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Nomenclature

Correlation coefficient

Jet exit diameter, m

Instantaneous voltage signal, volts
Linearizer output voltage, volts.

Frequency, HZ

.One dimensional velocity spectrum (of u' velocity),

m /sec2
Dynamic ead of water in manometer, inches

-1
Wave number ector, m

Wave number along x, !
Wave number along y, ]
Wave number along z, m)
Linearization constant, u/v or U/E, m/sec. volts
‘omentum flux, kg.m/sec2

Normalized correlation coefficient

Jet exit radius, m

Réyno]ds number

Radial coordinate m(x,r,s) coordinate system

Half line poyer scectral density of voltage
signal, volt™/Hz

Half line_power spectral density of velocity
signal, m/secé Hz :

Absolute temperature, degrees R

Ihstantaneous velocity along x coordinate, m/sec.
Mean velocity along x coordinates, m/sec.

Mean jet exit velocity, m/sec

Mean convection velocity, m/sec

Mean jet centerline velocity, m/sec



Nomenclature(cont.)

u/v Same as K
Uogf Effective cooling velocity for hot-wire sensor, m/sec

viooru, Instantaneous velocity along y-coordinate, m/sec

v Volts

w' or us Instantaneous velocity along z-coordinate, m/sec

X x coordinate in (x,y,z) system
y y coordinate in (x,y,z) system
z z coordinate in (x,y,z) system
a Constant, approximately = 1.5
£ Dissipation of turbulent energy, m3/sec2
2 Velocity integral scale, m
%0 Sensor length, mm
L Velocity integral scale, used interchangable with 2, m
X Wave length or length scale, m
) Momentum thickness, cm
p Density of air, kg/m3
T Time lag, sec
N Time integral scale, sec
¢ ¢ coordinate in (x,r,s) system

overbar denotes time averaging



ABSTRACT

This investigation is part of a continuing program of investigation
of jet mixing layers. The primary interest is thc large scale structure
of turbulence in the initial mixing region of an axisymmetric. incompressFl
ible, non-reacting, single phase, 1sotherma1 air jet in a non-stratified,
quiescent environment.

To establish the viabf]ity of the jet facility for extensive measure-
ments later, basic mean flow and spectral dynamic measurements were carriec
out using analog and digital data processing techniques. These measurement
have helped establish the credibility of the facility and the sigﬁal pro-
cessing hardware.

As a first step towards the investigation of the large eddy structure
{h the mixing layer space-timevcross-spectra] and spacial cross-correlatior
characteristics were examined in the mixing 1ayerf The cross-spectral
measurements are continuing while some significant initial results of the
cross-correlation measurements are reported here. There is evidence of
" the existence of over 5% of the turbulant energy (of Jongitudinal velocity
vecters) in scales more than ten times as large as the local integral
scales. Time-autocorrelation measurements also provide evidence for the

existence of these large scales.



CHAPTER I

1. Introduction

1.1 Background

The first exténéive investigations of the axisymmetric jet mixing laye
are due to Davies, Fisher and Barrat (8) and Bradshaw, Ferris and Johnson
(4). Bradshaw et al. proposed a conceptual model for tHe large scale
structure after the manner of Townsend (1956) and Grant (1958). Their

structure was described as ",..a series of mixing jets which instead of
lying in the (x,y) plane as in the wake, more at an angle of about 45° to
this plane”. While useful in characterizing the large scale turbulent
structure, this conceptual model does not appear to have been extended to
a quantitative model.

More recently, Crow and Champagne (7) observed "puff-like" eddies
in the mixing layer when they periodically forced the settling chamber of
the jet. The puffs were not visible at high Reynolds numbers. Inviscid
instablility theory appeared to correlate satisfactorily the maximum growt!
rates of the jet distrubances. Hussain {1974) performed similar experi-
ments on a two-dimensional jet with substantially the same results althougt
the growth rates and frequencies observed were different. These experi-
mental approaches were motivated in part by the wave-guide turbulence mode
of Landahl, which modeled turbulence as dispersive waves in a shear layer.

Davies (1972) has suggested that the jet mixing layer is dominated by
“roller eddies" which are vortex ring type structures. George and Lauchle
(1973) inferred such structures from measurements of the intermittency
profile. Nagib (20) and others have visually observed the interaction of
such large structures; the phenomenon is similar to that of one vortex rine

overtaking and blowing through another. Both dye and bubble rings can no



longer be distinguished at higher Reynolds numbors.

In 1967, Lumley proposed an objective technique for deducing the Targ
eddy structure of turbulent flows. The technique is based on an orthogong
decomposition of the space-time correlation of the statistical quantity be
observed. An outstanding advantage of Lumley's orthogonal decomposition i
that it requires no subjective Judgments on the part of the experimentalis

as to the presence or absence of structure. In spite of this advantage,

because of the large amount of data required it has, until recently, never

been applied, in full, to an experimental problem.

Arndt and George (1974) in a review of Lumley's (1967) orthogonal
decomposition showed that both wave-1ike and vortex-like intekpretations
of the eddy structure were consistent and resulted from the partial homo-
geneity of the flow field. The vortices were viewed as groups of disper-
sive waves. The lifetime of the group is proportional to its spacial
bandwidth. As the Reynolds number is increased, the "eddy" spectrum
broadans and the lifetime diminished. Visibility of the eddy was seen to
depend on this lifetime; that is, the degree to which the spectral energy
of the eddy was concentrated near a single wavenumber-frequency pair.
Thus, the eddies become increasingly less visible as Reynolds number in-
Creases. This is consistent with observations. In particular, Hussain
(1974) has remarked that the Jet mixing layer apﬁears to be puff-like or
vortex-like at low Reynolds number and wave-like at high Reynolds number.
Through the drthogona] decomposition the jet is sean to possess both
characteristics at once. Similar conclusions were reached by Michalke and
Fuchs (1975) from application of a simplified decomposition to the near
field pressure.

Arndt and George (1974) also showed how the large eddy obtained from

the decomposition could be used to directly compute the radiated noise spect



Currently at SUNY/Buffalo an extensive program is underway with NSF
and AFOSR support to carry out such a decomposition of the turbulent
velocity field in a high Reynolds number jet for which there is no visibly
discernible structure. To date, the only evidence for colierent structures
in jet mixing layers is visual and at low Reynolds numbers. This investi-
gation is intended to confirm (or deny) their existence by modern statis-

tical techniques which impose increased objectivity on the investigation.

1.2 Recent Investigations:

A host of investigators have in the recent years studied the near fiel
and the large scale structure of axisymmetric jets. Hussain et al. (15)
have studied the effects of initial conditions on the evolution and average
characteristics of free shear layers, and indicated that discrepancies in d
of different investigators may be attributed primarily to apparatﬁs depende
initial conditions. _

Davies and Yule (1974) summarized the developments in understanding of
the large scale structure in free shear layers. They stressed the importan
of making simultaneous flow-visualization and quantitative investigations s
that observed phenomenon could be related to measured velocity time histori
Statistical measuring teéhniques have to-date only provided quantitative
information on time-averaged properties, so that much of the detail of such
structures 1is lost.

Pertinent to the present investigation, Bradshaw et al. (4) using
their "mixing jets" model envisioned the existence of very large scales due
to a shaking of the mean velocity gradient by the random cross-stream velo-

city- component undulations of the shear layer.



Jones et al. (17) investigated space-lime correlations in a two-
stream mixing layer. They observed differences between axial broadband
convection velocities and both mean turbulence and mean entrained fluid
velocities. Scaled broadband convection velocities for the mixing layer
and simple round jets were found to collapse to a common curve. Axial
narrow band convection velocities showed strong frequency and transverse

position dependence.

1.3 Scope of This Investigation:

The goals of the present investigation were two fold. Firstly to
establishing a credible axisymmetric jet facility and data acquisition and
processing hardware. This was to be accomplished by establishing scaling
relationships for mean flow and spectral quantities. Secondly, to begin
quantitative first and second order statistical measurements and to scale
the results with spacial and temporal parameters.

The investigation is described in detail in the following chapters.
Chapter 2 describes the jet facility used in this investigation while
Chapter 3 details the instrumentaticn and procedures for calibrating them.
The results of the investigation are presented in Chapters 4, 5 and 6,
which present and discuss the mean flow properties of the jet, the spectral
characteristics and the two point statistics, respectively. Chapter 7

summarizes the results and provides commentary on their usefulness.



CHAPTER 2

2. The Jet Facility

The faci]i;y for generating a nonreacting, single-phase, isothermal,
incompressible, axisymmetric air.jet is shown schematically in Figure 2.1.
The facility can be used to generate exit velocities ranging from a few
cm/sec to about 100 m/s. The range of exit velocities used in this experi-
ment was between 13 m/s and 40 m/s. Based on the exit diameter of 20.57 cm
this corresponds to Reynolds numbers of 2.2 x 105 to 5.4 x 105.

Quantitative measurements of the jet exit profile are discussed in
Chapter 4. The exit plane turbulence intensity was 0.33%, the profile was
flat to within 0.1% and the boundary layer was approximated to be 4 mm thicl

Air intake is through a 102 x 87 x 87 cm filter box that can filter pa
ticles larger than about 5 um in size. The air velocity through the filter:
elements is less than 20 cm/sec at full flow, thus resulting in low penetra-
tion of dust and good filtering efficiency.

The filtered air passes through a flow control mechanism which is pri-
marily a 80 cm diameter orifice with variable pitch radial vénes. A manual]
controlled lever regulates the intake area from 5% to 100% fully open. Dowr
stream of the control is the power source of the jet; the blower.

The blower is a 80 cm diameter radial flow “1imit load fan" with 40
vanes. For the experiments under discussion the blower was run at avfixed
speed of 875 r.p.m., ﬁowered by a 30 h.p., 3 phase induction motor running
at 1750 r.p.m. A 1:2 ratio in speeds is accomplished by pulleys driven by
multiple belts. The speed ratio achieved by the pulleys is operator select-
able. The flow exits from the blower housing through a 43 x 51 cm opening
and into a section which consists of 2.5 cm square channels and is 15 cm

in length. The entire blower assembly is rigidly mounted on a 15 m3 concret
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foundation to damp vibrations.

The diffuser is connected to the blower housing with flexible mountsv
designed to prevent transmission of vibrations from the blower to the rest
of the flow facility downstream. The diffuser is 3.3 m long with a final
diameter of 1.53 m, which corresponds to a diffuser lotal angle of about
18 degrees. The diffuser is in four sections of equal axial length, with
the first upstream section providing a transition from a rectangular to a
circular flow cross section. The design of the diffuser is based on NACA
Report No. 949 (on screen diffusers), and it was meant to safely avoid flow
separation for the éntire range of operation of the jét facility. This
objective is achieved by placing screens after every section of the diffuser
The first two upstream sections have 20 mesh, 25% solidity screens and the
downstream two have 30 mesh, 35% solidity screens, all of them woven with
stainless steel wire.

Downstream of the diffuser is a 2.21 m long, 1.53 m in diameter settlin
chamber. About 20 cm from the entrance to the Sett1ing chamber begins a
25 cm long honeycomb section. The honeycomb consists of ove} 100,000 cockta
straws, each with an approximately circular flow passage and an average in-
side diameter of 4.5 mm, packed together and aligned with the axis of the
settling chamber. Holding the straws against the drag frbm a maximum settli
chamber flow velocity of 70 cm/sec is a 10 mesh screen. There is also a
10 mesh screen in the middle of the settling chamber and another at the entr
ance to the contraction nozzle.

The contraction nozzle is 166.4 cm long, has an area contraction ratio
56.25:1 (diameter ratio of 7.5:1) with an exit diameter of 20.57 cm. The
nozzle is made of spun aluminum alloy and is a surface of revolution of two

matched polynominals. See Figure 2.2. The nozzle was not constructed
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specifically for this investigation hut was obtained from a wind tunnel at
Syracuse University, New York in the Department of Mechanical Engineering.
The inner surface of the nozzle has undulations with characteristic dimen-
sions of 2 mm and below. This ifregu]arity would scrve to trip the boundary
layer and increase the initial fluctuation 1évels.

Two traversing mechanisms were used to position the two probes used in
the experiments; é four axis traverser and a two axis traverser. The four
axis traverser, discussed in Ref. (23 ), can traverse the probe (183 cm,

122 cm, 122 cm, 360°) in (x, ¥, 2,8) coordinates. The traverser was aligned
with the jet flow axis to within a maximum misalignment of 0.1 degrees (the
Timitation being the size of the probe used to measure velocity contours
across the flow). The movements along the axes are poweréd by stepping moto
which are operator controllable through a Intel-8085 Microcomputer.

Great care was taken to keep all parts of the traversing mechanism out
of the main flow field and to cause minimal obstruction in the entrainment
velocity field. The vertical axis was fashioned with an L-shaped overhang
(60 x 60 cm) for the probe mount, held rigid by tensioned guy wires to
minimize flow induced vibrations. This feature caused only part of the prob:
holder to be directly in the flow (far downstream of the probe, of course)
and held to a minimum the effects on the potential flow field.

The smaller traverser had an (x,y) travel of (145 cm, 50 cm) along with
another degree of movement of 40 cm in the z direction. See Figure 2.3.
This traverser was aligned in the flow using the four axis system as referenc

The small traverser was used to locate the fixed probe in space while
the large traverser was used to locate the moving probe. The amount of
movement could be programmed on the microcomputer or the microcomputer could

jog the traverser along reference scales fixed on each of the axes, the error
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of the visual reference being about 0.5 mm (1/4 the Tength df the sensor).
The entire facility is enclosed in a large 4 x 12 x 5 m room covered

with mylar (this results in a closed flow circuit). The enclosure is locat

in a large 20 X 20 x 6 m 1aborat6ry.room, which is a part of the Turbulence

Research Laboratory.



CHAPTER 3

3. General Instrumentation and Calibration

For sensing velocity in the.flow field, DISA 55P01 hot wire probes
were used (Figure 3.1). Each wire was 5 um in diameter and 2 mm long, givin
an L/D ratio of 400. The wires were made of tungsten with platinum plating
and gold-plated prongs; they were also plated on the inactive length that wa
welded to the prongs. Each probe formed one arm of DISA 55M10 Constant
Temperature Anemometer bridges which was used in conjunction with DISA 55M01
Anemometers (Figure 3.1).
The anemometer bridges were set to provide a wire overheat ratio of 1.8

The frequency response limit (with the high frequency filter setting) was se
at 120 KHz and the AC gain (with the amplifier gain setting)was 1000. 5 m
.long cables were incorporated in the probe arms of the bridges and the syste
were tuned with a square wave test to less than 10% overshoot. This was
first done at a step higher gain setting than mentioned above, and then re-
duced one step thereby obtaining exiremely stable operation for the bandwidtl
of interest (DC-5KHz).

~ The bridge top voltages from the anemometers were connected to the inpu:
of DISA 55M25 linearizers (Figure 3.2). The linearizers accomplished the
Tinearization of the anemometer signals by means of analog computers each
having a transfer function composed of an exponential -and a square root
function. For the flow conditions under discussion the square root function
was not necessary and hence was not used. The linearizers could be programme
by means of thumbwheel selectors to obtain an exponential transfer function
with an exponent which increased with anemometer output voltage (increase in
flow velocity). The exponent factors and variable exponent levels were fine

tuned by calibrating over the entire flow range repetitively. Ultimately the
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output signals from the linearizers were linear to within 0.5% of a true
straight 1%ne in the velocity range of 1 m/s to 40 m/s. The limitation
being primarily the step size ih}the adjustments to the transfer functions
on.the analog cdmputérs of the linearizers.

During exploration of the capabilities of the DISA 55M25 Linearizer, it
was discovered that the effect of the step size of the adjustments to the
transfer functions.was progress?ve]y minimized when using higher output gair
Thus with the flow range of 1-40 m/s and a DC output from the linearizer of
0-50 volts, thé maximum inaccuracy was brought down to 0.2%. But this high
output Tevel is not compatible with any of the instruhents used to prbcess
the signals. 'Thus a 0-10 volt output was used for which the aforementioned
linearization limitation was applicable.

When s;mpling the signals on the AR-11 A/D Converter in the PDP 11/34
Minicomputer the output of the turbulence signals from the linearizers had
to be kept down to +2.5 volts. This required a DC output of 0-5 volts from
the linearizer, and in this case, linearization was off by +2%. Thus av
curve was fitted to the linearizer output and information frém such chves
was used to convert voltage information to velocity information.

For a perfectly linearized CTA the effective cooling velocity is: |

u

= Aure )2+ v 2 (3.1)

For small turbulence intensity, the radical can be expanded in a binomial

eff

series. Expanding and averaging results in:

— ' 2 /3

=TU0 + >+ 0 (=) ] (3.2)
T

Yeff

For the measurements under discussion in subsequent chapters the effect of

the factor involving the cross stream component of velocity, v', in



equation (3.2) is expected to be less than 10%. This estimate is based on
the measurements being taken at Tocations of relatively Tow turbulence .
1htensity; u'/Ue, only.

The system (anemometers + ]fnearizers) was calibrated in two jet facil
ities: A small 7.62 cm diameter Jet with a velocity range of 1-23 m/s, and
the large one (described in Chapter (2)) with a velocity range of 13 m/s
to 40 m/s. ?

A pitot-static tube, precalibrated for measurements in air for low
subsonic ranges, was used as a reference for}jet exit velocity. A micro-
manometer was used to measure the velocity head in the large jet while in
the small jet a Validyne differential pressure transducer was employed to
give a digital readout of the pitot-static pressure difference. For the,

micro-manometer the velocity was related to the liquid head as:

Ue = 0.88515 vh /T

Ué in m/s, h in inches of water, T in degrees Rankine for ambient air.f

The entire system was mounted on castors and was moved Ffrom one facili
to the other repeatedly because 11néarization required iterations between tl
entire velocity range. The ratio Ue/E where E is the linearizer output vol
' age and Ue is the jet exit velocity, varied with'the‘ambient temperature of

the room as follows:

+ 1.7% per °C rise, -1.6% per °C drop
over a temperature range from 25 to 31 °C. This was established by recali-
brating after every degree change in blower intake temperature.
From the preceeding considerations, a calibrated linear signal represer
ative of velocity fluctuations in a Eulerian frame of reference in the jet

flow field was available from each sensor. Before being analyzed the signal



LI

were sent through DISA 55D26 Signai Conditioners (Figure 3.3). The signal.
could be amﬁlified, DC suppressed, tow pass filtered and high pass fi]teré&
Filters used in the signal conditioners were 18 dB/oct Butterwbrth filters..
Both the signal conditions were extensively tested at different high and ‘¢
_pass settings‘for phase matching. White noise was input to both filters ot
identical sett1ngs and the transfer functions and phase difference spectrea
were closely exam1ned The twd filters were found to be phase matched to
within 0.5% of each other for up to 6.3 KHz low pass. Higher low pass set-
tings were not checked because 6 KHz is about the probe attenuation roll of
frequency in the center of the mixing layer at maximum jet velocity. A .
sensor pTaced in a flow field is on]y sensitive to disturbancés with spatia

sca]es1érgerthan twice the largest dimension of the sensor. Thus

f:EJ_E
2
0 %
where
fo = probe wire attenuation

local convection
velocity

sensor length

roll of frequency. <6 dB/oct UC

"

The signal conditioners were adjusted differently for different meas-
urements, the appropriate settings will be mentioned individually in the
descriptions of the particular measurements.

For computing cross correlations between two signals a DISA 52B25 Signe
Processok was used. The features used on that device were A.C. coupling anc
an analog multiplying circuit. With A.C. coupling the -3dB point was testec
to be at 1.6 Hz with a -6dB/oct RC filter.

A square wave test on the signal processor revealed that the instrument
begins distorting a square wave at 5 KHz and the distortion becomes pronounc

beyond 10 KHz. With a gain of 1 the instrument had an input wjndow of + 10
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The instrument»was used with a gain of 1 to prevent the characteristics
of the amplifiers from having an effect on the shape of the signals. Cali-
brating the multiplying circuit of the processor with mean square meters
'revealed an inaccﬁragy Qf +2% on’ a sine wave test at 5 KHz and +5% on a
square wave test at 5 KHz. During measurements the output of the processor
had a fixed bias of +0.02 volts, which was subsequently corrected in the da
For measuking mean and r.m.s. values of the cond%tidned and processed
- signals TSI ]O7é<voltmeters andeISA 55D31 voltmeters were used. The volt-
meters were carefully calibrated with square waves using a Tektronics facto
calibrated oscilloscope as a reference.
For computation of correlations (space-time) and spectral analysis a
PDP 11/34 minicomputer and a Nicolet 660A two channel FFT Ana1yzer were use

The features and application of these two processors are discussed in Chap.



CHAPTEL -

4. Mean Flow Characteristics

Mean and r.m.s. values of the » camponent‘of velocity were measured
in the 20.57 cm diameter jet from the 1inearized hot wire signals using
DC and r.m.s. voltmeters. The instrumentation schematic is shown in
Figure 4.1. For DC measurements a 30 sec. integration time constant was
used for averaging while for r.ﬁ.s. measurements a 100 sec. integration .
time constant was found to give a steady-state error envelope of + 1%; that
being an acceptable level of accuracy. The mean and r.m.s. voltages were
then decomposed into mean and r.m.s. velocities by multiplying them by
the calibration constants.

For thg profiles reported in this chapter the jet exit Reynolds number
based on the diameter was:

5

Ren = 5.4 x 10

D
Traversing across the mixing iayer was done along the r-axis of the
jet and the sensor length was kept tangential to the velocity contours.

For definition of coordinate system see Figure 4.2.

4.1 Measurements at the Exit Plane

The exit profile was measured to be flat to within 0.1%. The turbul-

ence intensity at the exit plane on the jet center line was
ul
= = 0,0033 or 0.33%
Ue

Boundary layer measurements were not made per se at the exit plane, but
from spectral analysis.the boundary tayer was seen to be turbulent and the
boundary layer thickness was approxiiated to be 4 mm. The power spectrum

measured at the exit plane is presenied in Chapter 5.
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BOUNDARY OF TRAVERSING SYSTEM

FIG 4.2 DEFINITION OF (x,y,z) & (x,r,¢) CO-ORDINATE SYSTEMS.



4.2 Measurements Across the Mixing Layer:

Measurements across the mixing layer were recorded at x/D'of 1, 2, 3,
4 and 5. The mean velocity profi]eé are presented in Figure 4.3.

From the measufed.mean veioéity profiles the momentum thickness was
computed by graphically integrating each profile. The momentum thickness is
defined as e

. | ) J
=] Talya
: e e
or by finite difference approximation:

;0 - G T ar (4.1)
e e :

Note that the mixing layer is sufficiently thin that the radial spreading
can be neglected and a two-dimensional flow approximation is appropriate.

The integration was terminated at /Ué = 0.1, because beyond this point the

contribution to the integral is diminishingly small (Figure 4.3 ). The

momentum thicknesses are shown in the table below.and are plotted in Figure
The Reynolds numbers based on 5 and U; = 0.6 Ué at the five locations

across the mixing layer are shown in Table 4.7-

Table 4.1
x/D ;) Re@
] 1.074 cm | 1.7x10%
2 1.816 cm | 2.87x10%
3 2.59 cm | 4.1x10%
4 3.367.cm | 5.3x10%
5 4.135 cn | 6.55x10"

As shown in Figure 4.4 , the momentum thickness would be zero at x/D = -0.34

or 7.0 cm upstream of the exit plane. This indicates that the shear layer
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has its virtua] originAat x/D = -0.34. This observation is consistent with
recent measurements of Hussain & Zedan (15) for initially tripped boundary
layers in an axisymmetric jet.

The Reynolds numbers based on the 1§ca1 r.m.s. velocity in the center
of the mixing layer and the integral scale (based on Z = 0.08x) at the five

x/D locations are shown in Table 4.2.

A
Tabie 4.2
x/D ReT

1 7.46x10°
2. 1.459x10°
3, 2.12x10%
4 2.8x10*

5 3.37x10%

The Reynolds number at x/D of 1 is very low for fully developed tur-
bulence to exist and, as will be discussed later, the turbuléence intensity
profiles for x/D=1 do not collapse very well with the rest of the data.

Momentum flux conservation was checked byvintegrating the mean velocity

profiles. At the exit plane the momentum flux was approximated by
] ______’F_T_ 2—2 - 42
S My =g 0T T (4.2)

This being a very slight over estimate, because the estimate assumes no
boundary layer along the circumference. At any other downstream location

the momentum flux would be

Iu =24 f T
p X )
[}



1 | U
E-Mx = 2 Ue J r (ﬁg) dr
(0]
or approximately: .
'l:n ——
=m U7z v, U2 | gp (4.3)
i=1 Ue 2

_ N :
The plots of the profiles that were integrated are shown in Figure 4.3 .

At x/D of 5 the momentum flux obtained from equation (4.3) was 98% of the

initial momentum flux estimate computed from equation(ﬂ.Z).

4.3 Analysis of Results:

Recent measurements by Nagib (20) and Hussain et al. (]4,]5) indicate

a strong dépendence of the initial growth of the mixing layer on exit con-

ditioning in an axisymmetric jet. Since the exit condition mentioned in
Section 4.1 is a highly turbulent initial boundary layer at the jet 1ip,
some discrepancy in the similarity profiles is expected with measuremeﬁts
of other investigators in the initial developing region of fhe mixing
Tayer.

To facilitate comparison with measurements done by other investigators
the profiles were also plotted with x-ordinate normalization.

Figure 4.5 and 4.6 show plots of UYU; and u’/U; with their radial
coordinates normalized by the downstream distanée, x; from the exit plane
and by the momentum thickness of the shear layer at that x/D location,
respectively.

The data collapses better with the momentum thickness than with the
axial distance from the exit, primarily because with an initially turbulent
boundary layer the virtual origin of the free shear layer is upstream of

the exit plane. The momentum thickness is a better scale for self similari
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in the abgence of exact knowledge of the virtual origin. Based on the
momentum thickness being zero, the virtual origin would be at x/D = _0.34'
for this particular jet, as discussed previousiy.

The profiles from x/D of 1 50 not collapse very well with the rest of
the data, especially the u'/Ué profile. This can be attributed to the shear
layer not having become self similar yet and that the'self preserving regior
begins close to x/D of 1.5. |

The maximum turbulence intensity based on the exit Ve1ocity was 0.17
(or based on the local velocity it was 0.28 in the center of the mixing'laye
At about x/D of 4.5 the center 1ine velocity begins to drop below Ué thus
indicating thé end of the potential core and the merging of the axisymmetric
mixing ]ayer into-a fully developed jet.

The mean velocity and turbulence intensity profiles are in close agree-
ment with hot wire measurements of e.g. Bradshaw et al. ( 4), Tran (26),
Hussain et al. (15), Champagne et al. ( 6). | |

An interesting contrast is seen in Figure 4.7 with the recent data of
Nee (21), which was acquired by using a Laser Doppler Anemometer System.
Since the LDA is sensitive to only the x-component of velocity in Nee's
experiment, the data are free of contamination from any other velocity com-
ponents. It is apparent that below U/Ue = 0.4 the hot wire measured profi]e
are progressively higher than the LDA measurements (the turbulence intensiti
in this region, based upon the local mean velocity, are 35% and above). Thi
discrepancy can be attributed to the factor involving v' in equation 3.2 be-
coming significant beyond U/U, = 0.4 or (r-R)/x > 0.05.and to the existence
a small radial component of the meén velocity to which the LDA is insensiti

It should be noted at this point that all the measurements discussed in
Chapter 6 were conducted in the range of agreement of LDA and hot wire meas-
ured velocity profiles. In this range the effect of contamination by cross

stream velocity components is estimated to be below 5%.
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4.4 Establishment of an Intrinsic Coordinate System

An intrinsic coordinate system, along the lines of constant velocity
and turbulence intensity, may be defined based on experimental and theo-
retical evidence. | |

Figure 4.9 is a plot of constant mean ve]ocity and turbulence intensi:
isocontours. Figure 4.8 shows similar data from Tran and Sokolov, et al.
George (11) discussed the devejopment of similarity in the mixing region
from considerations of Re+ ® énd the basic equations of‘motion and cdnc1ude
that beyond x/D > 1 the effects of initial conditions and viscous effects
become insignificant and the shear layer becomes self similar. Figure 4.4
shows that the momentum thickness is Tinear with x/D in the range 1 < x/D -

It seems reasonable to treat the mean velocity isocontours as straight
lines in thé region of 1 < x/D < 5. The cross-correlation measurements
discussed in Chapter 6 were taken in a coordinate system where x is define
as being along a U = 0.59 Ue isocontour and x' along a 0.4 Ue isocontour

in one case and 0.8 Ue isocontour in the other case.
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5.

CHAPTEK 5

Spectral Analysis

5.1 Techniques Used for Spectral Analysis

Spectral analysis was performed on linearized hot wire signals in

three different ways. The first method was only used as a calibration

check on the setond:one.

_ A
(i} The Wave-Analyzer ’

In the first method a linearized hot wire signal was input to a
General Radio wave Analyzer. The instrument is basically a heterodyne
receiver (with selectable bandwidths of 5, 10, 25 or 50 Hz) that can b
tuned to'a frequency of interest. The output of the instrument is an
amplitude modulated 100 KHz carrier wave. The mean square of the outp
when normalized to a bandwidth of 1 Hz, gives the power spectral densi
of the half line spectrum at the tuned frequency. To obtain a complet
spectrum the analyzer had to be tuned to individual frequencies over ti
entire range of interest. The trues velocity spectrum was obtained by
multiplying the individual components of the measured spectrum by the
square of the linearization constant (from transfer function between U
and E of the Linearizer-Anemometer system) and by the calibration cons!
of the wave analyzer. »

The calibration constant of the wave analyzer was computed by meas
uring the spectral height of a Tow passed white noise signal with fhe
analyzer, and taking the inverse of its ratio with the spectral height
computed by measuring the mean square value of the low passed signal.
The calibration constant a]so'incorporated the conversion from half 1ir

to a whole line spectrum.



N

. . ‘ , _ .
Calibration constant C ) (5.1)
( meas »
where Nmeas(f) is the white noise spectral height measured
by the analyzer at f (B.w.<_f < 0.1 fo)
o2 =
and N = e ; e~ = mean square value of low passed
o white noise signal
f, = cut off frequence of -6 dB/oct RC
1 filter ‘
N = True spectral height of white noise
signal : : .

(i1) The on-line Minicomputer

The second method of spectral analysis used an on-line PDP-11/34
minicomputer to compute single channel power spectra.and two channel
cross spectra.

L%nearized hot wire signals were low-passed (18 dB/oct roll off)
at 6.3 KHz, the frequency corresponding to probe attenuation.frequency:
to prevent aliasing during digital samp]ing.and D.C. suppressed (not A.
coupled by high pass filtering) with the signal conditioners to aajust
the signal levels to be within the + 2.5 volts window of the AR-11 A/D
converter. The AR-11 A/D converter is a 10 bit multi-channel real tim
mocule. It has a + 2.5 volts input window and the sampling rate is
- governed by é programmable real time clock. The A/D converter'samp1es
sequentially and thus introduces, linearly with frequency, a phase dif1
erence between two channels. This différence hés to be removed in sof?
ware after the data are recorded.

The conditioned signals were sampled at over twice the low pass
filtering frequency and multiple blocks of data were stored on
disks. The block sizes used in this investigation ranged up to 1024 wc

in Tength. The sampled data could be viewed on a graphics terminal to
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N1S)

verify absence of input overfiow and adequate window saturation. Fast
Fourier transforms on the stored data were performed on every block df
data using a software FFT program.

The Fourier components.of the transformed data were then accessed
by software algorithms to compute single channel power spectra and two
channel cross spectra. The multiple blocks of data were used to per-
form block averaging, andf%dditiona1.software was used to perform
spectral smoothing. Thevwho1e line voltage spectra obtained were con-
verted to velocity spectra_by multiplying each component of a spectrum
by the square of the linearization constant. Results could be viewed
on a graphics terminal and hard copies were obtained by transferring d:
via a modem to the University Cyber and running a plotting routine on

that computer to plot the spectral data on an x-y plotter.

(i11) The Real-Time Spectrum Analyzer

The third method of spectral analysis used a Nicolet 660A Dual
Channel FFT analyzer.

The FFT analyzer is a 12 bit processor which incorporates, among .
other features, a discretely selectable frequency range, internal anti-
aliasing filters (which provide at least 70 dB attenuation of those
input frequencies which can cause aliasing), internal sampling frequenc
of 2.56 times the selected frequency range, selectable zero to peak
input windows (0.1, 0.2, 0.5, 1, 2, 5, 10, 20 volts), parallel sampling
between two channels, A.C. (-3 dB at 0.5 Hz) or DC coupling, 2048 point
transforms and 800 point spectral computation in single channel mode or
1024 point transforms and 400 boint cross spectral computation in dual

channel mode, summation or difference averaging, continuous CRT annotat
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display and interfaces with plotters and other external -equipment.
The overall specifications are summarized in the Appendix.

For computation of single channe] power spectra a linearized hot
wire signal, low passed af the probe cut-off frequency, e(t) was inpt
to the FFT analyzer. The FFT analyzer was operated in a continuous
mode so that it computed FFT's on 2048 point blocks of data and compu
the power spectra, perfoimed "summation"” averaging over 1000 such blc
(# of averaging up to 29997 blocks) and displayed ‘the results continu
ously on a CRT. After the desired level of smoothing was achieved by
block averaging the flow was turned off and the room allowed to stabi
The FFT analyzer was run for another 1000 blocks, this time the aver
was "difference", viz. subtracting the present spectrum from the pre-
vioué]y computed block averaged one. Running in this mode for the sa
number of blocks as the summation averaging served to eliminate all
background noise from the computed spectré.

When data are analyzed and averaged in the analyzer in a coﬁtinu
mode, a Hanning squared (or cosine to the fourth powef) window is app
to the data being processed. This window is utilized for all functio
computed by the FFT analyzer. The output of the analyzer, read off t

cursor, was Se(f), i.e. the half-1ine power spectrum of the voltage

signal in frequency domain.

5.2 Interpretation of Wave Number Spectra From Measured Frequency Spectra

To convert frequency spectra into wave number spectra, Taylor's hypotl
(frozen turbulence hypothesis) was used and a constant convection velocity
all turbulence scales was assumed; i.e., if k] is the wave number then

ky = A o (5.2)
[o}

-4

|

L=t



The applicability of this hypothesis to the jet mixing layer has been
" discussed in detail by George et al. (12). In accordance with their choice,
the convection ve?ocity has been selected as the velocity in the center of

the mixing layer. Thus,
U, =0.6U, (5.3)

The velocity spectrum in the frequency domain can be directly related 1
. ) ‘ k N
the measured spectrum Se(f) by -

w2
5,(F) = K s_(f) | (5.4)

where K is the linearization constant U/E. Equation (5.4) follows immediate

from

w0 =]

2 —
ii = [ 5,00) of = B
[}

f S,(f) df (5.5)
5 ,
and the point-by-point correspondence of the integrands.

The applicability of Taylor's hypothesis to obtain the wave number.

spectrum from the frequency spectrum is accomplished as follows:

T
5,(f) — Fl(K)

11
where
_ 27t
fo— k=7
c
F}](k]) is the one dimensional spectrum of the x compénent of velocity and
is given by
A _ (5.6)
Flrlkq) = ff Frplk) dky dky |
where

T .
Frplk) = ()3 fff up(x) up(x + r) 'S e (5.7)

-0



An alternative and equivalent definition is

F]](k]) = %;-f u](x,y,z) u](x+r,y,z) e—]k‘rdr (5.8)

where u](x,y,i) u](x+r,y,z) 1s recognized as the axial correlation of the
X-component of velocity. Note that F%](k]) is defined over the whole line
1 _ )
(-»,») and that F]](k1) = F]](-k]).
Since the velocity spectrun must integrate to the mean square velocity.

it follows that

8 =,( Frq(ky) dk_=,f‘su(f) df O (5.9)

Application of the above relations implies

2R R £ NPV S
05 [\« ) af = [ 5,(9) af

- 5
from which the symmetry of F}](k]) and a point-by-point identification of

integrands implies
U

k) = 25 [ (9] (5.10)

hal 1

the factor of %-accomp]ishes the conversion of the measured half-line

spectrum to a whole-line spectrum.

5.3 The Results

Data were taken for the one dimensional power spectra at x/D of 1, 2,
3, 4 and 5 in the center of the mixing layer. The normalized spectra are
shown in Figure 5.3. The Tow frequency break point is at k]x = 10, the roll
off is -5/3 in the inertial sub-ranée and the spectra finally roll off again
due to attenuation by the sensor placed in the flow and the low pass filteri

of the input signal. The measured spectra were graphically integrated to
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compare with the mean square value of the turbulence signal measured on dig

voltmeters.

=]

e? =2 f S.(f) df

. .
The integrated spectra matched the measured mean square values of the signa
turbulence signals to between 95% and 97%, the integrated values being the
ones consistently. This agreeﬁent confifms the spectral calibration proced
which were used.

Spectra measured at x/D of 2 and 5 were differentiated in the frequency
domain and the results are shown in Figure 5.4 and 5.5. The differentia
spectra show a + k 1/3 range which corresponds to the inertial subrange.

The dissipation of turbulent enefgy e can be estimated from the measure
spectra 1n”the inertial subrange. A value of approximately 1 KHz was used

all x/D. The estimates were obtained as follows: From Batchelor (1953), t

spectrum in the inertial subrange is given by

L (k) = 2w /3 58 | (5.11)

which implies

3/2
55 . 5/3
[g&' F (k )
Normalizing by x and Ue»yields
e, (5.12)
e L O R
0 1 11 U

a is generally believed to be about 1.5 (Tennekes & Lumley).



The results computed from Figure 5.3 are summarized in the table below:

Table 5.1

£55 1 0.046 | 0.047 | 0.0465 | 0.0475 | 0.048

4

A
The co]]apsed data for x/u 2, 3, and 4 are shown in Figure 5.6 and
are compared w1th the one-dimensional spectral estimate from the Tocal

isotropy hypothes1s (see George et al. 1980).

] _ 9 2/3.5/3 1 1
Fialky) = =2 4o ¢ A
| 55 []+(k]k)2]5/6
h
wnere J U2
o = 1.5, ¢ = 0.046 —f}— » A =0.962 = (0.96)(0.085)
hence '
: |
Flky) 4.93x107% | (5.14)
U x []+6.82x10_3(k1x)2]5/6

It is evident from the superimposed plot of Figure 5.6 that the semi-
empirical estimate for F}](k]) coincides with'the measured spectra only
in the -5/3 range. This is, of course, ds expected since the estimgte
above assumes an equi-partition of turbulent energy among all three com-
ponents of fluctuating velocity. The slight off-axis peak in the meas-

urements (~ k]x = 10) is consistent both with the fact that 3]2 > 322
or ;—— (c.f. George et al. 1980) and the fact that the Reynolds stress
produces only the u]2 component directly from the mean shear.

Spanwise power spectra were méasured at x/D of 3, from the centerline

of the jet out along the r-axis to the point at which U = 0.1 Ué. These

are shown in Figure 5.7. At the Towest frequency measured (10 Hz) there
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is a difference of 3 decades between the spectra at the centerline and in
the center of the mixing layer. At the frequency corresponding to the
breakpoint in the spectrum for the center of the mixing layer (~ 100 Hz),
the difference with the centerline spectra is only one decade. The turbul-
ence intensity at the centerline at x/D = 3 was u'/Ué = 0.03, almost 10
times that at the exit plane. From the spectra it is clear that this energ
is concentrated near the singl& frequency (wave number) corresponding to th
break-point in the spectra measured in the shear ]ayer,‘that is, the freg-
uency which characterizes the turbulent energy.

The spanwise spectra on the outside of the shear layer are shown in
Figure 5.7b.  These, unlike those on'the inside of the shear layer (Fig.
5.7a), have roughly the same éhape as those at the center of the mixing lay
but with aﬁmagnitude which diminishes with distance from the jet axis. Thi
is consistent with the increasing intermittency with radius and the outward
transport of turbulent energy. The shift to the left with increasing radiu
is primarily the result of the decreasing conveétion velocity as can be see
from equation (5.10) with the assumption that the shape of F}](k]) is un-
changed, while the reduced magnitude is a resq]t of both the reduction in
;;?.by the intermittency and the reduced COnvéction velocity.

The power spectrum measured at the exit plane is shown in Figure 5.8.
The difference between this and the spectrum at r/R = 0 in Figure 5.7a.show:
the 4 decades rise in the spectral height at 100 Hz between x/D of 0.18 and
x/D of 3. There is evidently a high 1evé1 of disturbance present (once a
small bandwidth) in the so-called potential core of the jet at the latter
position. It seems clear from the frequencies that these fluctuations (whj

could be irrotational) are clearly linked to the energetics of the shear

layer.
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6.1

CHAPTER 6

Correlation Measurements

Time Autocorrelations

(i) Measurement Techniques

The instrumentation used for measuring time autocorrelation was
essentially the same as th?t discussed in Chapter 5 for spectral analy:
Lineariéed hot wire signaié were low passed at 250 Hz and high passed :
0.5 Hz before being input to the FFT analyzer. The’input trigger was
set at half full scale to sample only after a high fluctuation level h:

arrived. The analyzer computed the time autocorrelation in a continuol

‘mode over record Tengths of 0.08 sec, with the data sampled at 12.8 KH:

The autocorrelations computed for each record were displayed continuou

as 2048 point plots and averaging was performed over 1000 such records.

(i1) Analysis of Results

Measuremsnts were taken in the center of the mixing layer at x/D
0of 2, 3 and 4. The results are shown in Figuresv6.1, 6.2 and 6.3 .
Quantitative computations derived from these plots are summarized in
Table 6.1. The time integral scale (of the low passed signal) is com-
puted by integrating the autocorrelation curve on the positive side

only. Table 6;2 shows the spacial scales computed from the time scales

by multiplying by the average convection velocity (UC = 0.6 Ue)‘
Table 6.1
T,sec T,sec
] T,sec - 3
(1st Zero 2 (2nd Zero

x/D. T sec. crossing) (-ve peak) crossing)
[ 4 H

0.00163 0.00465 0.00703 0.02273

0.0025 0.007 0.01047 ’ 0.02461

0.0032 0.0095 0.015 0.03945
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Table 6.2
| .

x/D Z cm Z /X Li/X  L/X Lo/ X
2 3.867 0.094 | 0.2678 0.405 .| 1.309
3 5.925 0.096 | 0.2688 0.402 0.945
4 7.65 0.093 | 0.2736 0.432 1.136

*where L = T.U_. J

From George (1979) the variance of the autocorrelation at

large lags can be estimated as follows:

2 _ var [B{x 2:7
e = [B(T)] [—T~7J , (6.1)

correlation function

where - B(x)
7

T

o(t)
For 7 ~ 0.0025 sec, p ~ 0.058 and T = 80 sec at x/D = 3 we

time integral scale

averaging time (record length x no. of records)

autocorrelation coefficient at time lag of interest

estimate e as e = 0.116 (or 12% error at -ve peaks). At ]érgéitime
lags (2nd zero crossings) the error in the computed autocorrelation
is greater than 20%. Thus, considering the degree of accuracy’that
can be expected from the signal and data processing parameters, the
quantitative results of Table 6.2 show that the.éutocorreIation
functions measured at the three locations scale with x. This con-
clusion is consistent with that of Chapter 5 where the power spectra
were also shown to scale with x.

In chapter 5 it was shown that:

—3 = constant



[N ]

From Tennekes and Lumley (25), ¢ = u3/2‘ Along the center of the
mixing layer u/Ue = constant, thus the observation that 2 ~ x 1s-conSﬂ
ent with the earlier conclusions. From Table 6.20L = 0.095x. All
previous results from other'investigators for the integral scale lie
in the range Z= 0.08 ~ 0.1x, c.f. refs. (8), (17), (26).

An interesting feature of -the autocorre]atjon measurements is
the strong negative peaks /At large time lags. Multiplied by an averag
convectioaneiocity of 0.6 Ue these time lags correspond to wave-lengtl
in the range

r=2Ur= 03-0.7m " (6.2)

These large lags indicate that energy is present in the mixing layer
at scales more than 10 times the size of the local integral scales.
This dbservation will be confirmed by in the spacial cross-carrela-

tion measurements of the next section.

Cross Correlations (Spacial)

(1) Measurement Techniques:

Cross-correlations were measured in the axisymmetric mixing
layer with the instrumentation schematic of Figure 6.4. One probe
was placed in the center of the mixing layer, U = 0.59 Ué at three
different positions: x/D of 2, 3 and 4. Tnhe second probe was traverse
along a U = 0.4 U, isocontour in one case and along a U = 0.8 Ué
isocontour in the other case. See section 4.4 for intfinsic coordinate
system. Both probes were always in the same diametrical plane, i.e.
with the same z-ordinate in the (x, y, z) coordinate system.

The ordinate x for the fixed probe was measured perpendicular to
the exit plane>while the ordinate x' for the moving probe was measured

as x/cos e where x was the perpendicular distance from the exit plane
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and 6 was the angle between the 0.4 Uéﬂ(or 0.8 Ué) isocontour and
a perpendicular to the exit plane. | ‘

The traverse along the x' ordinate was done with randomly spaced‘
- intervals to avoid the possibility of a coincidence of phase w1th any
periodicity in the cross correlations being measured.

As single wires were used for each probe there was a possibility
that any correfation betwgen the contaminating vé]ocity vectors would
be superimpbsed on the cofre]ations between the X qomponent velocity
vectors. - In‘an effort to minimize the effect of such contamination
the sensors were always kept perpendicular to each other. Thus the
effectiye velocity being measured by each hot wire was contaminated by
cross stream components perpendicular to each other. Thus the contam-
inating velocity would be v' on one sensor and w' on the one perpendic
ular to'it. This is easily seen from equation (3.2) which yields the

effective cooling velocities for each probe as:

— = ;T?- u'y3
u =U (1 +—=+ 90 (=
eff, ~V 1+ 7+ 050
and
—
— — w! 13
Uegs, = 0 (1 + 25+ 0 (£)°)
eff2 2U2 U

In the range over which cross-correlation measurements were made, the
effect of contamination is less than a few percent (as mentioned in
Chapter 4); therefore any cross-correlation between v' and w' would
have an insignificant effect on the cross-correlations between the
'x components of velocity.

Each point on the cross-correlation curves represents and integra

tion time constant of ~150 sec, the combined effect of integrating for



vuo

100 sec on the output of the turbulerce processor and 190 sec on the
digital voltmeters. The output had to be integrated for 600 seé be?
fore a steady state error envelope of + 2% was reached; in the value
of e(x) e(x'). The r.m.s. values of the fluctuating velocities varie
1e$s than 5% when'traversing along the x and x' coordinate system.

The cross-correlations were normalized with the'r.m.s. values
of each signal thus makiﬂg the correlation coefficient vary between
* 1. This normalization also made the correlation coefficient in-

dependent of the calibration constants.

eI Ew) <dE'_(x ) (&)
Jux)? /u(x)? )v’e(X) »’e(X)Z(

©
1]

. e(x) e(x)

(6.3}

s

e(x)z' »/e(x')2

The signals were low passed at 6.3 KHz (corresponding to the pr
attenuation frequency) and high passed at 1 Hz (both 18 dB/oct). Bas

on the convection velocity the spacial scales corresponding to these

frequencies are:

2U
A = ?-9 = 0.75 cm (6.4a)
L L.P.

2
A= ?—C =23 nm (6.4b)
H H.P

which is much wider than all the scales of interest.

(i) Analysis of Results:

The results of the cross-correlation measurements are plotted ir
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Figures 6.5 through 6.11. A1l the plotted data are for Ue = 39.5 m/s
except Figure 6.6 has a superimposed-p]ot'for Ue = 16 m/s. |

The maximum positive peak in the correlations drop with axial
distance because when travérsing in the (x, x') corrdinate system the

least distance between the probes during a traverse for x/D of 2, 3
| and 4 increases as the fixed probe is moved doqutream. This increase
minimum separation of theﬂprobes causes the small scales (order of pro
separation) to become progressively uncorrelated.

The superimposed plot of Figure 6.6 shows that except for the ve
large separations (2nd zero crossings) the profiles are coincident
(within the range of'experimenta1 error). This indicates that thé cro
correlations are independent of Reynolds number in the mixing layer
(that ‘the turbulent Reynolds number should be high enough in all cases
Tor fully developed turbulence to exist is a limiting condition that
goes without saying).

The negative peéks in the cross-correlations relaté to spac{al

scales in the range:

xp'z 25-50 cm | (6.5)

which is ten times as large as the range of local integral scales. Th
the correlations have negative lobes of such magnitude (and at‘such‘la
scales) is evidence of the amount of turbulent energy present in scale
over ten times as large as the integral sca]es.\ An examination of the
correlation coefficient on each plot reveals that the maximum peaks ar
around p = 0.4. This means that close to 40% of the turbulent energy

present in scales that are larger than the probe separation. The magn
tude of the negative lobes indicates that the largest scales (x > 0.8x
contain between 5-10% of the turbulent energy of the x-cdmponent of ve

city in the mixing layer. That this observation about the large scale



6.3

is a mixing layer phenomenon and not a result of facility dependent
conditions is discussed in a later section.

Figures 6.8 and 6.11 show the p1ot$ with the spacial separations.
normaiized with x. EXcept.for the very 1argevsca1es the curves show
a reasonable s;a]ing with x, but since the scatter in the convergence
is asymmeiric, X does not seem to be a univérsa]\sca]ing parameter.
The scatter énd the asymmétry can be attributed to the moving probe
(along x') ﬁoming too close to the jet exit and, while traversing down
stream, moving into the far jet for the large separations. The two

figures (6.8 and 6.11) are skewed in opposite directions. Since they

-~ are profiles measured on the opposite sides of the miXing layer this

result is consistent with the mechanics of the mixing layer. A spacia
autocorrelation measured along the center of the mixing layer should
Took symmetric about the origin. Wake effects necessitate Laser Doppl
Anemometer techniques for such measurements, which are being pursued a
a continuation of the present experiments.

Figures 6.12 and 6.13 are plots of various features of each
cross—corre]étion profile. Except for the second zero crossings the
other features can be closely approximated to be ofiginating from the
virtual origin based-on the momentum thickness being zero (from -

Chapter 4). This is a very qualified statement and a significant amour

~of additional data are required before this speculation can be establis

as a characteristic of the cross-correlation profiles.

Diqgnostic Measurements on the Jet

Different diagnostic tests were conducted on the jet to verify the

phenomenon evidenced in the cross-correlation and autocorrelation measure-

ments discussed in the previous section.

Figure 6.14 is a plot of the cross-correlation function between the

.probes,one-placed on the jet centerline at the exit plane and the second
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one in the center of the mixing layer at x/D of 4. Both signals were
linearized and Tow passed at 500 Hz and AC coupled in the analyzer. .Data
were sampled at 1.28 KHz with a record length of 0.8 sec and processed

at a bandwidth of 1.25 Hz.
T S
]
CCF = T-f eq(t) e,(t+e) dt
0]
e being the signal from the uﬁstream probe,

The highest positive peak corresponds to:
*27X

At B Ue

where X5 & xi are the probe positions and At is the time delay from zero.
The large Qegative peak at the negative time delay seems to suggest that
information goes from mixing layer towards jet exit; the scale correspond-
ing to the peak: A = (xz—x]).z = 1.6 m. This phenomenon deserves more
investigation and is beyond the scope of the present study.

Figure 6.15 is a cross correlation plot between two probes in the mixii
layer, X aleng a 0.8 Ué isocontour at x/D of .3 and Xo s separated downstrear
by 10 cm, along a 0.6 Ué isocontour. Both signals were low passed at 1 KHz.
AC coupled, sampled at 5.12 KHz with a record length of 0.2 sec and‘processe
at a 3.W. of 5 Hz.

The first zero crossings correspond to Xp=Xy = UE'At' The third zero
Crossings are at +0.02 sec. The slightly negative time (-0.001 sec) at whic
the high positive peak exists points to a similar result in section 6.2 viz.
the probe at a radially outwards position sees the turbulence first. The
second positive peaks on 6.14 corréspond to U;.At = 0.44 m. This is the
same scale size seen in spacial cross-correlation measurements of section 6.
The correlation at this point is a 1ittle less than 1/3 of thé correlation

at zero time delay. Due to the probe separation and an average convection
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velocity of 0.75 Ué between the two probes, disturbances sweeping by at ove
300 Hz would be uncorrelated between the two probes. Hence the 1 KHz Tow:
pass filtering does not attenuate the correlation at zero time delay. This
‘suggests that, among the sca]es‘bf turbulence more than twice as large as
the integral scale, about 25% of the energy is present in scales of the
order of 0.4 m and larger.

Figure 6.15 Wés meant as &l reference for 6.14. These plots were gener:
ated in an efforﬁ'to investigaté the possible existence of 1arge‘sca]e
oscillations and pulsing in the jet. '

Comparing 6.14 and 6.15 it is evident that the magnitude of the cross-
correlation between the exit plane and the mixing layer is very small. As
a reference, the highest positive peak in Figure 6.14 is a decade lower thar
even the second negative peak of Figure 6.15. The highest positive peak ié
two decades lower than the corresponding peak in Figure 6.15. Looking
at the time lags we see that they are many times larger than those in the
mixing layer (Figure 6.15). This indicates that very large scales (order
of 2 m) are being convected out from the jet but are of extremely low
magnitudes.

Figure 6.16 is an autocorrelation measurea at the exit plane center-
Tine. The signal was low passed at 500 Hz, AC coupled, samb]ed at 1.28 KHz
and data were processed at a bandwidth of 0.63 Hz. The maximum autocorrela-
tion is 3.5 decades 1owef than a similar (Figure 6.1) autocorre]ation in the
mixing layer, the negative peak is 2.5 decades lower than a corresponding
peak in the mixing layer. The second positive peak corresponds to a length
scale of 6 m.

Plots 6.17 and 6.18 are cross spectra between points in the center of
the jet exit and center of the mixing layer at x/D of 4. Noise dominates

the spectra and the peaks are 20 dB lower than that on the exit plane power
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6.4 Discussion

The flow field in the mixing layer is highly inhomogeneous. The
effect of inhomogenéity is seen in Figures 6.8 and 6.11 where the down-
stream (x'>x) and upstream (x'<x) correlation legs respond differently
to a normalization with x. A normalization with x'+x wa§ attempted with
virtually identica] resu]ts. The search for scaling parameters that
would make all thé:cross-correrhtion curves (from one side 'of the mixing
layer) converge fo;a universal‘curve\is continuing. It seems obvious that

a constant or linear scaling is ineffective.
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CHAPTER 7

7.  Summary and Conclusions

Buring the course of this experiment work has progressed from the
stage of generating an axisymmetric jet with low turbulence intensity at
the exit and taking some basic measurements to developing signal processin
techniques for sophisticated measurements.

The jet was thorbugh]y examined for axisymmetry and skewness of the
mean flow. Mean and turbulent intensity profiles were measured in the
free shear layer and their similarity was estab]iéhed with the axial co-
ordinate as the scaling parameter.

Power spectra were measured in the mixing layer and found to scale
with the axial coordinate, as well as possess a we]lidefined k-5/3
inertial s;brange. From the one dfmensiona] power spectra, estimates of
the dissipation of turbulent energy were found to be consistent with those
of othar investigators. The inertial subrange was found to conform to‘the
local isotropy hypotheéis. Spanwise power spectra evidencedﬁthe.concen?
tration of energy in the mixing layer (and even to a small degree in the
potential core) around the local integral scale.

Autocorrelation measurements were found to scale with the axial coor-
dinate; the same scaling as the mean velocity and turbulence intensfty
profiles and the one dimensional power spectra. Both the time autocor-
fe]ation and spa;ia] cross-correlation measurements é?idenced the existence
of significant energy (over 5%) in turbulence scales more thanten times as
large as the integral scales. The shapes of the cross-correlation profiles
indicated the inhomogeneity of the mixing layer and pointed to the need for
more complex scaling parameters. In cylindrical coordinates, the ¢ depend-

ence of the cross-correlations still needs to be investigated.



- Space-time cross-spectral measurements were attemplted but the
results were not credible due to peculiar digital signal processing

problems resulting from spectral Teakage in the FFT Analyzer.



APPENDIX

Specifications, definition of functions and
- averaging operations of the FFT Analyzer.
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ERALL SPECIFICATIONS

FUNCTIONS CALCULATED FIVE MEASUREMENT MODES

AND DISPLAYED {Traces x no. of datz points displayed in aach)
#1 #2 # 3DUAL | #5PROB
SIG. CHA 1K or
ENH. 2K # 4 CORR®

Input Time History (IT) 2x1024{1) | 1x2048] 2x1024'V |2x1024(V

Averaged Time History (AT) 2x1024(1)

Avg. Linear Spectrum {IS) 2x400

Ins1. Spec. of Input {IS) 1x800 | 2x3400

RMS Spectrum (RS} 1x800 | 2x400

Powar Spactrum (PS) 1x800,-1 2x400

Cross Spactrum (CS) ° 1x400¢2)

Transfer Function (TF) 1x40012)

Equalized Trans. Function{ETF) 1x4Gcf2)

Transmissibility Function {TM) 1x400

Equal. Transmiss.Function(ETM) 1x400

" Coherence Function {COH) 1x400

Coherent Output Power {CP) 1x400

impulse Response (1R) 1x1024

Equalized impulse Resp.(EIR) 1x1024

Auts Corral. Function (ACF) 2x1024

Cross Correl. Funztion (CCF) 1x1024

Prob. Density Function {PDF) 2x127

Cumutativa Disz. Function(CDF) 2x127

NUMBER OF FUNCTIONS

AVAILABLE WITHOUY 6 4 20 6

CHANGING MODZS OR

RERUNNING DATA

FOOTNOTES:
{1) 1024 data points A vs. B in "NYQ"

(2) Complex data paints; 400 real and 400 imaginary, or 400 maanitude and

400 phase, or 400 Nyquist (R vs. 1)

(3) Waighting removed and pad-zercs applied in correlation

INPUT CHARACTERISTICS (Esch input Channel)

MAXIMUM AMPLITUDE-0.9,0.2,0.5,1,2,5,10,20Vv
{0 - pesk])

COUPLING - AC (-3 ¢B 2 0.5 H2) or DC, normai or
dugitally inverted, ¢igital ZERQ is effective input ground.

IMPEDANCE - 100K ohms

TEST SIGNALS - /a) Singie peak, approximartely full

scale amplitude, 300eArs in Rach Channet at 64% of 2naiysis
range (narmal 1nouz 13 Qisconnected when test sigrai 1s on),
{b) {Rear panel} Cigitaily genarated random ang digitaily
fittered random noisw Outdut Drovide stancard comaiex
tunctions regarcisss ot frequency range; rangom sequance
over 1,002,002 samptes, ciocked 1n 3ync with input ADC,
amphiturie 01Vt uar restars sequence after pre-
sequence of 2023 sampies (0 creste pIsudoTrandom noise.

INPUT SAMPLING:
maximum ‘re
macmum g

12-01t A/D conversion 9t 2.56 times
272y in the range selected; 256,000 per sacond
~3 sIntroi.

INPUT FILTEAS: Rarge switch automatically selects a pair
of matches, i3 az2ts anti-aluning Litters, which provics at
I=ast 70 ¢3 att2~uar oa of 11030 input fraquenciss which can
cause #iianng (I M2 2 utedon 1, 2and 5 HE ranges);
frequancy respo~sa 55 38 (except 1.0 d3 on 100 kHz
range). .

TRANSIENT CAFTURE CONTROL: Digital dats 1n input
buffer memories nma macually by placing the HOLD/REL
button in HOLD {k:3%2 cnl, or sutomatically by triggering
on the transisnt waveform in either A or B indut channsls
at 2 preset tngger level (£ 1/2, 21/, £1/2 or 21/16 FS)
after ARM s pushed (Light on); anticipation or delay of the
trigger sut using the keyboard (T “"A} from -1 10 63 ume
windows,

INPUT AMPLITUDE MONITORS: Lights indicate peak
signel levels - OVERLCAD, -6 dB {greater tham 1,2 ful!

scaie), -12 a8 {between 1/2 and 1/4 F3), -18 ¢8 (batvaen
1/4 and 1/8 FS), -24 c3 {owowesn 1/8 and 1/15 FS);
electronic graticuie TOp #nd bottom in time display indicates
amplitude fimits.

FREQUENCY RANGES: {any other coverage up to IC0 kM2
Can bp sat using externa saIMDring 3t 2.53 x Frmax and
calibrated to reed correetly using GROZRS; the ann.

alisting iowpaes input fiiters asociated with the range
switch appeer in the signai paths).

RANGE OUAL 1K MODE"* TIME WINDOW®
{H2) NOMINAL BW (Hz) (s2C)
100K 250 004
50< 125 008
20% 50 02
10K 25 04
5K 125 08
2K Y 2
x 25 a
500 1.25 8
200 a5 2
100 0.25 .
50 0.125 8
20 0.05 20
10 0.025 20
5 €.0125 8
2 0005 200
i 0.0025 400

® For CH A 2K mode, nominal B¥W is X 1,2, time window
is X2: BW 13 aiso lowest frequency that can De read.

NICOLET 660 A DUAL CHANNEL FFT AMNALYSER.

STORED FUNCTIONS {intemat Memory):

STORE - ravains ons 200-ting sgectrum, wne 1023,
ume waveform, or two 400-linv s02ctra an disalay
crossspecteum or TF, stores R and | regardiass of

RIZCALL - displays storad data; revers back to cu
data disolay upon sacond actuation ol Dushoution
COMPare - dimlu'yl one stored traca and Carraspar
current traces if both procesiea «a » similar Menne

EQL TF/TM - Ecualizes current transfar tunction

TF (i Dot processed in & similer tnannert oy Qv
tudse of currant by stored snd sudtrachng phase of
from current; 8iso squalizes IR and TM,

BUILT-IN ANNOTATED DISPLAY:

VERTICAL DISPLAY - Linsar full scale car b= sot
1.5,2,2.5.3,4.5,6 or 8 x 10™, or 1o cursor ampl
10 ather nuinter entered with keyboard; 103 of ise!
4 300 U8 1a-300 8 1n 19 dB s3eps, displav range
10 160 d3 in 20 12 steps via keyboard (DSPY, ¢3).

TIME DISPLAYS - salf-aligning elecironie graticul
maimum amplitude written on CRT invoin 0« p

FREQUENCY DISPLAYS - seif-aligning sivctronic
annotation inciudes display 8nd Kaiing 2: wetl a6 i
settings and running N of average if recailed.

DISPLAY FORMATS: Tima A vi. time B;single
channet where aupicdble; Cross-4pectia magnilude
phase. real and/of imaginary, o real vi. imaginary
{or trequency, inftog vertical and horizontal,

CALIBRATION AT CURSOR:

MARKER - singla ling cursor intensii,es 2ach viave
intersection to indicate iccation of measurement; |
HARMONIC mutuipies of cursor trequency are iy
with multipls dors.

AMPLITUDE - €, £3 or dBE (engineering units) u:
DOara to estabhish E at cuisor or sensitivity a3 V/E.
(R} sct tor revative measusemenn; V, V* {Dower) ¢
readings rormalized der Hz (such as PSDi using th,
bution. .

FREQUIENCY - Hz {cycivsisec), CPAL (cycles/ming
numper, fraction of FS or orders; reads asoute 0
difference irom relerence frequency.

TIME - sec, risec, fraction of FS, cell number cr &
{V/orgmrs).

KZYBOARO SETTINGS: (St and recailed)

AVS N - number of lunctions averaged (1 - §999);
runming N can be displaysd.

OLY T ~+A - daiay lor anticipation) between trigg
and 3tart of Channel A data window sat in time wr
from -1.000 10 +63.C00.

DLY A3 - delay intraduced betwesn Channeis A
1me wincows 0 to 84.0C0.

PNL - siores 9 sens of complete panst serings with
numbery {or recail {100 below).

CUR LOC + 9 cursor locations stored with 1D num
for recalt,

RMS - 2 - calculates totsl RMS power betwween a-
$1Cre0 Cursor |0CAtioNs; Cursor aliarnates Detween
1ocatinny in cispiay,

fa:. d/ai - efisctive ume-doman integrancn or 4
120, singie or doudle at!scts oll functions untii cle
{e.c. converts acceleration 10 velocity 1u displacerr

COH BLANK - sets level of display blanaing Dased
of conerence {0 - 1.00).

PLOT RATE - five X-Y plot speecs from very S10w
to very last (=),

DOSPL 33 - 22 0B to 160 d8 1n 20 dB steps.

LIN - amptitude at cursor on CH A or CH B set o
reference (recatt isin VIEU,

dB - ampl.1ude atcursor en Crt A 00 CH B 32 20 9
seterance {recait s in VIEUL

V/SEU - ¢31:0rati0on semitivsty of CH A 20 CM B set
engr e mg UM,



S T WA AT AT WNrayY,
to whieh all luture cursor locations are referenced.

ORDER REF - cursor location set {in ORD), scaling future
cursor locatiors prooorhionally {tor example, if cursor
3:.1 FS s assignad 30, then FS wib be 300"},

DEFINE AUX - 3uxihary codes used for secondary operations.

'
PANEL STORAGE (PNLI - stores and recalls ning sats of
SPTup, processing and display setnings.

CURSOR TYPE COHERENCE BLANK

FREQ READ PLOT RATE

DISPLAY GAIN {oftser) DISPLAY dB

AVERAGE MODE INPUT AMPLITUDE
AVERAGE N for_ aier

DELAY T—4A AUX CODE

DELAY A—8 CAL V/EU {CH A and CH 8)
MODE CAPTUHE CONTROL
FUNCTION FREQ REF

DISPLAY CH ORDER REF

DISPLAY FORMAT
DISPLAY MEMORY

XPND WIDTH®
XPND (lacation)®

voth 20 Dogitai Expan; oo

NUMERIC CALCULATION: Numbers in entry fieid, manually

entered or transferred from another fisid can be adaed, sub-
tracted, multiptied or civided, or the square root or reciprocal
takan.

AT

AVEHRALING 1D types) .

SUM adds N power spectra (N = 1 :9999 set with kayboard);
redundancy selectable 0% or 50%,

DIFF subtracts N power spectra from previous average.

EX foliows the chanying statistics of a signal exponentially
with a ume constant of IN} x {time window) .

PEAK producus the profiie of the max.mum amphiydes at
each frequency clement during N specitra.

SWEEP averages with maximum redundancy.
TRANS avarages powsr spectra of N (ransants automat:-
cally in SUM, DIFF, EX or PK modes, axcept those which

overioad input: atter each capture, the transiant tigger
is automaticalty re-a*med; used for time Jveraging.

AVERAGING CONTROL:
START erases mamory and starts avaraging.
STOP halts averaging.

CONT resumes av;r,agmg until N is reached,; it averaging
complieted, restart: averaging without erasing memary.,

( continued)

" ANALOG OUTPUTS: X, Y and Z outputs for »
T display: X, Y and pen hft tor X-Y plortary: timin

for 3-D dispiay {ses Model 66.2A): PLOT CAL p
iower-lett ano upper-rght Gf g0 for setup; outp
tude ai cursor

DIGITAL INTERFACES (Standard Buili-In}:

3

Fuil duptex RS232 sera. interlace with sslec:
baud rates of 110, 150, 300, 600, 1200, 2407
9500; internai programming cormmanicates w
dig-iat Protters through the RS232 intarface;
10 COINMuNICate with cxternal devices, the oy
whe RS232 intertace are printable 1n ASCIE ch

IESE4BB875 1nterface (iuli intenarstaikar)
Hign-sp2ed 12-bit A/D convertar butput inter

16-bit paranel words (twa channes simuliane
16:b-t degutal input 10 timae bufler,

POWER: 425 watr, 500 VA

WEIGHT: 36.4 kgm (80 pounds) nomnai

SIZE: 35.56 cm {14 4n.} high, 43 18em (17.n.)
52.79¢m (20-7/8 n.} desp.
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A.2

DEFINITIONS OF FUNCTIONS

-1 f
P J Alt)B(t+7)dt

DISPLAY ~ 4
} 3 ~ = [t Jal
SELECT FUNCTION COMPUTED DESCRIPTION
Time {J) Al) Digital time history of input signal. (Display
(inpt. Time-IT) shows actual data processad)
Insant FFT{A) Sp = G {am}
Inst. Spec. - IS-) .= lSAlcos(OA) +j ISAlsin(oA)
LIN ‘lSA‘ : Complex spectrum of tims history, Alt). Magnitu
LOG lSAl defines instantaneous spectral content, Phass
20 LOGyp ISAI angle, ¢, describes relative phasing of periodic h.
_ : monic components. Absoluts angles ara only masa
PHASE oA ingful if analysis window is synchronized to perio
. i’} harmonic data.
REAL lSAlcoséA -
IMAG ISplsin @
Aver, Spec. {2} Gaa =Sp° SA'
{Pwr. Spec. - PS}) . ’s—, .
A Ensemble average of squared spectrum magnitude
LiN GAA {formed by muitiplying complex spectrum by its
. conjugate}. A real {rathar than complex) spectrum,
LOG 10 LOG,e Gaa defining average power at each frequancy.
{RMS Spec. - RS} v Gaa
Aver Cross Spec Gag =5z °5)°
(X Spec. - C3) = ISAlisgleostog - 040415, Sg s (og - 0,)
LIN MAG IGABI Ensembls averaged complsx product of spectrus
- with conjugated spectrum, S, °. Indicates thosa
LOG MAG 10 LO0Gp 1G5 quencies where both A(t) and 3(t) have conten
Fnase angles indicate average pnase diffrrence be
PHASE 95 = 9a signals at each frequency,
REAL [Gglcas (Pg = 94)
IMAG Gagisin (83 -9,)

. o Time domain stalistic comparing similarity ot
Auto-Correlation Raaltt =% {GAA} Alt) 1o repiicates of irself, delayad by time, 7.
Function (A) - At 7 = Q, Ry, = mean square of Aft). As 7 -
{Auto Corr. - ACF) - 'F'.'of Alt)-Alr+ride R, approaches square of mean valug. Osciliats

’ in RAA indicate bahdwicth and periodicity ot A

] - Time statistic comparing simijarity ot Aly) a
Cross-Correlation Raplri = # {GAB} Valua of T that maximizes R 5 g indicates tir
Function . . between signals. Maximum vaiue of RAB di
X Corr. - CCF) squara root of [RAA(O)] {RBB(O)] yisics co

cosfficient (equal to 1 for identical signals, (
unrelatect signals).

Detimition of Symbols

Afr) - fnput tme function on Channel 4 ' S° . Complex conpugate of S = SREAL -i SIMAG
By - Input tme funciion on Channe! 8
[T {overbar} = Entembdie average

(] *  Magmtude of irstant FFT »*\/Sgen *Sinag

- t s Time

. 3 SIMAG . .

¢ N Phase angle of instant FFY = tan”’ ——— 13 . Artiticially introduced time delay .

SReaL - .

Bd { } Dicect Founier Transtormation

J i vV -i .;"{ } Inverse Fourier Teanstorm

() Simuiar for Cnannel 8



A3 AVERAGING OPERATIONS

Type of Averaging Operation Performed
Summation SU Gprq = Gy + Speq OskeN
TSU Ozk4oo tor swadj
SWEEP Pilken)Z Pitio Tor Aigiern (0 #v;
= Pjky+rfor A ik+1) (0 =y
T _ :
Difference { } Gps1 = Gy — Spyq 02£kéN
DF :
.Exponential { } Grs1 = Sga1 - Gy Gy 02K
: ’ - 2exp(N™)
=M N*= Integer (logz2 N}
Peak } Gk+1 = max CSi(k+1), ka> forall i
PK 0£kEN

Notation:

=R n Qg
Pan
rt
S’

| el

}

Probability wvalue

Input time waveform

Current averaged spectrum or spectra
Instanteous spactrum

Number of averages completed :
Number of averages set via Calculatic
Control Keyboard. “Wake up value = 1€
Particular cell in spectrum mode or
bin in probability mode

Voltage range associated with bin 1
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