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ABSTRACT

This work is an experimental investigation of the mixing of the
nozzle fluid of a round, turbulent Jjet with the entrained reservoir
fluid, using laser-Rayleigh scattering methods. The measurements, at
Reynolds numbers of 5,000 and 16,000, cover the axial =znge from 20 to
90 jet exit diameters and resolve the full range of temporal and spatial
concentration scales. The measured mean and rms values of the
concentration, and the mean scalar dissipation rate, when estimated from
the time derivative of concentration, are consistent with jet similarity
laws. Concentration fluctuation power spectra are found to be
self-similar along rays emanating from the wvirtual origin of the jet,
and are consistent with the universal form of scalar spectra proposed by
Gibson (1968 1II). The probability density functions for the
concentration, the time derivative of concentration, and the square of
the time derivative of concentration, are compiled and are alsc found to
be self-similar along rays. Features of the measured distributions and
spectra are consistent with the existence of large-scale structures
within the flow that span the local diameter of the jet’s turbulent
cone. On the centerline of the Jjet, the scaled probability density
function of Jjet gas concentration is found to be almost independent of
the Reynolds number while the local mixing rate in the inner part of jet
is not. The usual assumptions concerning isotropy and correlation of
derivatives are found to lead to erroneous results for the probability

density function of the scalar dissipation rate.
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CHAPTER 1

INTRODUCTION

1.1 Background

The momentum-driven, free turbulent jet, a small source of high
speed fluid issuing into a large, quiescent reservoir, is cne of the
classical free shear flows. It has been the subject of experimental
work for more than 50 years (Ruden 1933, Kuethe 1935) and has found

broad application in combustion systems as a means of mixing reactants.

The momentum-driven, free turbulent jet is a special turbulent flow
for several reasons. In the far field, the evolution of the maximum
mean velocity and the largest scale of the motion conspire to give the
flow a single Reynolds number independent of the distance from the jet
nozzle (e.g., Landau and Lifshitz 1959). Another special property of
the jet flow is that measured mean profiles of velocity and jet fluid
concentration are self-similar when collapsed on rays that emanate from
the origin of the jet (Wilson and Danckwerts 1964, Becker et al. 1967,
Wygnanski and Fiedler 1969, Townsend 1976, Birgh et al. 1978, Lockwood
and Moneib 1980, Chen and Rodi 1980 and references cited therein). The
measured self-similarity of the mean velocity field, and the decay of
the mean concentration within the jet are consistent with the equations

of motion for an incompressible fluid (Appendix F).




In the cylindrical coordinates that will be used in the body of
this work, the self-similar profile of the mean concentration of jet

fluid takes the following form:

Cix,x) = x cyd” o —=—), (1.1)

x-xo x-xo

» * 1]
where X is a constant determined by experiment, d is the momentum

diameter of the nozzle exit, C, is the jet exit concentration, g(T) is a

[o]

function that has a maximum value of 1 at N =0 and is determined by

experiment, x is the distance from the jet nozzle alcng the axis of the

jet, r is the radial distance from the axis of the jet, and x, is the
virtual origin of the jet flow similarity. A schematic of this
coordinate system is given as Figure 1-1.
The momentum diameter is defined by:
2m
*
d = __O , (1.2)
Vrp 3,

where p_ is the density of the reservoir fluid and xho and J, are the
nozzle mass and momentum fluxes. It was introduced in a limited way by
Thring and Newby (1953), used by Avery and Faeth (1974), and modified to
the form presented here by Dahm and Dimotakis (1987). The momentum
diameter can be used to collapse the results of many different jet
experiments (see Dahm and Dimotakis 1987) and is assumed tc be the
proper length scale for normalizing the downstream distance in the djet.
The constants in Equation (1.2), 2 and n, were chosen so that d* reduces
to the geometrical nozzle diameter, d, for density matched jet and

reservoir fluids and a perfect "top-hat" exit velocity profile.
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The virtual origin is determined by the far-field behavior of the
jet and is a correction for the influence of the near field of the jet.
Some parameters that affect the virtual origin are the external shape of
the jet nozzle, the exit turbulence 1level, and the exit velocity

profile.

In the body of this work, the following substitutions will often be

made:

X = —=2, n= (1.3&1.4)
d xX-x,
These allow Equation (1.1) to be simplified to:
- C
Cix,M = x —2 g(m). (1.5)
4

The jet far field is defined here as that portion of the jet flow that
is influenced only by the momentum flux of the jet. Far-field
measurements are usually verified by a satisfactory collapse of the

measured means with the scaling suggested by Equation (1.1) or (1.5).

While the similarity of the mean profiles is on a soliid
experimental footing, the picture 1is not yet complete. For most
experimental data, the root mean square (rms) flﬁctuation profile cannot
be collapsed with the same scaling used to collapse the means. There
are also conflicts between the reported rms levels from different
experiments. No clear consensus exists as to whether the ratio of the
rms to mean concentration of the jet fluid (C;ms/a) is a constant in the

far field of the jet (see Figure 3-7, Chen and Rodi 1980, Dahm 1985).




These problems could arise from many sources, including: Reynolds
number effects, contamination of the flow by Dbuoyancy forces,
insufficient resolution of all of the fluctuating scales, unsteadiness
in the jet source or the quiescent reservoir, the effects of the
molecular Schmidt number (kinematic viscosity divided by species

diffusivity), or the possible failure of similarity.

1.2 Present Experiments

The experiments described here were designed to address these
concerns about the self-similar nature of turbulent mixing in the €far
field of the jet. In the design of this experiment, the dual
requirements of resolution down to the smallest theoretical
concentration scales and high signal-to-noise ratio were strictly
followed. This meant that the choices of the exit Reynolds numbets,
nozzle sizes and other experimental parameters were based on the dynamic
range limitations of the <chosen diagnostic and the resolution
requirements of the fluid mechanical mixing process. The jet and
reservoir gases and the overall size of the experiment were chosen to
minimize buoyancy forces while allowing for sufficient downstream range
in the jet for the mean concentration profile to properly establish the
similarity of Equation (1.1). Appendix A describes how these
requirements were met and how the rest of the experimental parameters
were chosen. The topics presented in Appendix A include: calcul-ation
of the resolution requirements, scaling the momentum and buoyancy forces

in the jet, estimation of the effects of placing the jet in a coflowing




stream, and designing the jet nozzles.

This work is an experimental investigation of mixing and structure
within the turbulent jet concentration field, as it is diluted with
entrained reservoir fluid. In particular, it 1is a study of the
similarity of the mean concentration of jet f£fluid, E(x,n), the rms
concentration fluctuation level, C;:ms(x,n)', the power spectrum of
concentration fluctuations, E_(f), the probability density function of
jet £luid concentration, the probability density function of the time
derivative of concentration, and the statistical properties of the

estimated scalar dissipation rate, ¢ computed from (dC/dt)z. Some

ci
features of these statistical measures show evidence of a large-scale

motion in the flow that spans the local jet diameter.

This work addresses three types of similarity in the jet and’ it is

necessary to present the terminology that will be used in each case.

Specific similarity. This term is applied to the specific properties of

the turbulent mixing process in the jet that allow a collapse
of the statistical measures of the fluctuating concentration

field with downstream distance at a fixed Reynolds number.

General Similarity. This term refers to properties of jet mixing that

are independent of the Reynolds number.




Universal Similarity. This term describes properties of jet mixing that

are independent of Reynolds number and independent of the jet

flow geometry.

The actual measurements, single-point concentration time histories,
were made with a nonintrusive laser-Rayleigh scattering diagnostic in a
steady, gas phase, axisymmetric, momentum-driven jet that issued into a
large enclosure. The diagnostic was sensitive to the mole fraction or

molecular number-weighted concentration, C To correct for the small

n”
density differences that existed between the jet and reservoir gases,
all of the results are presented in terms of the mass-weighted
concentration, C, since that is the variable that best represents
constant density conditions (see 'Pitts 1986). The details of the
conversion from C, to C are contained in Appendix E. The measurements
cover the downstream range from 20 to 90 jet exit diameters at Reynolds
numbers of 5,000 and 16,000. The Reynolds numbers were computed from
the jet exit velocity, U,, the geometrical nozzle exit diameter, d, and

the reservoir kinematic viscosity, V,:

U, d

Re = . (1.6)
0 v

(-]

A complete discussion of the experimental design is given in Appendix A.
The performance details of the diagnostic are contained in Appendix B.

The data processing techniques are described in Appendix C and Appendix

E.




CHAPTER 2

EXPERIMENTAL FACILITY

2.1 The Main Apparatus

These experiments were performed in the gas phase, jet-mixing
apparatus shown schematically in Figure 2-1 and pictured in Figure 2-2.
This facility, specially designed for these experiments, was constructed

in part with the aid of Mr. Earl Dahl.
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Figure 2-1. Schematic of the jet flow facility.

The main apparatus consisted of a large, relatively airtight,




Figure 2-2, Photograph of the jet flow facility.

varnished plywood enclosure, with an interior volume of about 120 cubic
feet (7.5 x4’ x3’11"), and an adjoining rigidly attached laser
platform. The test section was about 5 1/2’ long and extended from 6"
below the top, to 18" above the bottom of the enclosure. The jet was
produced by a vertically adjustable nozzle, which was inserted downward
into the test section through the center of the top of the apparatus. A

mild coflow was produced over the entire 15.7 ft? cross section of the
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top of the test section to provide the jet entrainment requirements
(Ricou and Spalding 1961) to a peint below the farthest measuring
station. The internal cross section of the experiment was mildly
contracted (peak area reduction of 13%) over the lower two-thirds of the
test section. The sudden change in area at the end of the contraction
provided a fixed separation point for the coflow as it decelerated in
the pressure field produced by the jet. Fixing the separation point of
the coflow helped prevent unsteady interactions between the entrainment
field of the jet and the walls of the main enclosure. "he measuring
station was located about 4" above the end of the contraction, and this
height was fixed with respect to the wooden structure. The largest
ratio of the cross-sectional area of the jet’s turbulent cone to the

~ cross-sectional area of the test section was about 0.26 .

The laser platform, built as an integral part of the main
enclosure, supported the 65 kg laser head. The laser beam crossed the
test section horizontally and was stopped after a single pass through
the test section. The collection optics and the photosensor were
supported 4 1/2" below the laser beam by a large linear traverse used

for horizontal positioning of the sensing volume.

The inside wooden surfaces were painted flat black, and a rubber
glove-box glove was installed near the bottom on one of the vertical
sides for internal manipulations while the experiment was sealed. This
permitted most adjustments to be made without opening the enclosure,

thereby minimizing the introduction of dust particles. Large 3’ x5’
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plexiglas windows were located on opposite sides of the test section to

allow shadowgraph imaging of the jet flow.

2.2 The Jet Gas Delivery System

The jet gas was ethylene (C,H,) for the Re =5,000 experiments and
propylene (C,H,) for the Re =16,000 experiments. Both gases were
packed under vapor pressure in size 1A or 1S cylinders (9" diameter and
51" length), whose thermal mass was sufficient to provide the necessary
"boil-off” during a run. A single-stage regulator (Matheson model # 1L}
was .used to stabilize the delivery pressure., After passing through
about 300 diameters of 3/8" copper tubing, the flow of jet gas was
filtered (Matheson model # 6190, 100% efficiency at .02 micron),
regulated by a fine metering valve (Nupro # B-4L) with a micrometer
handle (Nupro # NY-2M-S6), passed through an explosion-proof solenoid
valve (ASCO Red Hat # 8211C93) used to initiate the flow, and plumbed to
the jet nozzle. Measurements of the dynamic head of the jet using a
Barocel sensor and manometer allowed the metering value to be
calibrated. Changes in the jet flow rate during a run, and variations
between runs at the same Reynolds number, were less than +2% of the jet

exit velocity.

Two nozzles were used to increase the range of jet Reynolds numbers
that could be reached without rebuilding the large enclosure. A 0.75"
diameter nozzle was used for the runs at Re =5,000 and a 0.30" diameter

nozzle was used for the runs at Re0=l6,000. The inner contours of both
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nozzles were designed by a method developed by Professor Paul Dimotakis.
The larger nozzle was made of plexiglas and machined by the Disney
corporation, while the other was made of aluminum and machined by
Mr. George Lundgren of the GALCIT machine shop. The design of the inner

contours was based on an optimized Gth

order polynomial (7 adjustable
coefficients). The details of this optimization can be found in
Appendix A, Section 9. The outer contour was a simple circular arc that
started near the lip of the nozzle exit and met smoothly with the
supporting 3" diameter ©pipe. Inside the nozzle, the flow was
manipulated with a 6" section of cruciform, several inches of open pore
foam (100 pores per inch), a half-inch section of honeycomb, and 3
screens. The exit turbulence level for both nozzles was about .2% in

the Reynolds number range where each was used. The jet exit velocities

were 4.04 m/sec at Re =5,000 and 28.6 m/sec at Re ,=16,000.

Because it can be used to collapse the results of many different
jet experiments (see Dahm and Dimotakis 1987), perhaps the most
important parameter determined by the jet nozzle is the momentum
diameter d* (see Equation 1.2). The momentum diameter, d*, reduces to
the geometric exit diameter, d, for pjet=p°° and a perfect "top-hat"
velocity exit profile. The use of pure gases in these experiments
insured that the exit density profiles from both nozzles were ideal. An
axisymmetric Thwaites calculation was used to estimate the boundary
layer corrections to the velocity profile for both nozzles yielding:;
d*=.960d for the 0.75" nozzle, flowing ethylene into nitrogen at

Re,=5,000, and d*= 1.005d for the 0.30" nozzle, flowing propylene into
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argon at Re =16,000.

Either nozzle could be suspended in the test section on the end of
a 3" diameter pipe made up of a variable numper of 6" long threaded
sections. The operational length of the pipe was determined by the
placement of a ring clamp. The distance between the measuring station
and the tip of the nozzle was continuously adjustable by moving the ring
clamp, and adding or removing pipe sections as necessary. This whole
assembly (nozzle and pipe sections) was supported by a special collar
mounted on top of the main enclosure. A seal was made against one of
the pipe sections by a greased o-ring at the base of this collar. The
v}veight of the nozzle assembly was carried by the ring clamp, which
rested on top of the support collar. The angular orientaticn of the
nozzle could be adjusted by using 3 thumb screws near the top of the
support collar to orient the nozzle assembly as necessary. The pivot
point for this tilting was provided by the o-ring at the base of the
support collar. Figure 2-3 is a drawing of the mechanical setup of the

jet nozzle.
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Figure 2-~3. Mechanical setup of the nozzle.
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2.3 The Coflow Delivery System

The reservoir or coflow gas was nitrogen for the experiments at
Re ,=5,000 and argon for the experiments at Re ,=16,000, because these
were the least expensive pure gasses that were safe to deal with in
large quantities. The coflow gas originated in a high-pressure (2500
psig), 4  bottle manifold (Matheson) mated to a high flow-rate,
single-stage regulator (Matheson # SP-2369-1). The flow was filtered
(Matheson # 6124-P12FF, 100% efficient at .2 micron) and heated
"on-the-fly" by a special feedback, temperature-control system. A
complete description of the coflow temperature-control system is
contained in Appendix D. An explosion-proof, solenoid valve (ASCO Red

Hat # 8211B26) was used to initiate the coflow at the start of a run.

The coflow was introcduced into the top of the flow facility by a
special manifold. The incoming gas was converted from 3/4" diameter
copper tubing to a 6 1/4" internal diameter PVC pipe, which fed 30
smaller PVC pipes with an internal diameter of about 5/8". Each of
these smaller pipes, which were inserted into the coflow settling
chamber at the top of the main enclosure, had 30 1/16" diameter holes
that pointed vertically downward. These 900 holes, arrayed in a square,
produced 900 little Jjets, which had about 3 1/4" to develop before
impinging on a 1" layer of open-pore foam (100 pores per inch) supported
by a perforated plate (49% solidity). The final coflow manipulator, a
high porosity (about 70% open) screen was placed 1" below the perforated
plate. The whole coflow manipulation system was contained in the top 6"

of the main enclosure (see Figure 2-3).
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The velocity of the coflow was checked by floating balloons on an
intentionally produced density gradient in the test section and by
measuring the distance they traveled when the coflow was cycled on for a
known time. The velocity of the coflow was set to about 2 cm/sec for
the runs at Re;=5,000 and to between 5 and 6 cm/sec for the runs at
Re ,=16,000. These rates were achieved by adjusting the output pressure

of the regulator on the high-pressure manifold.

2.4 The Exhaust System

The spent gases exited at the bottom of the main enclosure through
4 symmetricly placed 6.5" diameter holes. These holes fed two ducts
that discharged into a large plastic bag with a capacity of about 300
cubic feet. The contents of the bag were vented on the roof of the
laboratory at the end of each run by a special explosion-proof suction
system with a capacity of about 50 cubic feet per minute. Because the
experiments involved explosive hydrocarbon gases, and because the
suction line traveled through 4 floors of the occupied areas, it was
made from galvanized, 3" IPS, schedule 40, steel pipe, which had the
strength to contain a detonation wave with a safety factor of more than

10. Figure 2-4 is a reduction of the blueprints for this system.
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2.5 The Laser-Rayleigh Scattering Diagnostic

In these experiments, laser-Rayleigh scattering was used to
determine the time~ and space-resolved, mole fraction of a binary gas
mixture by measuring the amount of light that the mixture scatters. The
intensity of the scattered light is proportional to the scattering cross
section of the gas mixture and the incident light intensity. For these
experiments, the Rayleigh scattered light from a small section of a
constant-power, focused laser beam was imaged onto a small aperture
photosensor, that produced a current that was linearly related to the
mole fraction of jet gas in the focused laser beam. This photocurrent
was amplified and measured. A complete description of the performance

of the photodetection system is contained in Appendix B.

This diagnostic has four main advantages over other types of

concentration probes.
1. It is nonintrusive.
2. It is capable of exceedingly high spatial resolution.

3. It exhibits a very large dynamic range for density-matched gas

pairs.
4. It has almost perfectly linear characteristics.

Nonlinearity might arise through multiple scattering of detected photons
or ionization of the gas in the focal volume. Both of these effects

were unimportant at the gas and laser power densities used for these
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measurements.

The major difficulty with the diagnostic comes from the fact that
the Rayleigh cross sections of gases are small from an experimental
standpoint when compared, for example, to the resonant cross sections of
fluorescent dyes used qu:':te successfully in liquid phase experiments
(Robben et al. 1976, Liu et al. 1977, Koochesfahani 1984, Dahm 1985, and
others). For Rayleigh scattering at room temperature and pressure,
about 1 part in 10% or 105 of the incident beam power is scattered per
meter of gas that is traversed, while about 1 to 10 percent of the beam
power is scattered per meter by typical concentrations of the
fluorescent dyes used in liquids. The Rayleigh cross sections of gases
are also orders of magnitude smaller than the Mie cross sections of dust
particles. This necessitated the use of well-filtered gases to minimize
the number of dust particles that passed through the focal volume during
a run. The technique for removing the effects of the dust from the data

is the subject of Appendix E, Section 3.3 .

2.6 The Laser System

A Coherent Radiation CR-10, water-cooled, argon-ion laser system
was used for all the measurements. It was run with the "all-lines"
mirror in place and delivered about 18 watts of power for the Re, =5,000
runs and about 23 watts for the Re = 16,000 runs. The laser head was
fixed with respect to the wooden structure, and the distance between the

beam and the bottom of the main enclosure was 22". Before the beam
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entered the test section, its polarization was rotated with a half-wave
plate. A small focusing lens was used to bring the beam to a waist in
the vicinity of the measurement volume. An iris placed beyond the lens
cut down on the stray light scattered from the other optics. The
focusing lens and the iris were mounted on a sliding tube that could be
moved horizontally a few inches to adjust the position of the beam
waist. A removable prism on a kinematic mount was used to divert the
beam to a power meter to check the power level before each run. The
beam was dumped on the far side of the test section in a special,
high-quality beam stop, designed by Dr. Richard Miake-Lye, which

minimized reflections.

2.7 The Collection Optics and Photosensor

The collection optics, placed directly below the focal volume, were
a one-to-one imaging system based on two identical,
antireflection-coated, achromatic doublet lenses (Ealing # 23-9749) of
focal length 120 mm and diameter 50 mm. These lenses were chosen as a
tradeoff between the minimization of f# and the minimization of flow
blockage. The collection efficiency (collected solid angle/4m) of these
lenses used in tandem was about 1% (f#=2.5). The lenses were held by a
special 2.5" diameter pipe that mated to the housing for the photodiode
and the custom, first-stage amplifier designed by Dr. Daniel Lang for
these experiments. The gain of this stage was 108 volts/ampere, and it
was located as physically close to the photodiode as possible. The

performance of this amplifier is discussed in detail in Appendix B. The
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photodiodes used in the studies had 200, 500, and 1000 um diameter,
sensitive apertures, which respectively defined, along with the
laser-beam waist size, the spatial resolution of the measurements.

Figure 2-5 is a diagram of the collection optics and the photosensor.

The optics pipe was mounted on a 3 axis positioning system. 2
large custom translation stage with more than 30" of travel was used for
positioning along the laser beam. Two precision 1" travel translation
stages (Newport Corporation # 420-1) were used for adjustments parallel
to the jet axis and perpendicular to the plane defined by the jet axis
and the laser beam. These two smaller stages were used to align the
collection optics with respect to the laser beam. The large stage was
securely bolted to the wooden structure of the main enclosure. The
whole optical system (laser head, beam optics, wooden platform, 3-axis
traverse and collection optics) was mechanically stable enough to
maintain optical alignment of the beam and the photosensor for periods
of longer than 24 hours, even if the laser was turned off and later

turned back on.
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2.8 Processing Electronics

The analog signal processing followed the simple scheme shown
schematically in Figure 2-6. The signal from the first stage was
brought out of the main enclosure by a 10’ cable. The second stage of
electronics provided DC offsets and variable amplification to match the
signal to the voltage range of the analog-to-digital converter. The
signal was also filtered in the second-stage electronics by a 3-pole
Butterworth filter with the knee frequency placed at half the
digitization rate in accordance with the Nyquist criterion. The offset,
amplified and filter;ed signal was sent to an LSI PDP 11/73 CPU-based
computer system, where the analog-to-digital conversion was done by a
12-bit, 250 KHz A/D board (Data Translation # 3382). This computer
system was used to control most of the aspects of the data acquisition
and system calibration. A more complete description of the signal

processing is contained in Appendix E.
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2.9 Procedures and Parameter Selection

The vertical placement of the nozzle was determined by physically
measuring the distance from its tip to the laser beam. The angular
alignment of the nozzle was adjusted with the three thumb screws on the
support collar until the sides of the 3" supporting pipe were parallel
to the string of a plumb bob when viewed in two near_ly orthogonal

planes. This insured that the jet was pointed vertically downward.

The required spatial and temporal resolution for each run was
estimated based on calculated values of the Kolmogorov length scale and
the passage frequency for that length scale. For almost all of the
studies at Re°=5,000, the diameter of the sensitive area of the
photodiode was chosen to be less than or eqﬁal to the calculated
Kolmogorov length scale. A few runs were made at x/d = 20 with the
spatial and temporal resolution relaxed by a factor of 2.5. The
focusing lens for the laser beam was chosen so that the beam waist was
also smaller than the calculated Kolmogorov length scale. The sampling
frequency was chosen to exce=d 8 times the local passage frequency of a
Kolmogorov scale, when convected by the local mean centerline velocity
of the jet. Based on the results of the data from Re, =5,000, the
resolution requirements were relaxed by a factor of 3 for the runs at
Reo-16,000. The details of how the Kolmogorov scale and the resolution

requirements were estimated are contained in Appendix A, Section 1,
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The horizontal position of the focal volume was determined by a
pointer and a scale ruled in inches. Fine positioning was a~*ieved by
counting revolutions of the hand crank on the 1/2"-13 lead screw, which
moved the optics car on the 1large 1linear traverse. The absolute
alignment of the jet flow and the focal volume was deduced from the mean
concentration values of several runs that spanned the centerline of the
jet. The true centerline ray of the jet was presumed to intersect the
laser beam at the horizontal location that made the measured mean
concentration profile the most symmetric. In practice, the true
centerline ray of the jet was typically only a few tenths of a degree

from its presumed orientation.

The experiment was set up by positidning the nozzle, moupting the
correct photodiode in the sensor housing, putting the correct beam
focusing lens in place, setting the gain, offsets and filtering of the
second stage electronics, purging the experiment with as much as 400
cubic feet of reservoir gas, positioning the collection optics with
respect to the jet and aligning them with respect to he laser beam. The
absolute sensitivity of the whole system was measured by introducing
pure jet and reservoir gases into the focal volume and digitizing the
voltage level from each gas. A run was made by starting the jet and
coflow together, letting the jet establish a steady state, and then
collecting about 200,000 to 500,000 individual measurements. After the
run, the spent gases were exhausted through the suction system and the
main enclosure was purged with reservoir gas. The data were converted

to concentration (mass fraction) on the 11/73 and were checked to insure
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that the mean and rms concentration values were relatively stationary

throughout the data set.

The inspected data sets were then transferred to a PDP 11/44
computer, where the rest of the processing was done. This typically
included removing the effects of Mie scattered light, computing the
concentration fluctuation powar spectrum, optimal filtering, taking and
squaring the temporal derivative, and compiling various probability
density functions. The method for power spectral estimation is
described in Appendix C. The rest of the data processing techniques are

covered in Appendix E.
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CHAPTER 3

BASIC PROPERTIES OF THE CONCENTRATION FIELD OF THE JET

3.1 The Mean Jet Fluid Concentration Field

The mean value was computed from each data set by dividing the sum
of the measurements by the number of measurements. The computed mean
values were then plotted with the axis scaling suggested by
Equation (1.5).

- C,
C(x,n) = x — g(n) {(1.5)

P
The results are displayed on Fioire 3-1 for the data at Re  =5,000 with
K=5.11+0.05 and x,=-3.7d and on Figure 3-2 for the data at
Re°=16,000 with ¥x=4,73+0.1 and X,=.5d. The value of x at Re =
16,000 is not as certain as at Re, = 5,000 because it is based on only
two downstream measurement locations, x/d = 30 and 90. The
transformation used to collapse the data points is based only on the

fitted wvalues of ¥k and x at each Reynolds number. Separate

[}
normalizations by the local centerline mean, or concentration profile
radius at half-maximum were not necessary. Figures 3-1 and 3-2 show
that the experimental apparatus and technique produced a turbulent jet
with ‘the accepted general similarity form of the mean concentration

field. The solid curve on Figures 3-1 and 3-2 is a least squares fit to

the data at Re°=5,000.
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Figure 3-1. Mean concentration profile at Re, = 5,000.

A comparison of the fitted mean profile with the published profiles
of other experiments is given on Figure 3-3. The digitization of the
results from the experiments before 1985 plotted on Figures 3-3, 3-4,
3-7, and 3-8 was performed by Dr. W. Dahm. Similar figures appear in
his Ph.D. thesis (Dahm 1985). The agreement between profiles is good
and the small differences can probably be attributed to the differing
experimental conditions and techniques of each experiment. Table 3-1

lists some of the important parameters of the experiments used for
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Figure 3-2. Mean concentration profile at Re, = 16,000.
comparison with the current studies. The published 1literature on

turbulent jets is very extensive and the studies in Table 3-1 were

selected based on the following criteria.

1. A coflowing stream must not effect the measurements.

2. The jet must be nonbuoyant over a significant downstream range.

3. The reported measurements must extend beyond x/d=20.
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Figure 3-3. Comparison of the fitted mean profile with the
results of other experiments
4. The jet Reynolds number must be greater than 2,500.
A comparison of the current and published results for the mean
centerline concentration, E(x,O), is provided as Figure 3-4. The

vertical axis is scaled so that the measured data will fall on curves

that become horizontal when the far-field behavior of the jet is
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Table 3-1: Turbulent Jet Mixing Experiments

Author Re, Sc or Px Diagnostic
Becker et al. (1967) 54,000 38,000 Smoke Scattering
Birch et al. (1978) 16,000 0.70 Raman Scattering
Corrsin & Uberoi (1950) 33,000 and T - 0.7 Thermometry (air)
Dahm (1985) 5,000 600-80C Laser Induced
Fluorescence
Lockwood & Moneib (1980) 50,000 0.7 Thermometry (air)
Wilson & Danckwerts (1964) 20,000-60,000 0.7 Thermometry (air)
Papanicolaou & List (1987) 10,000-16,000 7.0 Thermometry (H20)
Papanicolaou & List (1988) 2,600 - 3,600 ~103 Laser Induced
Fluorescence
Present study (1988) 5,000&16,000 1.0&1.2 Rayleigh Scattering

attained. The ordinate of the horizontal portion of the curves occurs

at the value of x. The current data fall within the scatter of the

results from the other experiments.

The Reynolds number above which the mean mixing properties of the
jet become independent of Reynolds number is not yet accurately known.
Dahm et al. (1984), using their own data and the data of Weddell (1952)
find this threshold to be at about Re = 3,000 while the entrainment
studies of Ricou and Spalding (1961) suggest & value that is roughly an
order of magnitude higher. This means that differences in the reported
values of X, and variations in the shape of the mean concentration
profile could be due in part to Reynolds number effects. For the

current experiments, the value of X at Re, = 16,000 is about 8% lower
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Figure 3-4. Comparison of the scaled mean centerline

concentration with the results of other
experiments.
than that obtained at Re, = 5,000. Further discussion of the

disagreement in the measured values of X is contained in Chapter 8. If
not controlled, the effects of a coflowing stream, buoyancy forces, and
unsteadiness of the source and reservoir conditions could also influence
the mean profile shape and the value of X. In the present experiments

these parameters were tightly controlled (see Appendix A).
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3.2 The Root Mean Square Concentration Fluctuation Level

The root mean square (rms) fluctuation level was computed for each

data set from:

N :
Clus ™ [ I ;-0 2] /2, (3.1)
i=1

1
N
where N is the number of points in the data set. Figures 3-5 and 3-6
are plots of the current data at Re =5,000 and 16,000. The axis
scaling on each plot and the values of X and x, are identical to those
used for the mean concentration profiles at each Reynolds number.
Separate normalization by the centerline fluctuation level was not
necessary. The fact that the rms fluctuation data cluster about a
single curve, in the specific similarity coordinates of the mean
concentration profile, for both Reynolds numbers, implies that c;:ms and
C conform to the same specific similarity law and that C::ms/E is a
general similarity variable for the jet. This issue will be addressed

further in Chapter 5.

Many previous experimental investigations have not found this
behavior (see discussion in Dahm 1985 and Lockwood and Moneib 1980)
Figure 3~7 is a plot of the centerline fluctuation level divided by the
centerline mean for several experiments. The present data at Re . =5,000
and 16,000 fall on horizontal lines, indicating that the rms and mean
centerline concentration values have the same specific similarity
behavior. The value of C;:ms/E on the centerline is found to be

.230% .007 at Reo=5,000 and .237 % .005 at Reo=16,000. Because the
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Figure 3-5. Root mean square concentration fluctuation level
pPlotted with the same axis scaling that collapses

C, at Re, = 5,000.

resolution requirements in the jet become more difficult to meet when
the distance from the nozzle to the measurement point is decreased (see
Appendix A, Section 1), tl?e failure of previous studies to find a
constant value of C’m‘s/E on the centerline may be a result of inadequate
resolution in those studi.es. The present experiments were designed to

resolve all of the diffusive scales within the jet and do not suffer
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Figure 3-6. Root mean square concentration fluctuation level
plotted with the same axis scaling that collapses

C, at Re, = 16,000.

from such resolution difficulties. This claim will be further supported

in the next chapter.

If the fluctuation levels of other experiments are normalized by
their centerline value, the rms profiles of other experiments can be

compared with the present results. Figure 3-8 is a plot of the curves
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Figure 3-7. Comparison of the centerline rms concentration
fluctuation level, divided by the mean centerline

concentration, with the results of other

experiments.

fitted to the present data along with similar results from other

experiments. The fact that the collapse on Figure 3-8 is less than

perfect is not surprising because the six experiments plotted were

performed at different Reynolds and Schmidt numbers using different

techniques with varying resolution.
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Figure 3-8. Comparison of the rms concentration fluctuation
level, divided by its centerline value, with the

results of other experiments.

An interesting comparison can be made between the present data at
Re =5,000 and the results of Dahm (1985), who worked at the same
Reynolds number, but in a liquid phase experiment where the molecular
Schmidt number is about 600 to 800. Assuming that the spatial

resolution of the experiments were comparable with respect to the




- 39 -

smallest diffusion scale in each flow, the Batchelor scale (see appendix
A, section 1), one effect of increasing the Schmidt number seems to be
an increase in the concentration fluctuation level near the edge of the

jet.

This can be understood in terms of the different rates of diffusion
in liquids and gases. The matched Reynolds numbers insure that the
fluid mechanics in both flows will be statistically the same.
Therefore, fluid with a relatively high concentration is tossed to the
edge of the jet with the same frequency in both flows. The edge of the
jet is a region of low mean velocity and shear, so diffusion is
relatively more important in the transport of concentration when
compared to the inner regions of the jet. Diffusive transport, which is
proportional to sIBj:, proceeds about 20 to 30 times faster in the gas
phase flow, so local maxima and minima of the concentration field are
smoothed out more quickly. This leads to lower rms values near the
edges of the gas phase Jjet, when compared to the liquid phase jet, at

the same Reynolds number.

Another interesting comparison is between the present data at
Re =5,000 and Re°=16,000. The increase in Reynolds number causes a
broadening of the rms profile. This might also be explained using
diffusion-time ideas. 1Increasing the Reynolds number decreases all of
the time scales in the jet; hence, the high concentration chunks of
fluid thrown to the edge of the jet have less time to diffuse before

being reentrained. This creates larger concentration fluctuations,
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relative to the local mean, near the edge of the jet when compared to

lower Reynolds number flow at the same Schmidt number.

These simple diffusion-time ideas suggest that the flow with the
lowest Reynolds and Schmidt numbers should have the narrowest rms
profile. Figure 3-8 supports this contention since the narrowest rms

profile comes from the current data at Re;=5,000 and Sc=1.0.

It is also worth comparing the current data at Re =16,000 and the
results of Birch et al. (1978), who worked at the same Reynolds number
and nearly the same Schmidt number. The mean values and profiles from
both experiments agree reasonably well but the rms results do not. The
disagreement in the rms profile might be the result of resolution
problems (see discussion below). The mismatch of the centerline rms
levels at the farthest downstream locations (see Figure 3-7) might be
due to the influence of buoyancy forces in the experiments of Birch et

al.

The parameters of the jet flow can be used to form a buoyancy
length scale, Ly, and a buoyancy criterion (see Papanicolaou and List
1987 and 1988, Chen and Rodi 1980, or Appendix A, Section 5). The
result for the flow of Birch et al., Lb=-55 d, suggests that their jet
may not be momentum-dominated beyond x/d=55 and is possibly in a
transitional state between momentum-driven and buoyant beyond about
x/d=30. By comparison, L,/d for the present experiment at Re ,=16,000

is about 440.
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Returning to Figure 3-8, . can be seen that the peak values of the
rms profiles do not coincide. While this might be the result of Schmidt
and Reynolds number effects, resolution difficulties near the centerline
could also cause the observed differences between experiments. At a
given downstream distance, the passage frequency of diffusive scales is
greatest where the convection velocity is the greatest (the Jjet
centerline). As the measurement point is moved toward the edge of the
jet, the convection velocity decreases, so the bandwidth necessary to
capture all of the fluctuations is smaller. If the estimated rms value
on the centerline is low, possibly because of insufficient measurement
time/space resolution, the rest of the rms profile is elevated when

normalized by the artificially lower value.

3.3 Shadowgraph Flow Visualization

For several reasons, the shadowgraph method was the preferred
visualization technique for this flow. It could be successfully applied
to the mixing region of two clear gases, was optically clean (no smoke,
dust or vapor was needed), and was capable of large aperture imaging at
low cost. The shadowgraph system for this experiment exploited the 3'
by 5’ windows on opposite sides of the test section, a 200 watt arc
lamp, a first-surface mirror (17" by 30") and a rear-projection screen.
Photographic recording of the images produced on the screen were
realized using a 90mm lens, a Nikon FE 35mm camera, and ASA 400 black

and white print film. Figure 3-9 is a schematic of the set up.
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Figure 3-9. Schematic of the shadowgraph setup.
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The shadowgraph image was formed as the spherically diverging white
light from the arc lamp was refracted by index of refraction gradients
at the interfaces between the jet and reservoir gases. The gases
selected for the jet and reservoir for their Rayleigh scattering
properties were also good choices for the shadowgraph technique. A more
complete description of shadowgraph flow visualization can be found in

Liepmann and Roshko (1957).

Figures 3-10 and 3-11 are shadowgraph pictures of the jet at
Re°=5,000 and 16,000. The visible full angle of the cone of turbulence
is about 23° to 24° in both cases. The field of view is from 0 to 40
jet exit diameters for the picture at Re,=5,000 and from 0 to 100 jet
exit diameters for the picture at Re  =16,000. The portion of the flow
that is imaged in Figures 3-10 and 3-11 covers about half of the test

section’s length and less than one-third of its width.
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Figure 3-10. Shadowgraph picture of the jet at Re = 5,000 for

0 £ x/d £ 40 .
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Figure 3-11. Shadowgraph picture of the jet at

for 0 € x/d £ 100 .

Re

= 16,000
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CHAPTER 4

POWER SPECTRA OF CONCENTRATION FLUCTUATIONS

4.1 Normalization and Scaling of Jet Spectra

The power spectrum of concentration fluctuations, Ec(f) , was
calculated from each of the sampled data sets using the method described
in Appendix C. The overall normalization chosen was:

[2 rE (£) df]l/z =C’ (4.1)
0 © rms’ ’

which makes the connection between the power spectrum and the rms level
of each data set. The independent variable is the frequency, £ (in

Hertz) .

If the spectra have the same similarity as the mean concentration,

they should collapse when scaled by the mean concentration and an

appropriate time scale. The unscaled spectra have the units of
concentration squared, multiplied by time (see Equation C.1l). The time
scale chosen, ‘tD, is defined by:
T, = 2 (4.2)
P Gcl ’ .

where D is the local diameter of the jet’s turbulent cone (see Figure
1-1), and Gcl is the estimated mean centerline line velocity calculated
- from the formula suggested by Chen and Rodi (1980). tD should be the
largest time scale associated with the jet flow for any particular

downstream location. The actual numerical expression used to compute T
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is given in Appendix A, Section 4.

In the far field of the jet, the local diameter grows linearly with
(x-x)) and the centerline velocity decays like 1/(x-x,), so ‘tD is
proportional to (x-xo)z. Because there is a single Reynolds number
associated with the far field of the jet, the general mean-flow
similarity actually dictates that all jet time scales, which are related
by a power of the Reynolds number, will have a quadratic dependence on
the downstream coordinate. For example, the passage time of the
Kolmogorov scale, ‘tK, also increases quadratically with (x~-x,) and is

-3
related to T by a factor of Re, /‘.

The plots presented in the next section display Ec(f) on the
vertical axis divided by the local value of Ez-tD, and £ on the
hor.zontal axis multiplied by ‘tD. This scaling makes both axes
dir -nsionless. The spectral plots were made in log-log coordinates, so
the numerical factors involved in computing the time scale, ‘tD, only
shi“t the plots relative to the numerical values on the axes and do not
affect the spectral shapes. Consequently, other time scales with the
same quadratic dependence on the downstream coordinate will produce the

same collapse seen in the spectra presented on Figures 4-1 to 4-6.
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4.2 The Measured Spectra at Reynolds Number 5,000 and 16,000

For the data at Reo-S,OOO, the power spectra of the concentration
fluctuations at x/d = 20, 40, 60, and 80, along the three rays at
r/(x-x,) = 0 (centerline), .06 (3.4° off the centerline) and .12 (7° off

the centerline) are plotted on Figures 4-1, 4-2 and 4-3. The visual

-1
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1077 LA RN e x/d = 60
"""" ----x/d = 80
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Figure 4-1. Scaled power spectra of the concentration

fluctuations on the jet centerline at Re, = 5,000.

edge of the jet is about 12° from the centerline (e.g., White 1974, or
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Figure 4-2. Scaled power spectra of the concentration

fluctuations 3.4° off the jet centerline at Re_ =

5,000.

Chapter 3, Section 3). The nearly horizontal region of the spectra at

the high values of f-tD is the noise floor produced by the first stage

of amplification in the photo-detection system. The small bumps that

occur in the "noise-tails" are at the scaled values of 60 Hz, 120 Hz, and

360 Hz.
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Ec(£)/(1p-C?)

Figure 4-3. Scaled power spectra of the concentration

fluctuations 7° off the jet centerline at Re, =

5,000.

The spectra collapse well in spite of the modest Reynolds number of
the flow. Deviations, which are more evident as the edge of the jet is
approached, are believed to be mainly due to decreased statistical
convergence. In particular, for a fixed run tir:« at a given downstream

location, the total mass of fluid that passes through the focal volume
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is roughly proportional to the local mean velocity. Consequently, the
effective sample size of the run is smaller near the edge of the jet,
where the mean velocity is lower. Other reasons for the deviations
could be small variations in Re,; from run to run, which slightly shift
the frequency content of the Jjet’s spectra, and minor angular
differences (+.2°) of the measurement locations from the exact positicns
along a given ray. The quality of the collapse displayed on Figures
4-1, 4-2, and 4-3 for the spectra of concentration fluctuations and
Figure 3-~5 for c;ms is strong verification that C;-ms and C have the same
specific similarity throughout the jet. Ec(f) and C;:ms are related
through Equation (4.1), so Figure 3-5 is an integral measure of the

specific similarity of Ec(f) .

The adequacy of the temporal resolution of the measurements is
evident in the spectra through the "noise-tails."™ The adequacy of the
spatial resolution can also be inferred from the spectra. The diameter
of the sensitive area of the photodiode utilized in each experiment, Ay,

can be used along with Ec to create an equivalent passage frequency,

1
fe, for length scales of size Ay (fe=acl/Ay) . For the plotted data on
Figures 4-1 to 4-3, fe-‘rD is greater than or equal to 650, so if there
was any effect on the measurements from the finite spatial resolution of
the detection system, it would be manifest in the spectra for f-tDz 650.
Because this region of the spectra falls within the "noise-tail"™ for all
of the plotted results, the portion of the spectra at frequencies below
f-tD=-650 and above the noise level are believed to be free of any

resolution difficulties.
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The value of the scaled Kolmogorov length-scale, passage frequency,

fK-tD, which should be the same as the scaled Batchelor length-scale,

passage frequency, f£ at Sc = 1.0 (Batchelor 1959, Monin and Yaglom

B D’
1975), was calculated from the reservoir kinematic viscosity, V.. the
formula for the centerline energy dissipation rate, €, suggested by

Friehe et al. (1971), and Gc in particular:

l'
I € \Y, s D
fK = Ucl(v—s) or fK-ID 1.12 Re n ’ (4.3)
oo K

The numerical value of fK-tD is about 670 at Re,=5,000. At high
Reynolds number and a Schmidt number of order unity, the spectrum of
turbulent scalar fluctuations should display a -5/3 power-law region
and the Kolmogorov (Batchelor) length-scale, passage frequency should
roughly correspond to the high frequency end of this region (Batchelor
1959, Gibson 1968, Monin and Yaglom 1975). While the plotted spectra
are clearly not from a high Reynolds number flow, the scaled frequency
range in which they begin to fall more rapidly than a constant power-law
is more than an order of magnitude lower than 670. This discrepancy
between the measured and calculated break points has also been reported
by Clay (1973), who worked with data from a heated jet at a Reynolds

number of almost 106.

At the low frequency end , f-tD < 1, the spectra are approximately

flat or show a mild peak in the range .1 < f-‘rD < 1. While this
behavior is consistent with the passage of structures whose sc .le is

approximately the same as the local jet diameter, the most general

conclusion to be drawn is that the fluctuations that occur at
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frequencies below 1/T_ do not have a greater amplitude than those that

D
occur near 1/1.'D. Consequently, the turbulent cascade at this Re , must
start near f-tD =~ 1.

It is also worth noting that although the spectra collapse along
rays when scaled by the mean concentration and ‘tD, the spectra are
different from ray to ray. 1In particular, the spectra along the ray at
7° show a longer power-law region with a slope closer to -5/3 than
those for the inner rays. This latter behavior is also apparent in the
spectra of Lockwood and Moneib (1980) at x/d = 20 in a heated air jet at

Re,=50,000. A more complete comparison with other experimental results

will be presented in the next section.

For the data recorded at Re,=16,000, the spatial and temporal
resolution specifications, employed for the runs at Re =5,000, were
relaxed by about a factor of 3. These adjustments were made based on
the results of the Re =35,000 studies in order to take greater advantage
of the experiment’s diagnostic capabilities. The changes position the
calculated value of fe-‘td right near the low frequency edge of the

spectral "noise-tails™ for the results at Re ,=16,000.

The spectra from the data taken at Re =16,000 are displayed on
Figures 4-4, 4-5, and 4-6 for x/d = 30 and 90 along the rays r/(x—xo) =
0, .06, and .11 (6.3° off the centerline). The slopes of the diagonal
lines on these Figures were chosen by eye and do not have a theoretical

backing. The axis scaling used in these plots is the same‘as for the
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Figure 4-4. Scaled power spectra of the concentration
fluctuations on the centerline of the jet at Re =

16,000.

lower Reynolds number spectra except that the value of X, used to

compute T  was derived from the mean-concentration profile collapse at

D
Re,=16,000. The quality of the collapse means that all of the
conclusions from the lower Reynolds number concerning the specific

similarity of C;:ms and Ec(f) remain valid at Re =16,000. As before,

incomplete statistical convergence, fluctuations in Re ;, and imperfect

——— e
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Figure 4-5. Scaled power spectra of the concentration
fluctuations 3.4° off the jet centerline at Re =

16,000.

angular alignment are probably responsible for the deviations from a

perfect collapse. The value of fe-‘r is about 490 for the data from x/d

D

= 30 and about 580 for the data from x/d = 90. The estimate for fK'TD

is 1,590 for Re°-16,000.
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Figure 4-6. Scaled power spectra of the concentration
fluctuations 6.3° off the jet centerline at Re =

16,000.

These spectra show the same general shapes as those at Re  =5,000
except for the appearance of a longer power-law regions, which extend
the high frequency range of the spectra. The slope of the power-law
region steepens as the edge of the jet is approached. The spectra from

the centerline appear to have a slope of about - 1.4, which decreases to
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-1.5 on the ray at r/{(x-x;) = .06, and the straightest part of the
spectra from the ray at r/(x-xo) = .11 has a slope close to -5/3. The
precise reasons for the emergence of power-law regions with powers other
than -5/3 are unknown and will be discussed further in Section 4 of
this chapter. The low frequency end of the spectra has the same

behavior as the spectra at the lower Reynolds number.

4.3 Comparison of Scalar Power Spectra with Jet Scaling

Figures 4-7 and 4-8 display the measured spectra from this
experiment and other related jet experiments on the centerline and at
r/(x-x,) = .12. The scaling of‘ the axes used in Figures 4-1 to 4-6
was retained because of the quality of the spectral collapse it produced
at two different Re, over a range in x/d of 20 to 90. The parameters
necessary to scale the spectra from other experiments, and make them
satisfy the overall normalization (Equation 4.1), were taken from the
author’s papers in all but one case. The vertical location of the
spectrum of Clay (1873) could not be determined because he did not

include among his results, nor report sSpectral values near

CI

rms
f-‘tD = 1, where the other spectra seem to coincide (see Figure 4-7).
The vertical location of Clay’s spectrum on Figure 4-7 was chosen to

match that of the spectrum of Becker et al. (1967), whose Reynolds

number of 54,000 was closest to that of Clay’s.
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Figure 4-7. Comparison of the centerline concentration
fluctuation power spectra to the results of other

experiments with Jjet parameter scaling of the

axes.

For the centerline spectra (Figure 4-7), the current results and
those of Becker et al. agree quite well for f-tD less than unity. This
implies that the total amount of scalar fluctuation energy at the

largest scales, with these normalizations, is independent of Re ,, beyond




- 59 -

10o
10—1 5
10-2._
%
o 103
[
~
o -4
s 10 r
w
10—5..
A Lockwood & Moneib (1980), Re,=50,000 \
—— Present data, Rey= 5.000 )
10—6_ ---- Present data, Re,=16,000 A
r/(x-x5) = .12 to .13
10—7 y 1 1 ) lo 11 12
10 163 162 16 10 10 10 103
f'TD
Figure 4-8. Comparison of the concentration fluctuation power
spectra from ~7° off the centerline to the results
of Lockwood and Moneib (1980) with jet parameter
scaling of the axes.
Re, = 5,000. The centerline spectrum of Lockwood and Moneib (1980)

probably falls below the others in this frequency range because their

reported centerline rms level at the downstream location, where they

measured their spectra (x/d=20), is low (C'rms = .16 E) .
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The spectra of Becker et al. and Clay follow a -5/3 power law over
a significant range, where as the results of the current studies do not.
This may be due to Reynolds number effects, as will be seen more clearly
in the next section. The spectrum of Lockwood and Moneib does not
entirely coincide with that from Becker et al., even though their
Reynolds numbers were very close. Table 3-1 contains the relevant
parameters for these experiments. The observed mismatch might be the
result of a resolution problem of some kind, since it is doubtful that
the Schmidt number, which differed widely in these two studies, can
affect the scalar fluctuation spectra at frequencies well below the
dissipation range. It is worth noting that if the centerline spectrum
of Lockwood and Moneib is raised so that its level is the same as that

of the other spectra at f:-T_=1, it would be a close match with the

D

current spectrum for Re, =16, 000.

Regardless of the exact spectral shapes or levels, two Reynolds
number effects can be seen in Figure 4-7. The spectral level falls with
increasing Reynolds number in the range 1<f-‘tD<102 until a -5/3
power-law behavior is reached. This power-law region matches smoothly
to the Reynolds-number-independent, spectral level below f-tD = 1. The
second effect is the movement of the break point;., which is interpreted
as the beginning of the dissipation range, where the spectrum starts to
fall faster than a - 5/3 power-law, to higher frequency, as the Reynolds
number is increased. The spectrum from Lockwood and Moneib was computed
from data that were filtered above f-‘tD = 50, and therefore breaks from

- 5/3 behavior at a lower frequency than expected.
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If the dissipation break point is defined as the location at which
the slope of the spectrum reaches -2, then, ignoring minor fluctuations,
the break points of the current spectra are at loglo(f-tD) = 1.37 and
1.73 for Re,=5,000 and 16,000, respectively. The difference of these
two is .36, which compares well to the logarithm of the expected ratio
of Kolmogorov (Batchelor) length scales (see Equation 4.3),
3/410910(16,000/5,000) = .38. The dissipation break points of the
spectra of Becker et al., and Lockwood and Moneib were not measured by
these authors. Clay’s dissipation break point is near
loglotf-tD) = 2.9. The logarithm of the expected ratio of Batchelor
scales for his flow and the current results at Re, = 16,000 is
7410910(800,000/16,000) = 1.27, which compares reasonably well with the
observed difference in location, 2.9-1.73 = 1.17, of the break points
of the spectra. The mismatch may result from Schmidt (Prandtl) number
effects. A further discussion of this issue is taken up in the next

section.

The present results for the location of the break point on the
centerline concentration fluctuation spectra can be used to correct the
dimensionless constant in the Kolmogorov length-scale, passage frequency

formula:

0343+ .006 U (£)1/4 (4.4)
. . 1\ 33 .

oo

(fK)measured =
or equivalently,

3
) /,
(fK)measured T, = -0384%.007 Re *. (4.5)
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Spectra for the ray at r/(x-x,) = .12 are depicted in Figure 4-8.
The differences between the present results and those of Lockwood and
Moneib are most likely due to differences in experimental resolution and
possible misalignment with respect to the chosen ray. As mentioned
before, the length of the portion of the spectra with a nearly constant
slope is longer at higher values of Re,, and the spectra from the
present data display a longer -5/3 range when compared to the spectra

from the centerline at the same Reynolds number.

4.4 Comparison of Scalar Power Spectra with Universal Scaling

Figure 4-9 is a plot of the current centerline spectra at both
Reynolds numbers with the spectrum of Clay (1973) in the universal
Kolmogorov coordinates suggested by Gibson (1968 II). The following

definitions apply:

r'(x)
FK(k) = = Universal scalar spectrum (4.6)
K K
L -]
with l I'tk) dk = C’2  k = wave number (4.7)
rms
0
v3 1/
)'K = (r‘”) 4 = Kolmogorov length scale, (4.8)
€

-1
kK xx-k xK-an uc

1 - 21t(f-‘tD) (XK/D) = dimensionless wave number, (4.9)

2 = (VY)Y 2
ZK = ec(T) = (Kolmogorov scalar scale) , (4.10)
4
€ = 6D, U (é(t)z) = estimated scalar dissipation rate (4.11)
c Joo "cl ’ )
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Figure 4-9. Comparison of the centerline concentration

fluctuation power spectra to the results of Clay
(1973) with universal Kolmogorov coordinate

scaling of the axes.

Most of these symbols and definitions are the same as those used by Clay

(1973). The universal Kolmogorov scaling of the spectrum is related to

the jet parameter scaling on Figures 4-1 to 4-8 by:

Cl

F(k) = == E (— ) (4.12)

Cl 2,:
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The estimated scalar dissipation rate, ec, is the subject of Chapter 7.

Dj” is the diffusion coefficient of jet gas into reservoir gas. € and

Ucl are estimated from Friehe et al. (1971) and Chen and Rodi (1980), as

was explained earlier.

The universal coordinates should collapse spectra with different
Reynolds numbers, but with the same Schmidt number, in the dissipation
range. The wave number scaling of the horizontal axis puts the value of
kK corresponding to the Kolmogorov length scale at kK = 2R%. Gibson's
theory predicts that l"K(k) in the dissipation range should shift to
higher wave numbers as the Schmidt (Prandtl) number is increased. This
shift is predicted to be proportional to the square root of the Schmidt
(Prandtl) number ratio, when two flows with different Schmidt (Prandtl)
numbers near unity are compared. Clay’s spectrum is from a heated Jjet
with Pr = 0.7 . The current results from Re0=5,000 and 16,000 are for
'Sc = 1.0 and 1.2, respectively. The shift in loglo(kx) between the
current spectra at Re, =5,000 and Clay’s spectra near kK = 1 on
Figure 4-9 is slightly 1less than a tenth of a decade. This difference
compares well to Gibson’s theory, which w>uld predict a shift of
.08 = 1/z,log]_o(l.O/.?). The predicted shift in loglo(kK) between the
current spectra at Re =5,000 and 16,000 is .04 = 1/210910(1.2/1.0). In
this case it is difficult to determine the actual shift precisely, but

it appears to be very near the predicted value.
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The universal collapse shows that Re,= 5,000 and 16,000 for the
turbulent jet are not high enough to produce an inertial range in the
measured scalar power spectra. Because Clay’s spectrum and the spectrum
of Becker et al. (see Figure 4-7), which were measured at much higher
values of Re,, do display an inertial range, it must be concluded that
the rounded spectrum at Re,=5,000 and the - 1.4 power law, found at Re
= 16,000 on the centerline of the jet, are artifacts of the particular
values of Re . It is possible that the -1.4 slope at Re, = 16,000
might result from the near coincidence of the end of an "immature"
turbulent cascade with the beginning of a dissipation range bump in the

centerline spectrum.

Even though the current Reynolds numbers were not high enough to
produce a classical inertial range cascade, Figure 4-9 shows that at
scales in the dissipation range, the results from these studies match
the predicted universal similarity behavior when compared to the
dissipation range of Clay’s spectrum. This feature of the current
measurements implies that the results presented in Chapter 7 for the
scalar dissipation rate might apply to flows with Reynolds numbers well

above 5,000 or 16,000.
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CHAPTER 5

PROBABILITY DENSITY FUNCTION OF CONCENTRATION

The power spectrum of concentration fluctuations for each data set
was used to estimate the optimal filter (Wiener 1949) for that data set,
following the procedure formula given by Press et al. (1986). After
each data set was filtered, a histogram of the instantaneous
concentration divided by the the local mean concentration, C/E, was
compiled by sorting the data into bins. This histogram was normalized;
i.e.,

©0

I PDF (C/C) d(C/C) = 1, (5.1)
0

to form a probability density function, PDF(C/C). The variable, C/C,
was chosen because dividing C by C should remove the effects of the mean
downstream concentration decay. At a fixed Reynolds number, the
probability density function of c/C should depend only on r/(x-x.), if
the statistical properties (higher moments) of the distribution of
concentration fluctuations in the jet follow the same SsSpecific

similarity as the first moment, C.
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. 5.1 Results at Reynolds Number 5,000 and 16,000

Figures 5-1, 5-2, and 5-3 display the measured probability density

functions of C/C along three rays at «r/ (x-x,) =0, .06, and .12 for

x/d = 20, 40, 60, and 80 at Re =5,000. The quality of the collapse of
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T T R T ]
x/d = 20 _"-
----x/d = 40
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1.9+ Centerline it —
2 Reo= 5000
@
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=
©
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©
O
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.5 —
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0 4 8 1.2 1.6 2.0
(C/C)

Figure 5-1. Probability density function of the scaled
concentration on the jet centerline at Re, =

5,000.

. the distributions along rays implies that C/C is the proper specific
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Figure 5-2. Probability density function of the scaled
concentration 3.4° off the jet centerline at Re, =

5,000.

similarity variable and that the moments of the PDF(C/C) are independent
of the downstream position in the jet. For example, the square root of
the second moment of each PDF, taken about C/C=1, is C;,ms/E, which was
previously showp to depend only on r/(x-x, (see Figure 3-5 and the
discussion in Chapter 3, Section 2). Slight imperfections in the

collapse are believed to be due to incomplete statistical convergence
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Figure 5-3. Probability density function of the scaled
concentration 7° off the jet centerline at Re, =

5,000.

and possible imperfect alignment of the measurement point with respect

to the chosen ray.

Figures 5-4, 5-5, and 5-6 display the measured probability density
functions of C/C along three rays at r/(x-x,) = .00, .06, and .11 to

.12 for x/d = 30 and 90 at Re,=16,000. The quality of the collapse is
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Figure 5-4. Probability density function of the scaled
concentration on the jet centerline at Re =

¢}

16,000,

good, implying that the proposed specific similarity variable, C/C, for
the PbF is a general similarity variable, even though the actual shape
of the PDF might depend on Re,. The Reynolds number dependence of the
shape of the PDF of C/C and its consequences are discussed in Sections 2
and 4 of this chapter. Imperfections in the collapse at this Reynclds

number may be attributed to the same problems mentioned above.

|
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Figure 5-5. Probability density function of the scaled
concentration 3.4° off the jet centerline at Re , =

16,000.
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. 5.2 Raynolds Number and Schmidt Number Comparisons

Figure 5-7 is a comparison of the centerline PDF at the two

Reynolds numbers. It was created from Figures 5-1 and 5-4 by averaging

and smoothing the histograms. The differences in the two distributions
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Figure 5-7. Averaged and smoothed probability density
functions of the scaled concentration on the
. centerline of the jet at Re, = 5,000 and 16,000.
i on Figure 5-7 are not large and are difficult to identify in the
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statistical scatter of the individual histograms on Figures 5-1 and 5-4.
This is also the case for the PDFs along the rays at r/(x-x, ) = .06 and
.11 to .12 . The principal difference seen on Figure 5-7 is that the
PDF from the jet at Reo-16,000 is slightly wider and a little shorter
than the PDF from the jet at Re,=5,000. This is consistent with the
slightly higher value of Céms/a on the centerline at the higher Reynolds

number.

Even though the estimated PDFs are in close agreement at both
values of Re,, the details of the mixing are not necessarily independent
of Reynélds number. In particular, the value of the mean concentration
decay constant, K, is about 8% larger at Re°==5,000 than at Re = 16,000
(see Chapter 3, Section 1), and because the variable C/C removes this
difference, comparisons between Figures 5-1 to 5-3, and 5-4 to 5-6
conceal this discrepancy. Additionally, the "inertial-range™ portion of
the power spectra of concentration fluctuations depends on Re , at least
to values near 50,000 (see Chapter 4), so perhaps PDF(C/C) does also, if

only to a small extent.

At least one Schmidt number effect can be identified in PDF(C/C)
when the current results at Re =5,000 are compared to those of Dahm
(1985), who worked at the same Reynolds number but at Sc =600 to 800.
He found pure reservoir fluid on the jet centerline a small fraction of
the time. This is not the case for the current study in gas phase jets.
Pure reservoir fluid, C/C = 0, was never found on the centerline in the

Re ,=5,000, Sc=1.0 jet.
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5.3 The Structure of the Probabllity Density Function

Figures 5-8 to 5-13 display time histories of the optimally
smoothed concentration and the resulting accumulated PDF of
concentration. The time span over which each PDF was accumulated is
written at the top of each PDF plot. The displayed data on each Figure
start from the same place in the chosen data sets so that the traces
cascade from one plot to the next. For example, the top trace on Figure
5-9 corresponds to all of the data plotted on Figure 5-8 and the top
trace on Figure 5-10 corresponds to all of the data plotted on Figure
5-9. The same pattern applies to Figures 5-11 to 5-13. Figures 5-8 to
5-10 are from the centerline of the jet at x/d = 60 and Re, = 5,000.
Figures 5-11 to 5-13 are from the centerline of the jet at x/d = 90 and
Re, = 16,000. In all of these plots, time is normalized by Tn- The
differences in the actual concentration levels on these plots are not

important since the PDF is self-similar in the mean.

Both sets of plots show that the PDF of concentration is basically
composed of many "spikes"™ of concentration. The "spikes" arise from
portions of the data in which there is very little variation in
concentration. Comparison of the shapes of the final PDFs on Figures
5-10 and 5-13 with the shape of the centerline similarity PDF, Figures
5-1 and 5-4 or Figure 5-7, shows that the convergence to a mean PDF is
incomplete even after 16 Tp- It is also worth noting that within a
particular large scale time, there are perhaps only about half a dozen
individual concentration levels being mixed by the jet turbulence. This

is best seen on the top plots of Figures 5-9 and 5-12, where the PDFs
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Figure 5-8. Time traces of C(t) and accumulated PDFs at Re, =

5,000 on the jet centerline with about .25 Tp per

line.

accumulated from a single large scale time are plotted.

Figures 5-8 to 5-13 also point out two differences in mixing at
these two values of Re,. The PDF of concentration appears to converge
to a smooth shape more quickly at Re =16,000 than at Re  =5,000, and

the mixing at Re =16,000. takes place along a larger number of
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Figure 5-9. Time traces of C(t) and accumulated PDFs at Re =
5,000 on the jet centerline with about 11, per

line.

concentration gradients, per large scale time, than at Re =5,000. The

latter of these differences is consistent with the increase in Re,.
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Figure 5-10. Time traces of C(t) and accumulated PDFs at Re, =
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line.
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Figure 5-11. Time traces of C(t) and accumulated PDFs at Re, =

16,000 on the jet centerline with about .ZStD

per line.
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Figure 5-12. Time traces of C(t) and accumulated PDFs at Re =
16,000 on the jet centerline with about 1 Tp per

line.
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Figure 5-13. Time traces of C(t) and accumulated PDFs at Re, =
16,000 on the jet centerline with about 4 Ty Pper

line.
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5.4 Implications for Turbulent Jet Mixing

The structure and shape of the probability density function of jet
gas concentration at these two Reynolds numbers can be used to draw a
few conclusions about turbulent jet mixing. The most important
conclusion is that for the central part of the jet, 0 € r/(x-x, < .12,
the amount of molecularly mixed fluid, when scaled by the local mean
concentration, is essentially independent of Reynolds number in the
range studied. Even though there are fewer small-scale fluctuations per
Tp 3t Re, = 5,000 when compared to Re, = 16,000, the diffusion layers
are thicker so that the tabulated amount and composition of the
molecularly mixed gas, normalized by the local mean, is almost the same

at the two Reynolds numbers.

This is not true at the edges of the jet, r/(x-x,) > .12, where
the rms levels, which are a measure of the width of the PDF of
concentration, depend on Re, and Sc (see discussion in Chapter 3,
Section 2). This radial dependence of the amount of mixed fluid at
different Reynolds and Schmidt numbers can be seen in the current data
by comparing the ratio of the local mean mixed fluid concentration and
the local mean concentration, -C_m/E, along rays near the edge and near
the centerline, of the jet at the two Reynolds numbers. The local mixed
fluid concentration was computed from the measured PDFs by ignoring the

contribution of concentrations that were less than 5% of the local mean.
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- -]

I (C/C) PDF (C/C) d(C/C)
_ .05
c./C = (5.2)
PDF (C/C) d(C/C)
.J0S

Table £-1 displays the values of Em/E computed from the measured

distributions. The values at TN = .18 are not as reliable as for the
Table 5-1: Values of Cm/C
n= .00 .06 .12 ~.18
Re° = 5,000 1.00 1.001 1.016 1.11% .05
Re, = 16,000 1.00 1.001 1.035  1.16% .05

other 3 rays.

If the 8% difference in the mean concentration decay rate between
Reynolds numbers is ignored, then the observed Reynolds number
near-independence of the mixing would be consistent with the flame
length studies of Weddell (1952) and Dahm et al. (1984). Their work
points to Re, = 3,000 as the threshold where the degree of molecular
mixing in the jet becomes independent of Re,. In fact, all of the 8%
difference in X should not be ignored. It should be recognized that the
flame length conclusions of Dahm et al. and Weddell requi;.-e only that
the high-concentration end of the PDF of C/C becomes independent of Re,
beyond Re =~ 3,000. Figure 5-7 shows that there is a slightly greater
abundance of the high concentrations in the Re  =16,000 jet than in the

Re =5,000 jet. This increased abundance at high C/C, however, offsets
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part of the 8% loss in mean concentration when a flame length is
estimated from the measured PDF of C/C. It must be mentioned that only
the maximum flame length can be estimated from the PDF of C/C because
the the process of compiling the PDF removes temporal information, and

only resolves the highest concentration excursions.

Figure 5-14 is a comparison of the flame length measurements of
Dahm et al. (1984), with the maximum flame lengths estimated from the
current mixing experiments. This was done by assuming that, if an
infinitely fast reaction was to take place between the Jjet and reservoir
gases, then the farthest downstreanl occurrence of the stoichiometric
mixture ratio for the reaction, ¢*, would mark the flame tip. Because
of the statistical error in the PDFs at very high values of c/C, the
calculations for Figure 5-14 were made assuming that a small percentage
of gas was left unreacted at the flame tip. Of course, the actual

percentage of gas left unreacted at the flame tip is zero.

The stoichiometric mixture ratio of the presumed reaction, ¢* = the
number of parts of reservoir fluid needed to complete a reaction with

one part of jet fluid, was estimated from the PDFs on Figure 5-7, using:

x« 1-C * C\%=
¢ = * , C = (:) c, : (5.3)
o C
where (C/E)* was determined from:
o0
1oo[ I PDF (C/C) d(C/E)] = % unreacted @ the flame tip, (5.4)

/Sy

and
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Figure 5-14. Comparison of flame lengths reported by Dahm et
al. (1984) with those estimated from the measured
PDFs of this study.
C=xc,a"/(x~x,, (5.5)

with x and x, as specified in Chapter 3, Section 1. Substitution of
Equation (5.5) into Equation (5.3) yields a formula for ¢* in terms of
(x-xo)/d*, which can be inverted to give the expected value of

(x-xo)/d* at the flame tip for a given ¢*.
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(x22)

C\*
= - (é) KC, (6" +1) (5.6)

flame tip

Figure 5-14 shows the results at both of the current Reynolds
numbers for two assumed values of the percentage of fluid left unreacted
at the flame tip (.01% and .1%). The current predictions fall about 15%
percent short of the measurements of the maximum flame length made by
Dahm et al. (1984). A portion of this discrepancy can probably be
ascribed to the fact that the current predictions were not made for 100%
completion of the presumed reaction (zero percent unreacted). Perhaps
the rest of the discrepancy can be attributed to the large difference in
Schmidt number between the Jjet flows compared on Figure 5-14. Dahm
worked with liquid phase jets at SC~103 and the current studies are for
Sc=1. Broadwell (1987) suggests that there should be a Schmidt number
effect in jet mixing if the Reynolds number is low enough, so it is
possible that the jet Reynolds numbers depicted in Figure 5-14 ‘are not
high enough to entirely eliminate a Schmidt number dependence of the
flame 1length. It is worth noting that if the flame length does depend
on the Schmidt number in the Reynolds number range presented on Figure
5-14, then the longer maximum flame length at the greater Schmidt number
is consistent with the ideas presented by Broadwell. For the current
studies, some of the disagreement between Reynolds numbers shown on
Figure 5-14 might result from an error in the value of K at Re, = 16,000

(see Chapter 3, Section 1).
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As mentioned in the context of the mean concentration profile
{Chapter 3, Section 1), the entrainment studies of Ricou and Spalding
(1961) suggest that the threshold Re, for Reynolds number independent
behavior of the jet’s entrainment rate of reservoir fluid is about
25,000. Unfortunately, they only made measurements from the jet origin
up to x/d = 14 and 26 so their results may not be free of near-field
effects. Their measurements also show that the jet entrains relatively
less reservoir fluid as Re, is increased. This is in clear contrast to
the measured change in X of the present studies, so a better

understanding of the issues discussed here awaits new results.

A final conclusion, which does not depend on a subtle
interpretation of Figures 5-1 to 5-6, is that the mixing process in the
jet, when elucidated through the probability density func .on of jet
fluid concentration, has the same specific similarity as the mean
concentration of Jjet fluid. This can be concluded because the shape of
the PDF of C/C, at a fixed Reynolds number, is found to depend only on
r/(x-x,). Additionally, the quality of the collapse achieved for the
PDF of C/E, at two different values of Re ,, suggests that C/C is the

correct general similarity variable for the mixing process in the jet.
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CHAPTER 6

THE TIME DERIVATIVE OF CONCENTRATION

The statistics of the time derivative of the concentration are
important in this study as a check of the local isotropy of Jjet mixing
because local isotropy is one of three assumptions that allow the scalar
dissipation rate (or local mixing rate) to be estimated from
measurements of (dc/dt)z. The probabi