,a"[k]);
sum(a“[il,z,a"[1]);
ir=i+t]
and:
axpon:=axpon+o

and;
[ I el =T



and
and; {irf}

function magtz:zemolex):r=al:

bagin
with = do
MmagQ:=sgrix l+egriy }
and;

begin {MAIN PROGRAM}

newiwl;

new(al;

writeln( 'ENTER THE MAXIMUM SREQUENCY COMPONENT OF THE SIGNAL'):

readnumber(l, imax j;

writaln:

case:=(1,3/(2, 0% Ffmax i

ifipasa < 2.900013) then

bagin
writeln('THE PACE UALUE IS TOO SMALL FGR THE HP-38B40A11');
wrltelng'lﬂQ"I*OQQQQQl.{l'a"0IQSOOlQCOGDlQGIQOOQ‘Q&OQO');
writelnt'TF ALLOWED TO COMTINUE PACE WILL BE SET TO THE VALUE Q.000018" ;
pase:=0Q.900018;:

and;

if (pase>0.0393336) then

begin
writeln('THE PACE VALUE IS TOO LARGE FOR THE HP~3BE40A!11");

urlteln(’oa.bi»*;e{v»auqa9'n-éccinivoiﬁno¢tyobﬁiconnnnno');

writeln('IF ALLOWED TO CONTINUE PACE WILL BE SET TQ THE VALUE 0.0393336');

pase:=0.039333286:
end:
writeln('THE PACE RATE ON THE HP-986404 WILL BE SET TG:',pase:9:7);
writeln:
d_sizae:=n:
writeln('THE NUMBER OF ELEMENTS STORED IS ',d_size:5);
rept:=d_siza;
writeln;
deltaf:=(2¢fmaxi/n;
writeln('THE FREQUENCY RESOLUTION WILL BE ‘,deltaf:6:4," HZI');
writeln;
writeln(*ENTER THE NUMBER OF SAMPLES TO FORM THE SMOOTHED SPECTRUM®);
writeln;
readnumber(1,nsamg);
new(channal );
writeln;
writeln( ENTER THE CHANNEL DESIRED FOR THE SPECTRAL MEASUREMENT');
writeln: :
readnumber(l,realchan):
channel*(1]:=round(realchan);
new(pace);
pace”’[l]l:=pase;
new(gain;; '
writeln(’ENTER THE SAIN SETTING FOR THE HP-38640A ADC BOARD');
writeln(’THE AVAILABLE CHOICES MRE t, 8, 64, S512');
writaln:
rgadnunber(l,;an};
Qane: =round(gan};
gain“[11:=gana;
meas_lib_1init; .
config_@(name,modal.select_code;1.B.OZ.error,unxts.multiplier,offset):
init{name);
sc:=(8rarctan({)/n);
for 1:=0 to n! do
with w'lil do begin
x:=cos(scr1);
v:esin(scey)
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far 1.=9 13 npi g cegin
amolil:=2.,3
and; ) .
calibratetname,3.0.9001.1369);
" new(datar;
for 0:=1 to round(nsamp) do hegin
writeinizhro125);
wrtteln('DATA SAMPLING IN PROSRESSes»+<eSAMPLE *,p:3,' OF ',nsamp:4:9);
randon_acan(name,c_slze.channei.d‘sx:e.data.rept.D_size,nace,g_si:e.gaxn);
{APPLY COSINE WINDOWING TO THE 3AMPLED DATA)
for 1:={ to round (d_siza/!d) do bhegin
data“(il=-data“€il*(l-cc=(5*p1*(1-1?/d_31:e));
end:
for i:=round(S+d_size/10) tc d_size do begin
data’lil:=data"lij+(l+costSen1+1/d_size’i;
2nd;
{ASSIEN REAL DATA TO ONE COMPCNENT OF COMPLEX NUMBER "a")
for i:=0 to nl do .
with a"{1] do begin x:=gata'[i+l]; v:=0.0Q and;:
reordi{a);
trf(a)l;
for i:=@ to nl do begin
amplil:=amplil+magia{i])
end;
end;
reurite(t<t, 'KIRK: SPECTDATA,TEXT' )
nn:=round(n/2);
far i:=0 to nl do begin
amp(il:=ampl[ils(2«pase/n)el.4286;
amplil:=amplil)/nsamp;
ampl1]l:=ampl{]et.QED29;
freqlil:=isdeltaf;
end;
far 1:=2 to nn do begin
writeln(txt,fraql1}:8:4," ‘iamplil:20:17);
and;
close(txt, 'SAVE" );
end.
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nrogram demodulate(input,output);

LABEL S0;

{This program samples data at a user specified rate and a }
{digital complex demodulation technique is used to obtain both}
{the phase and amplitude modulatas }

import iodeclarations;

import general_1;

import general_2;

import measurement_lib;

const
name ='ADC';
model = '398640A';
select_code = 18;
error = 'NO’;
units = 'STANDARD';
multiplier = |,Q;
offset = 0.0;
p_size = |;
g_size = |;
c_size = |;
pi = 3.14159265;
type

an_array = ARRAY(Q..200] of real;
i_array = ARRAY[1..7] of shortint;
i_ptr = *i_array;

complex = record x,y :real end;
r_array = ARRAY(1..5000] of real;
r_ptr = “r_array;

c_array = ARRAY[1,.5000] OF COMPLEX;
c_ptr = “c_array;

lilr_array = ARRAY [1..7] of real;
lr_ptr = “lilr_array;

var
txt:text;
test:char;
channal:i_ptr;
q.,w,f:c_ptr;
Qain:i_ptr;
pace:lr_ptr;
b:an_array;
data,xx,yy:r_ptr;
nsanp,d_aize,rept,1.J,k,np=inteqer:
rgain,t.sunx.auny.a,p,beta.delta,fnax,pase.tlne,sunv,tavg,meunv
fcarry,al,ptot,pbar:real;
alpha,betal,atot.atsq.pt:q,ebar,atsqbar.atsqrt,rat1o=real;

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

¥IBT XM, X=Z, VW,V



Y ®2Z. k%W, viZ. .yt K
end
end;

function mag(z:complex):real;

begin
with z do
mag:=sqrt(sqr(x)+sar(y));
end;

function phase(z:complex):real;

begin
with z do begin
if (x=0.0) and (y>0.2) then phase:=1,570796327;
if (x=0.0) and (y<0.0) then phase:=-1.570796327;
if (x>0.0) and (y>0.0) then phase:=arctan(y/x);
1f (x<0.0) and (y>0.0) then phase:=pi+arctan(y/x);
if (x>0.0) and (y<0.0) then phase:=arctan(y/x);
if (x<0.2) and (y<0.0) then phase:=arctan(y/x)-pi;
if (x<0.0) and (y=0.0) then phase:=pj;
{PHASE : »ARCTAN(Y/X); }

end;

end;

procedure ners(al,be,de:real;var np:integer;var bk:an_array);
{THIS PROCEDURE COMPUTES THE COEFFICIENTS OF A NEARLY EQUIRIPPLE LINEAR}
{PHASE SMOOTHING FILTER WITH AN 0DD NUMBER (2NP+1) OF TERMS AND EVEN SYMMETRY}

const
pi = 3.141592654;

type
an_array = ARRAY[1..2001 of real;

var
fk,et,gp,fia,gk,flk,ge,e:real;
frp,k,1,§,n:integer:

procedure ino(x:real;var s:real);
LABEL 1I:

{THIS PROCEDURE EVALUATES THE MODIFIED BESSEL FUNCTION OF

{AT THE REAL VALUES OF THE ARGUMENT}

var
ds,d:real;
begin :
s:=1.0;
ds:=1,0;
d:=0.0;
l:d:=d+2.0;
ds:=dsex#x/(ded);
s:ws+ds;
1f(ds>0.2E-@8+s) then goto 1;
end;

begin
fk:=1,8445;
if(al>=21.0) then fk:=Q.13927«(al-7.95);

et:=0.58417#(exp(0.4+4In(al-21.0)))+0.07886+(al~21.0);

if(al<21.0) then et:=0.0;
if(al>50.0) then at:=0.1102+(al-8.7);
np:=trunc((fk/(2.0+de))+0.75);

{TEST NP AGAINST DIMENSION LIMIT}
if(np>149) then np:=149;

frp:=np;

LLEE LV PY ¥

ZEROTH ORDER}
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ino(et,fia);
for k:=1 to np do begin
flk:m(2¢k=1)/2;
gk:=pjek;
ge:=atssqrt(l.0-sqr(k/fnp));
ino(ge,e):
bklk]:=(sin(ba*gk)/gk)e¢(a/fia);
end;
bklnpl:=bkinp1/2.0:
n:=np+l;
for i:=2 to n do begin
k:=mn=i+2;
ji=k=1;
bklk1:=bk(j1;
and;
bkl1l]1:=bhe;
end;

begin{MAIN PROGRAM}

new(f);
new(w);
new(data);
new(q);

writeln('ENTER THE MAXIMUM FREQUENCY COMPONENT OF THE DATA (Hz)');

writeln;
readln(fmax);
writeln;
pase:=1,0/(2.0+fmax);

writeln('ENTER THE TOTAL SAMPLE TIME (sec)’):

writeln;
readlin(time);
d_size:=round(time/pasae)+l;

writeln('THE TOTAL NUMBER OF ELEMENTS STORED IS ',d_size:5);

rept:=d_size;
new(channel);
channel"(1]:=};
new(pace);
pace*[1]l:=pase;
new(gain);

writeln('ENTER THE GAIN SETTING FOR THE MEASUREMENT');

write( 'CHOICES ARE: 1,8,64,256 ---->
readln(rgain);
gain®(1]:=round(rgain);
meas_lib_init;

config_@(nane,nodel.aelact_code.1.0.02,error.unlts,multlplier,offset);

init(name);
{calibrate(name,3,0.0001,1000);}

ur1teln('rnon09;lu00-.0000'-000.a'0.noo»ol"‘-vooo;o.;.onoooo');

writeln('NOW CALCULATING THE MEAN VOLTAGE TO BE SUBTRACTED '):

writeln('FROM ALL TIME SERIES ELEMENTS

urttgln('I.QQl0'!..!..000!0000'0!0!!0000.'00!00.0'.00'003000.');

writeln:

writeln('ENTER THE AVERAGING TIME FOR COMPUTING THE MEAN VOLTAGE'):

writeln;
readln(tavg);:

IF (TAVG<@.@) THEN BEGIN MEANV:=@.0: GOTO S0: END;

msamp: =round( tavg/(pase*d_size));
sumv:=0.0;
for i:=1to msamp do begin
writeln(chr(12));
writeln;

sumy:=sumv+data“(il;

')

writeln( "MEAN VOLT CALCULATION IN PROGRESS. .REPETITION ',i:3,' OF ' msamp:3);
randan_:can(name,c_size.channal,d_size.data.rept.p_size.pace.g_size,gaxn):
for j:=l to d_size do begin
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end:
end;
meanv:=sumv/{(d_size*msamp);
writeln;
SQ:writeln('MEAN VOLTAGE HAS BEEN COMPUTED: MEAN VOLTAGE = ' ,MEANV:9:6);
writeln('PRESS "C* WHEN READY TO SAMPLE SIGNAL FOR COMPLEX DEMODULATION'):
repeat
readchar(l, test);
until ord(test) = §7;
writeln;
randon_scan(name,c_size.channel.d_slze,data.rept,p_size.pace,q_size.gaxn):
writeln;
for i:=] to d_size do begin
data"[i):=data”[il-meanv;
end;
writeln('SIGNAL HAS BEEN SAMPLED AND THE MEAN SUBTRACTED FROM ALL TIME-');
writeln('SERIES ELEMENTS');
writeln:
for {:=] to d_size do begin
with f*[1i] do begin
x:=data"(11;
y:=0.0;
end;
end;
writeln('DATA NOW FORMS THE REAL PART OF COMPLEX NUMBER "f"');
writeln;
writeln('ENTER THE CARRIER FREQUENCY (in Hz) AS DETERMINED FROM PREVIOUS');
writeln('POWER SPECTRAL MEASUREMENTS');
writeln;
readln(fcarry);
for {:=1 to d_size do begin
with w"li] do begin
x:=2#cos(2¢piv*isfcarryspase);
y:==2#sin(2#pisisfcarryspase);
end;
end;
for i:=1 to d_size do begin
prod(w*(i],f*[11,9"(11);
end;
beta:=fcarry/fmax;
writeln;
write('ENTER THE TRANSITION BANDWIDTH DELTA --=> ');
readin(delta);
writeln:
write('ENTER THE STOPBAND LOSS IN dB =--=> ');
readin(al); .
writeln;
writeln( APPLYING THE NERS DIGITAL FILTER');
ners(al,beta,delta,np,b);
writeln;
writeln('EXIT NERS....NP = ' np:4);
writeln;
dispose(w);
new(xx);
naw(yy);
for i:=1 to d_size do begin
with q9°[1) do begin
xX"[1]:=x;
yy ' [il:my;
end;
end;
for i:= np to (d_size-np+l) do begin
sumx:=Q,0;
sumy :=Q,0;
for k:=2 to np do begin
wiimv:saiimv+hlk Te(vw T ieb+l Tevvw T idk=11)Y;



sumy:=sumy+b(k J#(yy " [1-k+11+yy "(i+k=11);

end;
sumx : =sumx+b(1]#xx"[i];
sumy:=sumy+b{ 1 Jeyy"[il
with g*li] do begin
X:msumx ;
y:=sumy;
end;
end;
rewrite(txt,'V20:SIGNAL.TEXT");
t:=0.0;
for i:=np to (d_size-np+l) do begin
with f*(il do begin
writeln(txt,t:10:7," Tyx:10:7);
end;
t:=t+pase;
end;
close(txt, 'SAVE');
rewrite (txt,'VU20:AMP.TEXT');
t:=0.0;
atot:=0.0;
ptot:=0.0;
atsq:=0.0;
ptsq:=0.0;
for i:=np to (d_size-np+l) do begin
with q*[i] do begin
a:=mag(q”*(il);
atot:=atot+a:
p:=phase(q*[il);
ptot:=ptot+p;
end;
writeln(txt,t:10:7,' ',a:10:7);
t:=t+pase;
end;
close(txt, 'SAVE");

abar:=atot/(d_size-2#*np+2);
pbar:=ptot/(d_siza-2#np+2);
WRITELN( 'MEAN PHASE = ' ,PBAR:10:6);
WRITELN:
for {:=np to (d_size-np+l) do begin
with q9"{i] do begin

a:=mag(q"[il);

atsq:=atsq+sqr(a-abar);

end;

end;
atsqbar:=atsq/(d_size-2#np+2);
atsqrt:=sqrt(atsgbar);
alpha:=atsqrt/abar;

rewrite(txt,'V20:FAZE.TEXT');
t:=0.0;
for i:*np to (d_size-np+l) do begin
with q"(1i] do begin
p:=phase(q"(il);
{if (pbar<0.0) then begin}
{pbar:=abs(pbar);}
{p:=p+pbar;}
{end}
{else}
p:=p-pbar;
ptsq:=ptsq+sqrip);
and;
writeln(txt,t:10:7," 'p:10:7);
t:=t+pase;
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betal:=sqrt(ptsaq/(d_size~2#np+2));
ratio:=alpha/betal;

close(txt, 'SAVE');

writeln;
uriteln('nn;onﬁ»»-nﬁnQ0&-40loonQn.;;n»&p&-oonnnoo&ocouoopooc;o.naoo-');

writeln('DIGITAL COMPLEX DEMODULATION OUTPUT RESULTS:');

writeln('RMS AMPLITUDE MOOULATION INDEX (alpha) = ',alpha:8:4);
writeln('RMS PHASE MODULATION INDEX (bata) = ', betal:8:4);
writeln(’THE RATIO OF alpha/beta = ‘,ratio:8:4);

writeln('noco».»w»an00¢i&ﬁh;;ooooﬁci..inownnc.;onﬁ.uo;cnoo«o;;coioob');

end.
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@
ar
b
=
73
Lanl
w

NHL_EEAB([NPUT,GUTFUT):

IMFORT ICCECLARATIONS:
IMPCRT SEMERAL_Z:
[MPORT MEASUREMENT_LIB;

CONST
NAME = "ADC':
MODEL = *98B649A°:
SELECT_CODE = 18;
ERROR = 'NO':
UNITS = *STANDARD';
MULTIPLIER = 1.0;
OFFSET = @.0:
P_SIZE = 1;
G_SIZE = 1;
C_SIZE = 1;
N = 512;
Nl = 51;
NZ = 256;
N4 = 128;
TYPE
R_ARRAY = ARRAY[!..5121 OF REAL;
R_PTR = "R_ARRAY:
I_ARRAY = ARRAYL!..7) OF SHORTINT:
I_PTR = “I_ARRAY;
A_ARRAY = ARRAYLO..N11l OF REAL;
VAR
CHANNEL : I_PTR;
GAIN : I_PTR:
. PACE : R_PTR:
DATA : R_PTR:

GANE,D_SIZE,REPT,I.II.J.K.L,H,C.T,HSAMP.NSHMP,NNfINTEGER:
GHN,FMAX.FL.FK,DELTRF,TINE,NUMSAHP,PHSE.SC.DELTﬁ.SUHU,HEANU=REAL;

TXT3:TEXT;
FILENAME :PACKED ARRAYLL..2010F CHAR;

EEGIN {MAIN PROGRAM)

WRITELN( "ENTER THE MAXIMUM FREQUENCY COMPONENT OF THE SIGNAL'):

READNUMBER( L, FMAX );
WRITELN:

PASE:= (1,0/12.0¢FMAX) };
IF (PASE<0.200018) THEN
BEGIN

WRITELN('THE PACE WALUE IS TOO SMALL FOR THE HP-98640QA1 ! ");

WRITELN( 'ﬁ.li'0.0&#Q‘QlCOOQQQOOQOQQQOQ'Q.’QCI'OQOl.’..{" )i

WRITELN('IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE YALUE' )

WRITELN('Q.0202018");
PASE:= 2.200018;
ENO;
IF (PASE'9.0333336) THEN

219
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ACCTHE PAGE UALUE I3 TR0 LARST AR THE 4P-33540R1 1
Ll R R R R R A R .
("IF ALLOWED TO CONTINUE PACE wILL 3E SET TO THE YALUE' s
WRITELNG "2,9392236" s .
BASE: = 9.2383336;
£iil; ) .
WRITELUL® THE PACE RATE GN THE HP-98B40A WILL BS 3ET TO:',PASE:9: 7"
WRITELN;
D_SIZE:=N; :
WRITELN('THE NUMEER OF ELEMENTS STORED IS " O_SIIE: 90
REPT:= D_3IZE;
WRITELN:
DECTAR : =( 2+«FMAX )/N;
WRITELN('THE FREQUENCY RESOLUTION WILL BE ',DELTAF:5:4,' HZ '};
WRITELM
WRITELM(ENTER THE NUMBER OF SAMPLES TO FORM THE SIGHAL DATA' ;
WRITELH( "MEASUREMENT " .
WRITELN: .
READMUMBER( 1 , MUMSAMP );
NSAMP : =ROUND ( NUMSAMP 1 ;
WRITELN( 'ENTER THE SIGNAL OUTPUT DATAFILE NAME');
READLN(FILENAME ); :
REWRITE(TXTZ,FILENAME );
WRITELN:
- NEW(CHANNEL )
CHANNEL [ 1]:=];
NEW(PACE):
PACE*[11:=PASE;
NEW(GAIM);
WRITELN{ 'ENTER THE SAIN SETTING FOR HP-39864@A ADC BOARD' );
WRITELM('THE AVAILABLE CHOICES ARE 1, 8, &4, 5i2');
WRITELN:
READNUMBER( 1,GAN );
GANE : =RQUNDO( GAN) ;
GAIN"[11:=6GANE;
MEAS_LIB_INIT;
CONFIS‘@(NﬂME,HODEL,SELECT_CODE.l.0.02.ERROR,UNITS,HULTIPLIER.OFFSET);
INIT(NAME );

{CALIBRATE(NAME,3,0.92001,1000);:

NEW(DATA):

WRITELN('NOW CALCULATING THE MEAN VOLTAGE TQ BE SUBTRACTED FROM ALL'):
WRITELN( 'TIME SERIES DATA ELEMENTS'):

WRITELN;

WRITELNC"ENTER SAMPLE TIME FOR MEAN VOLTAGE CALCULATION');
REAONUMBER( L, TIME);

MSAMP: = ROUND(TIME/(PASE+D_SIZE));

SUMV: =0.¢;

ALLIIT LI I L L L L I I Lttt}
FOR I:= | TO MSAMP DO BEGIN
WRITELN(CHR(12});

WRITELN;
WRITELN( "MEAN UOLT CALCULATION IN PROGRESS...REPETITION ',I:3,' OF ',
MSAMP: 3 );
EANGGM_SCRN(NﬁME,C~SIZE,CHANNEL.D_SIZE,OﬁTﬁ,REPT.P_SIZE.PﬁCE,G_SIZE.
GAINY;

FOR J:=1 TO D_SIZE DO BEGIN
SUMY: =SUMY+DATAL J )
END;
END:
2SN R N S NN NN NN NS R R SR RN R SR S SRR RN R S RSN NSRS N SN U RS U RN B
WRITELMN:
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Hleeseeear DESYCIOLTAGE =, MEANY 105
i

WRITE:/TYT3," ' PASE: 3:8):
WRITELH(TKTI):
{Z200200ITZTIZ2Z2T2IIC BEGIN MAIN CALSULATION LOOP 22222222222222200

I = ;

FOR T:= | 7D NSAMP DG BEGIN

WRITELN(CHR(12));

WRITELN;

WRITELN( 'DATA SAMPLING IN PROGREZS eswess * T:3,' OF ' NSAMP:4):

RANDOM_SCAN(NAME.C_SIZ'.CHﬁNNEL,D_SIZE.QRTﬂ,REPT,F_SIZE.PACE,
G_SIZE.BAINY;

{SUBTRACT MEAN UOLTAGE FROM EACH TIME SERIES ELEMENT}
FOR [:= 1 TO D_ZIZE DO BEGIN
0ATA[I]:= OATALI1-HEANY;
IF (II<=3) THEN BEGIN
WRITE{TXTZ," ',DATA(I11:8:5);
END
ELSE
BEGIN
WRITELN(TXT3):
WRITE(TXT3,' ',DATA(11:8:5);
II := 1;
END:
II := [I + 1;
ENG: ’
END:

{222 d 22222220 2202222220222222222222222222222222222222222)

CLOSE(TXT3, *SAVE " );
END.
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PROGRAM DISK_BI(INPUT,OUTPUT):

{THIS IS PART A BICOHERENCE SPECTRUM COMPUTATION}

{THIS PART SAMPLES A TIME VARYING YOLTAGE & COMPUTES THE COMPLEX FGURIER}
{COEFFICENTS BY THE FFT METHOD AND ALL THESE DATA ARE READ FROM HARD DISK)
{THE BICOHERENCE COEFFICENTS ARE WRITTEN TO FIVE DATAFILES}

IMPORT IODECLARATIONS:
IMPORT GENERAL_Z2;
IMPORT MEASUREMENT_LIB:

CONST
N = S12;
Nl = 511;
NZ = 256;
N4 = 128;
R = 9;
PI 3.14159265;

TYPE
R_ARRAY = ARRAY(!..5121 OF REAL;
R_PTR = "R_ARRAY;
I_ARRAY = ARRAY[1..71 OF SHORTINT;
I_PTR = “I_ARRAY;
COMPLEX = RECORD X,Y: REAL END;
DATTA = ARRAY[Q@..N1] OF COMPLEX;
C_PTR = "DATTA:
A_ARRAY = ARRAY[@..N11 OF REAL:
B_ARRAY = ARRAY[!..N4,1..N2]1 OF COMPLEX:
B_PTR = “B_ARRAY;

VAR
DATA : R_PTR:
GANE,D_SIZE,REPT,I,II,J,K,L,M,C,T,MSAMP,NSAMP NN, SAM: INTEGER;
GAN,FMAX, FL,FK,DELTAF, TIME ,NUMSAMP , PASE , SC, DELTA, SUMY, MEANV : REAL ;
PASE2,PASE3,PASE4, PASES : REAL;:
8:B_PTR;

P:COMPLEX:

W.A,D: C_PTR;
TXT1,TXT2,TXT3, TXT4,TXTS, TXTE, TXT7, TXT8, TXTS, TXT@: TEXT:
AMP: A_ARRAY;
FILENAMEL,FILENAMEZ ,FILENAME3, FILENAME4 , F ILENAMES

" :PACKED ARRAY[1..2010F CHAR;

procedure reord(var a:c_ptr);
var
iyj,k,1:integar:
q:complex;
begin
for i:=l to nl do begin
l:my;
k:=Q;
for j:=0 to (r-1) do begin
k:=(2#k )+l mod 2Z;
l:=1 div 2



ang;
1f 17k then begin
g:=a"(il;
a“lil:=a"(kl;
a“[k]:=q
end
end

end; {reord}

procedure sum(z,w:complex;
begin
with s do begin
K=z <twL R
y:=z.ytw.y
end
end;

procedure dif(z,w:complex;
begin
with s do begin
X ®mZ  X“W.Xi
yi=Z,y=w,y
end
end;

procedure prod(z,w:complax;
begin
with s do bagin
X:ImZ XN X2 YRWLY
Yy ®Z.X*W,y+2. .y rtw. X
end
end;

var s:complex);

var s:complex);

var s:complex);

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

begin
WoX:®m=U,x;
W.y:==u,y
end;

procedure conj(u:complex; v
begin

WeX ‘®™Uu.Xi

W.y ®m-u,y;
end:

procedure trf(var x:c_ptr);

var
Ivl,tl,tl1,expon,t,i,j,k
s,z:complex;

{tl = 2*1vl}
{tl11=2"(1vi-1)}
{p=2"(r-1vl)}
{expon=j#*p}

begin
tl:=2; tl1l:=y;
for lvli:=1 to r do
begin
t:=n div tl:i expon:=0;
for j:=Q to tll-l do
begin
i:=j; s:=y [exponl;
while 1<n do

ar w:complex):

sinteger:
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segin
kr=y+t] L
if j=0 then z:=a"[k]
else prod(a“lkl,s,z;
dif(a"lil,z,a"(kl);
sum(a“(il,z,a"[1]):
iramyet]
end;
expon:=axpon+t
end:
tl:=2#t1; tll:=2#¢]1
end
end; {trf}

function mag(z:complex):real;

begin

with = do

mag:=sqr(x )+sgr(y)
end;
BEGIN {MAIN PROGRAM}

NEW(W);
NEW(A);
new(B);
NEW(D):
WRITELN( 'ENTER THE INPUT DATAFILE
READLN(FILENAMEL );
RESET(TXT1,FILENAMEL );
READ(TXTL ,PASE);
WRITELN:
WRITELN('ENTER THE INPUT DATAFILE
READLN(FILENAME2);
RESET(TXT2,FILENAME2);
READ(TXT2,PASE2);
WRITELN;
WRITELN('ENTER THE INPUT DATAFILE
READLN(FILENAME3);
RESET(TXT3,FILENAME3):
READ(TXT3,PASE3);
WRITELN;
WRITELN('ENTER THE INPUT DATAFILE
READLN(FILENAME4 );
RESET(TXT4,FILENAME4 ):
READ(TXT4,PASE4);
WRITELN;
WRITELN('ENTER THE INPUT DATAFILE
READLN(FILENAMES);
RESET(TXTS,FILENAMES);
READ(TXTS,PASES );
WRITELN:

WRITELN(' THE PACE RATE READ FROM
WRITELN(' THE PACE RATE READ FROM
WRITELN(' THE PACE RATE READ FROM
_WRITELN(' THE PACE RATE READ FROM
WRITELN(' THE PACE RATE READ FROM
WRITELN:

D_SIZE:=N;

WRITELN('THE NUMBER OF ELEMENTS STORED IS ',D_SIZE:S5);

REPT:= D_SIZE;
WRITELN;
DELTAF:=1/(N*PASE);

WRITELN('THE FREQUENCY RESOLUTION WILL BE ',DELTAF:6:4,° HZ ');

WRITELN:

WRITELN('ENTER THE NUMBER OF SAMPLES TO FORM THE BISPECTRAL');

WRITELN( *MEASUREMENT " );
WRITELN:
READNUMBER( 1 ,NUMSAMP ) :

*Hee

L 2 2]

*oae

*E

e ne

g & N -
—
w

1)

3')

4');

5');

' PASE:3:7);
' PASE2:9:7);
" PASE3:9:7);
" PASE4:9:7);
*,PASES:9:7);
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WIAME =Ry UNLCNUMS A -
{0l.}Q»O‘OQf'.*él"él"'llflﬁogo. MAIN LOGP CEILRE AR BRRER R IR Lt et )

FOR SAM:=1 TO S DO BEGIN
SC:=(8#ARCTANC L )/N);

FOR I:= @ TO N1 0O
WITH w~(I1 DO BEGIN
X:= COS(SC*I);

Y:= SIN(SC+*I)

END:

FOR I:= @ TO Nl DO BEGIN
AMPLI1:=0
END;

FOR I:= @ TO N1 DO BEGIN
WITH D"(I] DO BEGIN
X:=0.0;
Y:=0.0;
END;
END;

NEW(DATA);

{#senssee INITIALIZE ALL BLI,J] = Q ¢esesnns)
FOR I := 1 TO ROUND(N/4) DO BEGIN
FOR J := | TO ROUND(N/2) DO BEGIN
WITH B"[I,J1 DO BEGIN
X := 90.0;
Y := 0.0:
END;
END;
END;

(I"QQC...Q..QQO"'.'..QQ'..Q'.Q...Q.QI....O)

22222222 BEGIN MAIN CALCULATION LOOP 22222222222222222)
FOR T:= | TO NSAMP BEGIN
WRITELN(CHR(12));
WRITELN('DATA READ FROM #s+##+ ' SAM:3)

WRITELN('FFT DATA SAMPLING IN PROGRESS#+++»e«SAMPLE 'yT:3," OF ',NSAMP:4);

{READ REAL TIME DATA FROM HRADDISK}
IF SAM=1 THEN BEGIN

FOR I:={ TO D_SIZE DO BEGIN
READ(TXT!,DATALI]);

END; END;

IF SAM=2 THEN BEGIN

FOR [:=1 TO D_SIZE DO BEGIN
READ(TXT2,DATA[I1);

-END; END:

IF SAM=3 THEN BEGIN

FOR I:=1 TO D_SIZE DO BEGIN
READ(TXT3,DATA[I1);
END;END:

IF SAM=4 THEN BEGIN

FOR I:=1 TO D_SIZE DO BEGIN
READ(TXT4,DATA(I1);
END:END;

IF SAM=5 THEN BEGIN
FOR I:=1 TO D_SIZE DO BEGIN
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HEMUV 1A TD,unim Lid/s

END:END;

{APPLY COSINE WINDOWING}

FOR I:=1 TO ROUND (D_SIZE/1@) DO BEGIN
DATA~LI1:=DATA [T 1#(1-COS(S*PI«(I~1)/D_SIZE)):
END:

FOR [:=ROUND(S9+D_SIZE/1@) TO D_SIZE DO BEGIN
DATA[I1:=DATA"[I1#(1+COS(S+PI*I/D_SIZE)):
END:
{END DATA WINDOWING}

FOR I:= @ TO N{ DO
WITH A“C(I1 DO BEGIN X:=DATA(I+1]: Y:=0.0 END;

REORD(A);
TRF(A):

FOR I:= @ TO NL DO BEGIN
AMPLI]:= AMPLIJ+MAG(A"(I1)
END;

FOR L := 1 TO ROUND(N/4) DO BEGIN
FOR K := L TO (ROUND(N/2)-L) DO BEGIN
PROD(A"LK]1,A [L]1,P);
CONJ(A~[K+L1,D "[K+L1);
PROD(P,D~CK+L1,P);
SUM(P,B"[L,K1,B"[L,K1);
END:
END;
END;
{2222222222222222222222222222222222222222222222222222222222222>

{3333333333333333333333333333333333333333333333333333333333333)
FOR L := { TO ROUND(N/4) DO BEGIN
FOR K := L TO (ROUND(N/2)-L) DO BEGIN
WITH B~[L,K1 DO BEGIN
X := SQRT(MAG(B"[L,K1));
END;
END:;
END;
FOR L := 1 TO ROUND(N/4) DO BEGIN
FOR K := L TO (ROUND(N/2)-L) DO BEGIN
WITH B~(L,K] DO BEGIN
X :m XeSQR(1.Q/N)*PASE=1,14286/NSAMP;
Y := 0.0;
END:
END;
END:
{33333335333333333333333333333333333333333333333333333333333333)

NN:= ROUND(N/2);
FOR I[:=@ TO N1 DO BEGIN
AMPLI1:=AMP[T]#(Z2+PASE/N)#1.14286;
AMPLI1:=AMPL I 1/NSAMP;
END;
{4444444444444444444844444444404444444444444444444444444444444444)
FOR L := | TO ROUND(N/4) DO BEGIN
FOR K := L TO (ROUND(N/2)-L) DO BEGIN
WITH B"[L,K] DO BEGIN
X := SQR(X)/(AMPILI*AMPLK I#»AMPIL+K1);
END:
END;
END:
{4444444444444444444444444444444444444444444444444444444444444444)
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. ::‘:':::33::333333:::3::::::3:3:::3:33:::::3:::3::\:3::3::::::::::.'

I
IF 3
IF 3

IF ¢
IF 3
FOR

FOR K

BRI

AM=1 THEN REWRITE{TXTS, 'MIRK:3ICOHL.TEYT');
AM=2 THEN REWRITE(TXT7,'KIRK:E8ICOHI.TEXT'):
IF SAM=3 THEM REWRITE(TXT3, 'KIRK:BICOH3.TEXT');
AM=4 THEN REWRITE(TXTI, 'KIRK:BICOH4.TEXT');
AM=S THEN REWRITE(TXTQ,'KIRK:BICOHS.TEXT');

L := | TO ROUND(N/4) DO BEGIN

IF (II <= 3) THEN BEGIN

BEG
WI
I

W

W
E

I

WITH B~[L,K] DO BEGIN
IF SAM=1 THEN WRITE(TXTE,'
IF SAM=2 THEN WRITE(TXT7,’

IF SAM=4 THEN WRITE(TXTY,’
IF SAM=5 THEN WRITE(TXTQ,'

'X
'K
IF SAM=3 THEN WRITE(TXT8,' ', X:
'L X
'L X

IN

TH B"[L,K1 DO BEGIN
F SAM=] THEN BEGIN
RITELN(TXTE):
RITE(TXTE,' ',X:7:5);
NO:

F SAM=2 THEN BEGIN

WRITELN(TXT?7);

W

RITE(TXT?7,' *,X:7:5);

END:

I

F SAM=3 THEN BEGIN

WRITELN(TXT8);
WRITE(TXT8,' ',X:7:5);
END;

IF SAM=4 THEN BEGIN
WRITELN(TXT9);
WRITE(TXTY,' ',X:7:5);
END;

IF SAM=5 THEN BEGIN
WRITELN(TXTQ);
WRITE(TXTQ,® ' ,X:7:5);
ENO;
END:

II
END

tmo 15

‘

Il := II+1;

END:
END:

IF SAM=1 THEN CLOSE(TXTE, 'SAVE’);
IF SAM=2 THEN CLOSE(TXT7, 'SAVE’);
IF SAM=3 THEN CLOSE(TXTS8, 'SAVE');
IF SAM=d4 THEN CLOSE(TXT9,'SAVE');
IF SAM=5 THEN CLOSE(TXTQ, 'SAVE');

END;

:= L TO (ROUND(N/2)-L) DO BEGIN

{555555555555555555555555555555555555555555555555555555555555555

END.
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p IS5, WORR (L.
SHIEHEST XTICVAL, YTICVAL, SM, A0J, 2D, FRE, FATE
¥, AWINMIN, XWINMAX, YWINMIN, YWINMAK, ALITD
YR, ML, ND, MR, NG
, INCRE
20, XTITLESZO, YTITLE#ZO, TITLESZO

naTa FEN JRCIR I PR Q2.0 1.0/
B S Bt TR R e T PEPRTRIR R AE RO A IR S R P R R R T S TR R o R R R it b o R
THIE PROE=aM U3 SIRG £ AND ¢ ONE-TIMENDIONAL ARRAY TO DRAW *
) F oA FUNZTIONM OF TWO DARIABLES Z = F(X,Y), WHERE #
IRy RECTAMGLILAR MEZH #*

IHTEGER
REAL FENMEZ(
CHARAIITER

A= IMED

:J{‘;i'ﬁ'*“‘!‘"i‘#*'*“:‘****‘**':*':d.“ﬂ‘*‘*Zq‘14‘*'****%':"'*********'}"'***%*‘R‘"*‘*'}%"‘*%*'***'%’A"‘Z'*%'ﬂ"vff‘&'*'%*‘”‘%%*‘
i
b CEFIMITICN OF IMPUT YARIABLES: =+
1 Xxg I TINE-TTITMENS TONAL ARRAY READ FROM DATAFILE %
i YL o3 ONE-DIMENS [OMAL ARFAY READ FROM DATAFILE
= NAME ODATAFILE MAME (LIZER INFUT) #
[ X THE NUMBER ©OF “COLUMN® OF FOINTS IM THE X DIRECTION *
= A% WELL A5 THE LEADING DIMENSION OF Z FUNCTION. (REAL) *
C FY THE NUMBER OF "ROW" OF POINTS IN THE Y DIRECTION AZ #*
[ WELL AS THE SECOND DIMENSION OF Z FUNCTION. (REAL) *
i XWINMIN S DEFINE THE X—-AXIZ MINIMUM WINDOW VALLUE #*
[ XWINMAX DEFINE THE X-AXI3S MAXIMIM WINDOW VALLUE *
[ YWINMIN = DEFINE THE Y-AXIZ MINIMUM WINDOW VALLE *
[ YW INMAX ez DEFINE THE Y-AXIZ MAXIMUM WINDOW VALUE #*
[ LOWEST LOWEST ZONTOUR LEVEL #*
i HIGHEZT HIGHEST CONTCOUR LEVEL #*
iz [NCRE CONTOUR INCREMENT YALLE #*
i N THE NUMBER 1JF CONTOUR LABEL INCREMENT *
[ XTITLE X AXIS LABEL #*
[ YTITLE Y AXIZ LABEL #
[n3 TITLE THE FLOT TITLE %*
D**#4*%*******************%*%******#*%#******%**#******************#*******%
C224547 ’

PRINT# ) 7 33336 35 3 302 21 38 4620 36 3636 303636 303003030 30 33638 34 30383303030 36 303 364040 3030303 HH0 3 30 20 30303036367
FRINT#, "THIS FROGRAM IS LSING TEMPLATE FPALCKAGE ROUTINE (UFCNTR) -
PRINT#, "TO DRAW TWO-DIMENZIONAL CONTOUR LINES-

FPRINTH ) 353036 5 36 3023 36303050 38 3896 3636 36 3540 H 04 36 36 30 3040096 30303030 313198 30 38 34 0 300 3 M H 31 3030 30 MRS 3
FRINT#, “PLEASE ENTER DATA FILENAME-

READ (2, " (AZ0) ) NAME

FRINT*, "ENTER THE MAX FRERUENCY"

READ (2, #)FRE

FASE=1.0/ (2. 0#FRE)

DFEN(UNIT=122, FILE=NAME)

=512
N1=N-1
NZ=N/Z2
N4=N/4

0 1400 I={,N4
X(I)=0.0

0o 1400 J=1, (NZ-1)
YOI =0,0

(D, 4)=0.0

1400 CONTINLE

0O 1510 I=1,N4
X(I)=1/(N*FASE)
1510 CONTINLE
oo USIO =1, (ND-1)
vy = (MEFASED




D R o B B B

]

10

GERDCLED, s oo, SELLUMI=D s, i=l g

FRINT®, AUTO UalLZdLATION OF The CUOMT IR LEUEL OR MGT
FEINTS, “ 1, FoR YES H 20 FOR NG
FESDCT,) A0

IS JADL
FRIMT*,

) THERM
ZMNTER THE LOWEST CONTOUR LEVEL -

) LIWEST

CCENTER THE HIGHEIT CONTOUS LIVEL-

Loez, # HIGHIES

CINT#, "ENTER THE CONMTOUR [NCRSMEMT VALLE

ATNCE, %) TNER

FRIMT,
READCE,
cLIE

NUMEBER IF COMTOUR LABEL [NCREMEMT -

FRINT#, "ENTER THE FLOT TITLE-

READCZ, " (AZO) ") TITLE

FRINT%, "ENTER X-AXIS TITLE-

READCZ, " (AZO)Y “)XTITLE

FRINT#, "ENTER Y-AXIZ TITLE"

READCZ, " (AZ0) I)YTITLE .

PRINT#, “DC YOL WANT TO USE THE DEFAULT DEVICE VIEWFORT
FRINT#, "ENTER .1. FOR YES .2. FOR N ’

READCE, #)AD.

FRINT#, "USING ALTOSCALING OR NONAUTOESCAL ING FOR X-Y AXES~
FRINT#, “ENTER  .1. FOR AUTD 3 «2. FOR NON AUTOS
READCZ, ) ALTID

IF (AITD JER. Z.) THEN

FRINT#, "FLEASE ENTER X-AXIS MINIMUM AND MAXIMUM WINDOW YVALLUE-"
READCZ, Y XWINMIN, XWINMAX

FRINT#, "FLEASE ENTER Y-AXIS MINIMLM ANLD MAXIMUM WINDOW VALUEZ
READ (X, #) YWINMIN, YWINMAX

FRINT#, "FLEASE ENTER X AND Y AXES TICVALLIES "

READ CZ, #)XTICVAL, YTICVAL

ELZE

ENLDIF

FRINT#, "D vOU WANT CONTOUR LINES ARE SMOOTHED OR NOT-
FRINT#,“.1. FOR YES ; .2. FOR NO-
READNCE, # ) SMOG

FRINT#, "D0 YO WANT CONTOUR PLOT IN 2-0 OR 2-0-°
FRINT*, ", 1. FOR 2-D0 s «2. FOR =-D-
READCE, #)DD

FX
FY

N4 % 1.0
(NZ=1)#1.0Q

o

DD 10 I =1,N4g

Do 1o 1, (NZ=-1)
WORK (I, d) = 0.0
IZONT INUE

[

XMIN
XMAX
YMIN
YMAX
ZMIN =Z(1,1)
ZMAX =Z(1,1)

X(1)
X (17
Y(Ll)

oo

Z224547

D20 T =2, N
IF (X(I) 53T, XMAX)Y XMAX = X(I)
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L0 MTTHLE
[
IOIO = T NE e
IF (YO0 LT, vMAxXs yMait = ol
PEOAY O LT yMIND YMIN = YD
L] IZOMTINUE

=% COMT LHUE

2 40 . NG

[ Y , UNE=1)

FIZ0D, )y JGTe IMAX) ZMAX=Z(I..)
IFCZary JLTe ZMINY ZMIN=Z(I..J)

40 TONT INLIE
[
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program COHERENCE( input,output);

{This program uses the FFT method to compute the coherance}
{function between two sampled anemometer signals)

import iodeclarations;

import general_2:

import measurement_lib;

const
name = 'ADC';
model = '98640A";:
select_code = 18:
error = 'NO';:
units = "STANDARD':
multiplier = 1.0;
offset = 0.0;
p_size = 2;
g_size =2;
c_size =2;
n=256;
ni1=255;
r=8;
pi=3.14159265;
type
r_array = ARRAY(1..2¢n)] of real;
r_ptr = "r_array;
i_array = ARRAY(1..7] of shortint:
i_ptr = “{_array;
complex=record x,y: real and:
datta = ARRAY[OQ..(2#n)-1]1 of complex:
c_ptr = “datta;
a_array=ARRAY(@..nl) of real:;
1_array=ARRAY(1..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: integar;
fmax.tine.nsanp.pasel.pnseZ.sc,sunvl,5unv2,neanv1.neanvZ.tanp.tau.
f:real;

w,a,b,g:c_ptr;

txt:text:
theta,sumx,sumy,gxy,gx,gy,gamma: a_array;
q,qq:complex;

v:l_array;

procedure reordl(var a:c_ptr);
var
1,j,kyl:integer:
q:complax;
begin
far i:=1 to nl do-begin
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1:=i;

ki=@:

for j:=@ to (r-1) do begin
k:=(2#k)+l mod 2;

1:=1 div 2
end;

if i<k then begin
q:=a“[1i];
a“(il:=a"(kl;:
a“lkl:=q
end

end

end; {reordl}

procedure reord2(var b:c_ptr);

var
i,i,kyl:integer;
q:complexi
begin
for i:=] to nl do begin
limj;
k:=@;

for j:=0 to (r-1) do begin
k:=w(2#k )+1 mod 2:

1:=] div 2
end;

it i<k then begin
qQ:=b"[11];
b l1l:=b"[k1;
b*(k]:=q
and

end

end; {reord2}

procedure sum(z,w:complex; var s:complex):
begin :
with s do begin
X:wZ, x+tw, X
y:=zZ.ytu.y
end
end;

procedure dif(z,w:complex; var s:complex);
begin
with s do begin
X:m2, X~W.X;
yi®mZ,y-uw.y
end
end;

procedure prod(z,w:complex: var sicomplex):
begin ~
with s do begin
X:mZ X4W.X~Z,. Y. Y}
Yi®"Z. X*W,.y+tZ,.y*w.x
end
end;

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

WeX:®m=u,X;

W,y:==y,y
end;
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var
lvl,tl,tl1,expon,p,i,j,k:integer:
s,z:complex;

{tl = 2~1vl}
{t11=27(lvl-1)}
{p=2"(r=-1vl)}
{expon=j»p}

begin
tl:=2; t11:=];
for lvl:={ to r do
begin
p:=n div tl: expon:=0Q;
for j:=0 to tll-1 do
begin
i:=j; s:=w"[exponl;
while i<n do
begin
k:mi+tll;
if j=0 then z:=a"[k]
else prod(a“(kl,s,z);
dif(a*(11,z,a"(k]1);
sum(a“(il,z,a"[i1);
1:mi+t]
end;
expon: =expon+p
end;
tl:=2#¢]; tll:=2st]]
end
end;: {(trfl)}

procadure trf2(var x:c_ptr);

var
Ivl,tl,tll,expon,p,t,§,k:integer;
s,z:complex;

{tl = 2°1v]}
{tl1=2°(lvl-1)}
{p=2"(r=-1vl)}
{expon=j+p)

begin
tl:=2; tll:=1;
for lvl:={ to r do
begin
p:=n div tl: expon:=Q;
for j:=0 to tli-1 do
begin
i:=j; s:=y"[exponl;
while i<n do
begin
k:mi+tll;
if j=0 then z:=b"[kl
else prod(b"[k],s,z);
dif(b*lil,z,b"lk]);
sum(b"[il,z,b"(1i));
1:=i+t]
end;
expon:=expon+p
end;
tl:=2#t]; tll:=2#¢l}
end
and: {(+rf?)



procedure conj(u:complex: var w:complex);
begin

Wex:mu.x;

W.y:==u,y
end;

functipn mag(z:complex):real;

begin

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

end;

function phase(yl,xl:real):real;
begin
if (x1=0.0) and (y1>0.0) then phase:=|,570796327;
if (x1=0.0) and (yl1<0.0) then phase:=-1,570796327;
if (x1>0.0) and (y1>0.0) then phase:=arctan(yl/xl);
if (x1<0.0) and (y1>0.0) then phase:=pi+arctan(yl/xl);
if (x1>0.0) and (y1<0.0) then phase:=arctan(yl/x1);
1f (x1<0.0) and (y1<0.0) then phase:=arctan(yl/x1)=-pi;
if (x1<0.0) and (y1=0.0) then phasa:=pi;
end;

begin {MAIN PROGRAM}
new(w);
new(a);
new(data);
new(b);
new(g);
writeln('ENTER THE MAXIMUM FREQUENCY COMPONENT OF THE DATA (HZ)');
writeln;
readnumber(l, fmax);
writeln;
pasel:=Q,000025;
pase2:=1.0/(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:= | to 2 do
begin
channel”(i]:=j
end;
new(pace);
paca“[l]:=pasal;
pace"[2]:=pasel;
new(gain);
Qain*[1}:=1;
gain*[2]:=];
meas_lib_init;
config_@(name.nodel.:elect_code.1.0.02,error.units.multipller.offaet):
init(name):
calibrate(name,3,0.0001,1000);
sc:=(8+arctan(1)/n); :
for i:=@ to ni do
with w*(i] do begin
x:mcos(scei);
y:=sin(sc#{)
end;
wr‘iteln("'00!0""""""""00"00");
writaln( *NOW CALCHIEATTING THF MFAN UNE TARFE TN RF SIUIRTRACTFN FRAM Al L ')
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writeln('TIME SERIES DATA ELEMENTS');
WrIteIn('s & o o & & % * & & & & 5 % ¢ ¢ & & » » & o PR N TP A S
writeln;
writeln('ENTER THE AVERAGING TIME FOR COMPUTING THE MEAN VOLTAGE');
writeln;
readnumber(l,time);
msamp: =round((2+time)/((pasal+pase?)*d_size));
sumvl:=0,0;
sumv2:=0,0;
for i:= 1 to msamp do begin
writeln(chr(12));
writeln;
writeln('MEAN VOLT CALCULATION IN PROGRESS...REPETITION '4vi:3,' OF' ,msamp:3);
randon_scan(nane,c_size,channel.d_size,data.rept.p,size.pace.g_sxze.qaxn);
for j:=l to (d_size-1) do begin
sumvl:=sumvi+data(j1;
sumv2: =sumv2+data [ j+11;
Jimitl
and;
end;
meanvl:=(2.0¢sumvl)/(d_size*msamp);
meanv2:=(2,0¢sumv2)/(d_size*msamp);
{# % & 8 5 % % % 2 % 8 3 3 2 0% ¢ 4 8 0 08 5 828 80 L N IR I A 'Y ]
for k:=0 to nl do begin
oxylk1:=0.0;
gx[kl:=0.0;
Qylk]l:=0.0;
thetalk]:=9,0:
gammalk1:=9.0;
end;
for p:={ to round(nsamp) do begin
writeln(chr(12)):
writeln( '.llhb'l'i{&'.QQOD!OQD.O'GQQ.Q&Q!QO'."QCOQQQOQO' );
writeln('COHERENCE MEASUREMENT IN PROGRESS.....ccovvn...')s
writeln('SAMPLE ',p:3,' OF ',nsamp:4:0);
writeln( ’nuuocwo0000l0l|¢0000.000nulo.oicooooooianunq' )
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“(i):=data"({]l-meanvl;
data“l[i+l]:=data*[i+!l-meanv2;
L:mi+];
end;

i:=l;

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

irmi+2;

end;

for ii={ to round(d_size/20) do bagin
vlil:=v(iJe(l-cos(1@*pie(i=-1)/d_size));
end;

for i:=round(9+d_size/20) to round(d_size/2) do begin
viil:my{il#(1l+cos(10*pini/d_size));
end;

i:my;

for j:=l to round(d_size/2) do begin
data*[il:=v[jl;

i:=i+2

end;

i:=l;

for j:=1 to round(d_size/2) do begin
vijl:=data“[i+11];

1:=142

end;

far i:mwl to round(d size/20) do beain .
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viil:mviil#(l-cos(1Q#pie(i=-1)/d_s1z=));

end;

for i:=round(9+d_size/20) to round(d_size/2) do begin
viil:=ay[ile(l+cos(10epiv*i/d_size));

end;

i:m];

for j:=1 to round(d_size/2) do begin
data"[i+1):=v[jl:

i:=i+2

end;

ji=ls

for i:=Q to nl do begin

with a*[i] do begin x:=data"[jl]: y:=0.0; j:=j+2 end:
end;

ji=L;

for {:=Q to nl do begin

with b"[i] do begin x:=data"[j+1]; y:=0.0; j:=j+2 end;
end:

reordl(a);

trfita);

reord2(b);

trf2(b);

for k:=0 to nl do begin

gxl{kl:=gx(kI+mag(a“(kl);

gylkl:=gylk J+mag(b"[kl);

end;

for 1:=0 to nl do begin

conj(a*lil,q);

prod(q,b"[il,g"(i]1);

with g"(1] do begin sumx[i]:=sumx[il+x;

sumy(il:=sumylil+y end;:

end;

end;

for 1:=@ to nl do begin

gxyli):=sqrt(sqr(sumx(il)+sqr(sumylil));

thetalil:=phase(sumylil]l,sumx(il);

end;
writeln;
for k:=@ to nl do begin
gx{kl:=gx(k1#*(2#pase2/n)#1.14286+1/nsamp;
gylkl:=gylk]#(2+pase2/n)s1.14286+1/nsamp;
oxylk]:=gxylk]#*(2#pase2/n)#1,.14286+1/nsamp;
gammalk J:=sqr(gxyl(k1)/(gxlklegylk]);

end;

reurite(txt, 'V20:COHERENCE.TEXT® );
for j:=@ to round(n/2) do begin
f:mj/(n*pasel);

writeln(txt,f:9:6,' °',gammalj]:9:6);
end; ~

close(txt,'SAVE');

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

for j:=@ to round(n/2) do begin
f:=y/(nepase);

writeln(txt,f:9:6,' °‘,thetaljl:9:6):
end;

close(txt, 'SAVE"®);

end.
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program corr(input,output);

{This program computes the space-time correlation function betueen}
{two sampled hot-wire anemometer signals. The time-delay is from }
{minus "tau” to plus "tau” and is user selectable. ¥
import iodeclarations;

import general_2;

import measurement_lib;

const ) .
name = 'ADC';
model = '98B40A°';
select_code = 18;
error = 'NO';
units = 'STANDARD':
multiplier = 1.0;
offset = 0;
p_size = 2;
g_size =2;
type
r_array = ARRAY(1..15000] of real:
r_ptr = “r_array;
i_array = ARRAY[1..71 of shortint:
i_ptr = "i_array;
corr_array = ARRAY([O..7500] of real;
corr_ptr = “corr_array;
var

data: r_ptr;
cor,corn: corr_ptri
channel: i_ptri
gain: i_ptr;
pace: r_ptr:
c_size,d_size,rept,n,ns,i,§,k,np,p,msamp: integer:;
GﬁNl,GANZ.fnax.n.tine.slze.tavg.totaltine.sunsqvl.sunaqu.sunvl.sunvZ.tau.
meanvl,meanv2,pasel,pasa2,samplelength,rmsl,rms2,d,rns:real;
x:text:
begin (MAIN PROGRAM}

pasel:=0,000025;
writeln( 'ENTER THE MAXIMUM FREQUENCY COMPONENT OF THE SIGNAL');
readnumber(l, fmax);
writeln:
writeln( 'ENTER THE PARAMETER "m* WHICH IS A MULTIPLIER OF THE'):
writgln('MINIMUH PACE RATE REQUIRED TO SATISFY THE NYQUIST CRITERION'):
writeln( *NOTE: FOR 600D DISCRETIZATION "m" SHOULD BE AT LEAST 5');
readnumber{(l,m);
pase2:=(1.0/(1.0%m))*(1.0/(2.0sfmax));
if(pase2 < 0.000018) then
begin
writealn('THE PACE VALUE IS TOO SMALL FOR THE HP-98640A!!');
writeln( L N Y T T R R T I T Y T Y R R R Y T Y A ]
writeln(*IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE VALUE 0.000018°');
pase2:=0.000018;
end:
if (pase2 > 0.0393336) then

begin
writeln( 'THE PACE VALUE IS TOO LARGE FOR THE HP-398640A!!’);



- 'wr'-‘lteln\ IR e R R R R R R

writeln(’IF ALLOWED TO CONTINUE PACE WILL BE SET TO THE VALUE 9.2393336");:

pase2:=Q.0393336;
end;

writeln('THE PACE RATE ON THE HP-98640A WILL BE SET TO:',pasae2:9:7);

writeln;

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

readnumber(l,time);
d_size:=round((time/(pase2+pasel))+1.0);

d size:=(2#d_size);

ir (d_size mod 4 = Q) then d_size:=d_size+2;
writeln:

writeln('d_size:= ' d_size:4);

writeln;

if (d_size > 7500) then begin

writeln('THE INCREMENTAL TIME IS TOO LARGE!!');

writeln('esesnsassscnrsasosnsnrnsssnnanssonnee');

writeln('STOP PROGRAM EXECUTION AND RESTART WITH A SMALLER INCREMENTAL');

writeln('TIME............" )

writeln;

end;:
rept:=round(d_size/2.0);

writeln('ENTER THE NUMBER OF ENSEMBLES FOR COMPUTING THE AVERAGE');

writeln(*'SPACE-TIME CORRELATION FUNCTION');
writeln;
readnumber({,rns);
ns:=round(rns);
writeln;
c_size:=2;
new(channel ):
channel"(1]:=2;
channel"[2]:=1;
new(pace);
pace"[1l]:=pase2;
pace"(2]:=pasel;
new(gain);

writeln(’ENTER THE GAIN SETTING FOR CHANNEL 1');

readnumber(l,ganl);

writeln('ENTER THE GAIN SETTING FOR CHANNEL 2'):

readnumber(l,gan2);
gain“[1]:=round(gan2):
gain"(21:=round(ganl);
meas_lib_init;

config_@(name,model,select_code,1,0.02,error ,units,multiplier,of fset);

init(name);

calibrate(name,3,0.0001,1000);

new(cor );

new(corn);

new(data);

sumvi:=0.0;

sumvZ:=0.0;

sumsqvl:=90.0;

sumsqv2:=0.0;

for i:= @ to (round(d_size/2)-1) do begin

cor"[1]:=0,00;
corn*[i]l:=0.00

end;

writeln;
writeln(*NOW CALCULATING THE MEAN VOLTAGE TO BE
writeln('TIME SERIES DATA ELEMENTS'):
writeln;
writeln('ENTER THE AVERAGING TIME FOR COMPUTING
writeln;
readnumber(1l,tavg);
msamp:=round(tavg/((pasel+pasel)*d_size));
for i:= | to msamp do begin

SUBTRACTED FROM ALL');

THE MEAN VOLTAGE');
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writeln(chr(12));
writeln;
writeln('MEAN VOLT CALCULATION IN PROGRESS...REPETITION 'yi:3,' OF ' ,msamp:3);
randon_scan(name.c_size.channel.d_size.data.rent.p_slzavnacﬁ,Q_SIZC-Qﬂlﬂ)
for j:=1 to d_size do begin .
sumvl:=sumvi+data“(jl;
sumv2:=sumv2+datal j+11;
sumsqvl:=sumsqvi+sqr(data~[jl);
sumsqv2:=sumsqv2+sqridata(j+1]1);
Jimj+l;
end;
end;
meanvl:=(2.Q+*sumvl])/(d_size*msamp);
meanv2:=(2 . 0#sumv2)/(d_size*msamp);
sumsqvl:=(sumsqvl/(((d_size/2.0))*msamp))=(sqr{meanvl));
sunsqv2=-(sumsqu/(((d_size/Z.@))ﬁnsamp))-(sqr(meanVZ));
rmsl:=sqrt(sumsqvl);
rms2:=sqrt(sumsqvl);

writeln('essesesesssseBEGIN CORRELATION MEASUREMENTe##sansa’);
for i:=| to ns do ’
begin
writeln(chr(12));
writeln; :
writeln('CORRELATION SAMPLE NUMBER ',i:4,' OF ',ns:d);
randon_scan(nane.c_size,channel.d_size.data.rept.p_size.paca.g_size,gain);
for k:=1 to (d_size-1) do begin ’
data“[k]:=data"[k]-meanvi;
data“(k+l]:=data"(k+ll-meanv2;
k:wk+1;
and;

for k:= @ to (round(d_size/2)-1) do begin
pr=y;
for j:=1 to (round(d_size/2)-k) do begin
cor®lkl:=cor"(kl+data“(pledata*{p+(2ek )+l ];
pi=p+2;
end;
end;
for k:=Q to (round(d_size/2)-2) do begin
p:-Z;
for j:=1 to (round(d_size/2)-k-1) do begin
corn®(kl]:=carn“(k]+(data"[pledata*lp+(2+k)+1]);
p:-p+2;
end;
end;
end;
for k:= @ to (round(d_size/2)-1) do begin
cor®lkl:=cor"(kl]/(ns+((d_siza/2)=k))/(rmslerms2);
end;
for k:=@ to (round(d_size/2)-2) do begin .
corn®lkl:=corn*{k1/(ns+((d_s1ze/2)=1-k))/(rmslerms2);
end:
for k:=Q tol(round(d_size/2)-1) do begin
cor*[k+round(d_size/2)]:=cor"[k];
end;
{SHIFT DATA ONE ELEMENT TO THE LEFT}
for k:=(round(d_size/2)-1) to (d_size-2) do begin
cor*{kl:=cor"[k+1]
end;
for k:=Q to (round(d_size/2)-2) do begin
cor"lkl:=corn*(round(d_size/2)-2-k1;
end;
rewrite(x, '"KIRK:CORRDATA,TEXT'):
tau:=-((d_size/2)-1)*(pasel+pase?);

2
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np:=d_slze=t;
writeln(x,np);
for k:=Q to d_size-2 do begin
writeln(x,tau:9:6,"' 'yecor“lk]:7:4);
tau:=taut(pase2+pasel);

end;

close(x,'SAVE’ );

end.
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An experimental uncertainty analysis was performed to
determined uncertainties in certain measurements. The
method of Kline and McClintock (1953) was used to obtain

the results
1. Uncertainty in setting the Reynolds Number
Rep,, = *3.6%

2. Uncertainty in Mean Velocity Measurements
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3. Uncertalinty in RMS Velocity Measurements

sy = ts%
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