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SUMMARY

Fuel-air mixing enhancement in axisymmetric jettngsan array of synthetic jet
actuators around the perimeter of the flows (pritpgrarallel to the flow axis) was
investigated using planar laser-induced fluoreseaicacetone. The synthetic jets are a
promising new mixing control and enhancement teldgy with a wide range of
capabilities. An image correction scheme that oapd on current ones was applied to
the images acquired to generate quantitative mixiegsurements. Both a single jet and
coaxial jets were tested, including different vélpaatios for the coaxial jets. The
actuators run at a high frequency (~1.2 kHz), aedewested with all of them on and in
other geometric patterns. In addition, amplitudedaiation was imposed at a lower
frequency (10-100 Hz).

The actuators generated small-scale structurdseiroditer (and inner, for the coaxial
jets) mixing layers. These structures significamthhanced the mixing in the near field
(x/D < 1) of the jets, which would be useful forneaxting an off-design condition in a
combustor. The amplitude modulation generatedelaple structures that became
apparent farther downstream (x/D > 1). The impuaiséhe start of the duty cycle was
responsible for creating the structures. The latgectures contained broad regions of
uniformly mixed fluid, and also entrained fluid sificantly. In addition, highly
asymmetric forcing geometries displayed the powehe actuators to control the spatial
distribution of jet fluid. This spatial control isportant for the correction of hot spots in

the pattern factor.
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In order to extend quantitative acetone PLIF to-phase flows, the remaining
unknown photophysical properties of acetone wesntifled. Tests showed that the
technique could simultaneously capture acetonernvapd acetone droplets. A model of
droplet fluorescence was developed, and applieihtmges acquired in a dilute spray.
The sensitivity of the model to the value of th&nmwns was evaluated, including a best
and worst case. The results revealed that seguad acetone photophysical properties
must be measured for the further development of tehnique, especially the
phosphorescence yield. Quantitative two-phaseoaeePLIF will provide a powerful

new tool for studying spray flows.
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CHAPTER 1

INTRODUCTION

Enhancing and controlling fuel-air mixing is impamt for modern combustion
systems, and requires an understanding of mixirgcgases in systems typical of
practical combustors. Changes in fuel-air mixiag tead to the reduction of pollutants,
improved combustor efficiency, reduced combustae,sionger engine lifetimes and
greater stability or operability. While modern combustors perform quite well atcifie
design conditions, one area of concern is perfoomauring off-design conditions, such
as a high-altitude re-light of an aircraft engileaprovements in off-design performance
can be achieved through control and enhancemetiteomixing process, but there are
several constraints on the techniques that mayséd.u

Engines operate in off-design conditions for rekly short periods of time. This
implies that the mixing control and enhancementtesysshould be lightweight to
minimize the penalty on normal performance, andhofimum complexity to maximize
the reliability of the system. However, the systatso needs to be very flexible to
provide the ability to make large changes to car®ca variety of problems. A plugged
fuel-injector requires spatial redistribution ofetlavailable fuel and air, while a high-
altitude re-light requires the best possible fuehaxing to use what little air is currently
available. In essence, the technique needs to aoidoth the large-scale stirring and the

small-scale mixing.



Mixing Enhancement

Many mixing enhancement and control techniques Hsaen used over the years.
One common method is to change the geometry dfdte to enhance the mixing. This
is effective at mixing enhancement, but a passeehrique is not helpful for a sudden
off-design condition and does not provide spat@ahtmol. In fact, a passive system
cannot meet all the requirements for controllapiléglthough the simplicity of a passive
system is desirable. The question then becomestye of active technique is flexible
enough for the purpose, yet minimizes the compfeaftthe system. There are many
active control techniques in use, though. For ganpone can temporally modulate the
fuel or air flow, but this does not provide the ided azimuthal control. The addition of
secondary air and fuel flows can provide the remuispatial and temporal control, but
requires a complex and bulky system that is undekErfor an aircraft engine. Other
active mixing enhancement methods suffer from thees additional flaws. However,
acoustic excitation at a natural frequency of tlmvi is the only method of strong
forcing to previously receive study in mixing megsuents. Acoustic forcing is able to
distort the jet shape of a round jet and incre&seentrainment. Forcing the annular
flow in coaxial jets greatly affects the flow inthastreams while forcing of the center jet
did not have a significant effect on the outer ffbleading to the conclusion that forcing
of the annular flow is the most effective method eéwhance mixing. Since these
traditional methods are not suitable for the problt hand, however, a new method is

desirable. One method that has been suggestautlseiseto use synthetic jet actuatdrs.



Previous experimental study of synthetic jet aditsathas focused on fluid
mechanical effects and velocity measurem@&hts.Synthetic jet actuators generally
maintain either a constant frequency but varyingpléode (e.g., devices based on
piezolelectric-driven membranes) or a constant ldcgment with variable frequency
(e.g., driven piston systems). While some work basn done showing the impact of
piston-based synthetic jet system on pattern fadmwnstream of a combustora
piezoelectric-driven vibrating membrane can runaamuch higher frequency than a
moving piston, has a variable strength, and is éaspntrol electronically. This type of
synthetic jet has been modefelf,including the potential mixing enhanceméht? The
ability to use digital control implies that a lowkgequency can be used to modulate the
high frequency signal, potentially resulting in Ihdarge-scale and small-scale effects
from the actuator. Velocity measurements indictitat piezoelectric synthetic jet
actuators can in fact affect both the small angdascales® However, the current body
of work lacks mixing measurements to show the éffeness of synthetic jet actuators

for large- and small-scale mixing enhancement amdrol.

Jet Mixing

In the effort to evaluate mixing enhancement iralaotatory setting, free jet flows
were used to simulate the flows of interest. Bathaxisymmetric single jet and co-axial
jets were used to provide a deeper understandinghef effects of the mixing
enhancement devices. Jet flows have been stugiedsively, but relatively little of the

research is directly relevant to this work. Mastriesearch examined the far field of the



jet, not the near field (less than 5 jet diametdmvnstream) of interest in this
investigation. Even less work focused on makingamative, scalar mixing
measurements in this field of interest. Theresamae key points that can be drawn from
prior work, though.

Single jet work has found that fully developed pif®v mixes on the centerline
faster than a jet with a top-hat velocity profifé> It was also observed that large-scale
structures dominate near field mixifyy. Several investigations that did measure
mixing'’*®**found that the Broadwell-Briedenthal modeif shear flow mixing held for
their results. Coaxial jet flow studfé$***have found that the area ratio, velocity ratio
and absolute velocities are the dominant variabféecting the flow. Interaction of the
two flows is enhanced when the inner jet is slothan the annular jet §W, < 1* and

reducing the area of the annular jet increasesffieet®*

Mixing Measurement

An appropriate mixing-measurement technique to uatal synthetic jet actuators
should provide non-invasive, temporally- and spigti@solved mixture fraction
measurements, preferably down to very small spatialles where diffusion ensures good
molecular mixing, with a minimum of complexity. Nénvasiveness suggests use of an
optical technique as opposed to an intrusive teglailike gas sampling. Optical
diagnostics vary in terms of resolution, thoughbsérption techniques are simple and
temporally-resolved, but lack spatial resolutioncsi they average across the line of

sight® Rayleigh scatterirfg provides total density, requiring a large densifference



between the fuel and air to see mixing to low Iswadlfuel, and suffers from interference
due to particles and spurious scattered laser.ligRaman scatterii§ struggles to
provide quantitative results over a large rangenodture fractions due to the low signal
strength, and has a relatively large noise le¥anar laser-induced fluorescence (PLIF)
is a good choice for gas-gas mixing measuremertause it yields quantitative two-
dimensional images of the flow field and is a pmovapproach for non-invasive
measurementd. In order to maximize the quantitativeness of tasults from PLIF,
however, correction for several error sources rhashade. While a complete correction
scheme has been outlined previouSipo work in the literature has truly applied all of
them. The choice of fluorescing molecule is ateportant to obtain the best results. For
fuel-air mixing measurements, acetone is especathactivé® for reasons that will be
covered in detail in Chapter 2. Acetone PLIF hes/gn to be a diverse and powerful
technique, used for concentration measurementsvariaty of flow fields including jets

in cross-flow", supersonic flow¥ , heated non-reacting flows*>>3°

and combusting
flows>"® It has also been used to measure multiple pasmmetmultaneousfy*®in

agn ’44 -
gaseous flows. In addition, the temperattiféand pressufé**dependencies of acetone
fluorescence have been measured recently, alomgewditation wavelength and ambient

gas effects.



Two-Phase Measurement

While gaseous systems are of interest, liquid faetsalso very common and require
non-intrusive, quantitative, spatially- and templgraresolved gas-gas and two-phase
mixture fraction measurements. Obtaining all a$ fnom one technique would be ideal,
minimizing the amount (and expense) of equipmend &ne complexity of the
experimental setups required. Scattering can bd ts measure the size, location and
velocity of droplets or particles with good res@uat but scattering techniques are more
difficult to use for gas-gas mixirg. Another common method used in the engine
industry is to measure droplets with fluorescemoenfexciplexed>*® An exciplex is an
excited-state complex that requires doping theidigbowever, and the fluorescence is
strongly quenched by oxyg&mrequiring an enclosed volume filled with no aivipor
measurements are desired. A related option usetwlustry is to use fuel fluorescence
itself*® but this introduces the unknowns of the exact faemposition and the
photophysical properties of those components irtiatdto providing a nasty imaging
environment.

PLIF of a fuel substitute can also have difficidtimm two-phase flows, however.
While fluorescence and scattering can be combinigd seme difficulty to improve the
measurement, obtaining quantitative two-phase mexttaction measurements from one
technique would be better. Acetone PLIF has besed ufor quantitative vapor
concentration measurements in two-phase flows bgfobut the data was cut off
whenever a droplet large enough to produce a signeater than that from one pixel of

the vapor in the flow field was encountered. Egteg acetone PLIF to simultaneously



measure liquid and vapor mixture fraction witholgoausing scattering would be a

definite improvement over the current choices.

Outline

Chapter 2 provides a background on synthetic jeitd acetone PLIF as a
measurement technique in gaseous and two-phass. flivalso discusses a new model
of acetone droplet fluorescence. Chapter 3 dettits experimental setups and
measurement methods used in this work. Chapteegepts qualitative imaging results,
demonstrating the range of effects synthetic jetiors can have on the flow fields.
Chapter 5 provides quantitative results for mixgmhancement by synthetic jets on a
single jet and on coaxial jets. Chapter 6 appmiestone PLIF to two-phase flows, uses
the droplet model from Chapter 2 to calculate somn@erical results, and explores what
additional knowledge is needed to extend quantgaticetone PLIF to two-phase flows.

Chapter 7 contains conclusions from the researdrsaggestions for future work.



CHAPTER 2

BACKGROUND

Synthetic Jets

A synthetic jet actuator is a zero net-mass-fluxmmantum-transfer device. The
actuator is a cavity with an opening and a movald# such as a vibrating membrane or
piston (Figure 2.1). The motion of the wall su@ksgyas from all directions in the flow
and then ejects the gas in a directed jet of muglnen velocity. Synthesis of the periodic
flow caused by alternating suction and blowing tigio the actuator orifice creates a
synthetic jet. Synthetic jet actuators are faslynple since they require no external
plumbing. They also offer the promise of spatiahtcol since they can be distributed

spatially and controlled individually.
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Figure 2.1. Schematic of a synthetic jet.

Acetone PLIF

Fluorescence

Luminescence occurs when excited molecules spootiaheemit light to relax to a
lower energy state (usually the ground electrotate$. If the excited and ground states
share the same spin multiplicity (both are singlgites or both are triplet states), this
process is called fluorescence. If the two sthtase different spin multiplicities (triplet
to singlet or singlet to triplet), the process @led phosphorescence. Fluorescence is
generally much faster than phosphorescence betia@stange in spin multiplicity is an
unlikely event, often called a forbidden transitiobaser-induced fluorescence denotes a

process in which the absorbing molecules are eleictally excited by a laser beam of a



properly chosen wavelength. Optically convertihg taser beam to a thin laser sheet

yields planar laser-induced fluorescence.

Acetone

Acetone vapor luminescence has been studied foy pears>>°>°3 The research
has continued to improve>>°°°"as the available equipment has improved, but tbrx w

é9,60,61

has focused on fluorescent more than phosphorescence. The range of testing

conditions, from near vacuum to atmospheric pressmd near to mid-UV excitation,
has also lead to multiple studies of acetone'satigs % 646°06.67

Acetone has many advantages over other fluoresdiaghatives. Most importantly,
acetone fluorescence in isobaric, isothermal flawssknown to scale linearly with
concentration (and laser power under most condi}ifnwhich is not true for many
fluorescing molecules. At atmospheric conditiothe fluorescence yield of acetone is
limited by rapid intersystem crossing from the tfiexcited singlet state (S1), which
fluoresces, to the first excited triplet state (TMhich phosphoresces (Figure 2.2). In the
absence of @ the integrated phosphorescence emission for eetapor is stronger
than its fluorescence; the phosphorescence yieddBP to just 0.2% for the fluorescence
yield.®® Phosphorescence also has a much longer lifetim@por (200 s versus 4 ns
for fluorescence§®

While the two emissions can be separated tempoigdkgctral separation is difficult

due to significant overlap of the spectra. Becacsone fluorescence is so short-lived,

it is not significantly quenched by oxygen unlikeamy other fluorescing molecules.



However, the phosphorescence is strongly quenciienkygen®® leaving just a strong

fluorescence signal in the conditions in these erpnts. Also, acetone absorbs
ultraviolet light (225 - 320 nm) but fluorescesthe blue (350 - 550 nm). Elastically
scattered light is easily filtered out by simpleagd optics since the absorption and
emission spectra do not overlap. Finally, acetemuch less toxic than many
alternative molecules. Although prolonged exposlreuld be avoided, breathing small

amounts of acetone vapor does not present a sdrealih risk.

Ground Singlet Triplet

Laser | Fluorescence Phosphorescence

(O, quenches)

v v

Figure 2.2. Diagram of acetone photophysics.

Measuring Mixture Fraction

The concentration field of acetone can be convddeadixture fraction, a measure of
the average mixedness of the small volume imagedarpixel, by using Equation 2.1.

The mixture fraction (f) is defined as the ratiotbé mass of fluid that originated from



one source to the total mass in a measurement eofthra extra mass having come from
elsewhere). This investigation is focused on awetseeded jets into ambient air, sof=1
for pure jet fluid and f = O for pure air. Theusce of the air (ambient or from another
jet for a coaxial jet case) is immaterial to thextmie fraction of acetone.

The substitution of known values into the mixturaction equation, as seen in
Equations 2.1a - 2.1g, leads to the practical fofrthe equation shown as Equation 2.2.
Starting from the original definition of the mixtufraction in Equation 2.1, the total mass
is broken in to the sum of jet fluid and other dui Both the numerator and the

denominator on the right side of the equation e divided by the mass of jet fluid.

m - mjet _ 1
Mot mjet + Mother 1+ motr%

jet

fo (2.1)

jet

Equation 2.1a pulls out the ratio of the mass bkpfluid to the mass of jet fluid.
The mass is redefined as the product of the numfb@oles and the molecular weight of
each type of fluid, netting the product of the gaif the number of moles and the ratio of

molecular weights.

Myther — Nother MWother (Zla)
m n MW

jet

jet jet

Equation 2.1b reduces the ratio of number of melen further. First, it replaces the

number of moles of other fluid with the total numioé moles minus the jet fluid number



of moles. Dividing through by the total number mbles, it leaves the ratio of the

number of moles of jet fluid to the total numbemudles as the lone variable.

Notner - Meotal njet — Niotal (2 1b)

n njet njet

jet

total

Equation 2.1c simplifies the ratio of the numbernobles by renaming it as the
concentration of jet fluid. The concentration iscaequal to the ratio of the number of

moles of acetone at that location to the numbenales of acetone at the jet exit.

n

acetone (2 . 1C)

n nacetoneexit

total

Substituting concentration back into Equation 2ddults in Equation 2.1d.

Notner — 1-C (Zld)
n C

jet

Equation 2.1e recognizes the experimental conditadrthis research by defining the

other fluid as air for the molecular weight.

MWother = MWoir (2.1e)



Similarly, Equation 2.1f redefines the jet fluid fiothe experiments. The molecular
weight of the jet fluid is the sum of two thingfetproduct of the concentration and
molecular weight of acetone, and the product ofdecentration and molecular weight
of air.

MW,,, = C XMW,

acetone

+ (l_ C)MWair (Zlf)

Equation 2.1g combines the new molecular weighind&fns from Equations 2.1e

and f to redefine the ratio of molecular weights.

MW,

other _— 1

MW C MWacetone +

jet

(2.19)
(t-c)

air

The substitution of Equation 2.1g into Equationa2résults in the final mass ratio
equation, Equation 2.1h, in terms of the conceiomaand the molecular weights of air

and acetone.

t-c)
mother — C
= (2.1h)
mjet C ::MWacetone + (1_ C)

air

Inserting Equation 2.1h into the original definitiof mixture fraction (Equation 2.1)

results in Equation 2.2. This new equation defitesmixture fraction in terms of just
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the concentration (measured experimentally), théecutar weight of air (known) and

the molecular weight of the acetone jet (measuxper@mentally).

1
2.2
1_ C ( )
1+ MW C
C x acetone+(1_ C)
MW

air

The reasons why the molecular weight of the acejehis not known a priori in these

experiments are discussed in Chapter 3.

Liquid

A key to making quantitative PLIF measurements inltiphase flows can be
distinguishing between the signal coming from ddéfa@ phases. For example, acetone
vapor and acetone droplets will both fluoresce whecited by a laser. However, the
spectra from both phases are very similar, so tlesgs cannot easily be distinguished
spectrally’”® In general, the photophysical properties of kigaceton® * " are less well
understood than for vapor and have been less stifdid’* If the fluorescence is being
imaged with a camera, and if the droplets are @efitly larger than the size of a pixel,
the droplets can be discriminated from the gas dasetheir spatial pattern (shape).
Thus, phase discrimination is primarily an issue $abpixel-sized droplets. Acetone
PLIF has been used in multiphase flows before, ot to provide quantitative

measurements of the liquid phd&e.
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The large density difference between the phasesever, leads to a solution. The
higher density of liquid acetone (~75€he vapor density at standard conditions) leads to
much larger signals from droplets compared to vagdhe same volume. Thus, signal
strength can be used to separate liquid from vapetone, but only for droplets larger
than some minimum critical diameter. The reasothésvery short optical dept»18

m)*® of liquid acetone for ultraviolet wavelengths. rRmarticle diameters somewhat
larger than the optical depth, the liquid in thepdet beyond the optical depth does not
contribute to the fluorescence signal, as the lasergy is nearly depleted after being
absorbed by the liquid.

The liquid absorption also impacts acetone PLIF sueaments of the vapor phase.
Behind droplets, which can be highly absorbinghe laser energy as noted above, the
laser energy will be reduced. If a droplet is laegeugh (e.g., a significant fraction of the
height of a pixel or the thickness of the lasereshemaking measurements of acetone
vapor in the “shadow” of the droplet becomes mafecdlt as the local laser intensity
will be unknown. This limits the usefulness of tgbase acetone imaging in dense spray
regions. Since the strong absorption limits theximam signal from large droplets,
though, the dynamic range of the camera requiredew both droplets and low vapor

concentrations is reduced.

Droplet Model

In order to discriminate the signal produced by pixd-sized droplets from the

signal for vapor, a model of the droplet PLIF sigsaneeded. For example, it would be

12



helpful to calculate a “cutoff” diameter for disguishing the two phases. For droplets
above this cutoff size, the PLIF signal from thgquld would exceed the maximum

possible signal from a volume of vapor. Thus drsplabove this size could be
discriminated from vapor regions based on signaingtth, while smaller droplets could

not be distinguished. Such information would befuiséor example, in comparing to

computational fluid dynamics (CFD) codes for evapoig sprays. Such codes typically
track droplets as they move and evaporate only dtavisome minimum diameter;

beyond that point, the droplet is assumed to ewpomstantly. Tracking smaller

droplets becomes too computationally expensivepeErments that can only distinguish
down to 100nm droplet diameters would be of little help if th@de tracks them down to

5 nm. However, if the experiments and computationgehsimilar droplet thresholds,

then the data can be meaningfully compared.

A simple model to account for droplet fluorescehes been given for a spherical
droplet with an index of refraction that matches tapor valué® This choice of
refractive index eliminates reflection and refrantiat the surface. The model was also
derived for a top hat laser profile, with the detphlways entirely inside the sheet, and

square camera pixels. In this case, the fluoregcesngiven by Equation 2.3:

Kd

S, ° %Iopdz 1-e 8 (2.3)

where d is the droplet diameter, K is the absonptioefficient, and is the fluorescence

efficiency.
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This approximation shows that the fluorescencerapgrtional to volume for small
droplets (Kd/3 << 1) while it scales like surfaaean for large droplets. Experimental
results do not fit this model, however. Acetones [z index of refraction of 1.36,
resulting in reflection and refraction at the detpsurface. A modified model, which

reduces to the original for n = 1, was propd3éalaccount for this, and is given by:

_Kd"

S, ° glopd(3'”) 1- e 3 (2.4)

It was found that an index of refraction (n) of 3 Hest fit the data. Potentially this
could be a dispersion effect resulting from asmlarilroplets. Building on this model,
we consider a more realistic treatment of reflectiand refraction effects, while
maintaining the assumption of spherical droplets.

The current model calculates two basic parametmrsedch phase of acetone in a
pixel, the fluorescence signal emitted and thenekitn of laser light due to the acetone.
Extinction combines two forms of loss, absorptiontbe acetone and scattering out of
the plane by reflection or refraction.

The normalized fluorescence signal from the acet@p®r in the pixel, according to

Beer's Law?® is given by Equation 2.5.

2

Soos N b 2.5)

I 0 tref

14



In the case of acetone vapor, the scattering daedtone molecules is ignored. This
results in a pixel extinction coefficient due tgea only (PEG), where extinction is only

due to absorption, given by:
PEC, =1- e > (2.6)

wheres, is the absorption cross-section of acetone vegut,N is the number density
of acetone vapor. The droplet signal is calculdtedh the model given above. For
practical purposes, it is easier to work with tleemalized fluorescence signal given from

a droplet rather than the absolute value. Thusakon 2.4 becomes Equation 2.7.

:%ds'“ l-e @ 2.7)

where {.t is a reference sheet thickness used to maintaistaot energy in the laser sheet
instead of a constant intensity as the sheet teskrchanges. The new model uses
computations based on basic light scattering golasifor spherical droplets to calculate

the pixel extinction coefficient for a droplet (PEC Tabulated dafa for water droplets

(n = 1.34 versus 1.36 for acetone) were used tulze several numbers as a first order
approximation. The droplets of interest (d > 1) were calculated to be very large

( d/ >>1), so the tabulated results for very largeewatoplets were used. The tables

presented the fraction of the incident energy thagxternally reflected, refracted but
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passes through, and is internally reflected befasing through for ranges of the final
light ray angle.

First, the percentage of light reflected from thepdet surface was calculated to be
7.7% while the amount of light scattered out of hene of the laser sheet was 12.2%
(reflection + refraction). The average path lenfih a light ray through a droplet,
allowing for internal reflections, was found to 090 times the droplet diameter.

Equation 2.8 gives the basic form of the pixel motibn coefficient.

PEC; = 1 — (Scattering + Absorption) (2.8)

In order to calculate the extinction from a dropfest the area ratio of the droplet to the

pixel area is calculated in Equation 2.8a.

(2.8a)

Next, the absorption is calculated for the liquidtjas for the vapor in Equation 2.8b

using the calculated mean path length for a light r

Absorption= g %% (2.8b)

where Ky is the absorption coefficient for liquid aceton&ince some of the light is

16



reflected from the droplet surface, the absorpisoscaled by the fraction of incident light

that actually enters the droplet in Equation 2.8c.
Absorption= 0.923 %%« (2.8¢)
Now all three forms of extinction are summed in &ipn 2.8d.

Extinction= 0.122+ 0.923 9% (2.8d)

This leads directly to the pixel extinction in Etjoa 2.8e, which scales the droplet

extinction by the area ratio.

2

Pixel extinction= p % (0.122+ 0.92%F 090""") (2.8e)

Equation 2.9 converts this into the pixel extinoticoefficient for a pixel containing a

droplet.

2
PEC, =1- p % (o.122+ 0923 °~9°“Kd) (2.9)

Combining Equations 2.6 and 2.9 gives the totaklpextinction coefficient as seen in

Equation 2.10.
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2
PEC=1- p % (0.122+ 0.923 29K ). g s (2.10)

The pixel extinction coefficient only has two vdies, droplet diameter and acetone
vapor number density. gands, are physical constants for an isobaric and isathér
system and a known wavelength, while t is deterthibg the optics creating the laser
sheet. Similarly, Equations 2.5 and 2.7 can belsoed into Equation 2.11 for the total

normalized fluorescence signal from a pixel, gitbgn

2 2

Kqd"
E:%&n 1e 3 +sVNVtSL (2.11)

IO ref ref
which also has just droplet diameter and acetopernaumber density as variables. The
model theoretically allows data analysis routiresige the signal and the extinction from
a pixel to determine the combination of dropletd @apor based on two equations in two
unknowns. Unfortunately, determining the PEC ipeximents is too difficult to make
this practical.

Using this model, we can compare the fluorescergreabkfrom a droplet (Equation
2.7) to the fluorescence signal from vapor (Equaficc) though. The model calculates
the length of one side of the pixel filled only wigjas that is necessary to generate the

same amount of fluorescence as a droplet of a gizenusing Equation 2.12.
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r% , 3

r, S,

v 2.12
K (2.12)

. . . t
Equivalentpixel size= = -
I 0 t0

\

The density ratio between liquid and pure vapgfr,, , is known for a given temperature.
The mole fraction of acetone vapoy, €an be chosen as any attainable value for that

temperature. o is calculated with Equation 2.7 for a given droplemeter.
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CHAPTER 3

EXPERIMENTAL SETUP

The objectives of this research required quanggatinixing measurements in a
variety of flow fields, including two-phase flowk choosing a measurement approach,
both accuracy and experimental simplicity were aered. The optical technique
chosen as best suited to these goals was plararitaiced fluorescence (PLIF) of
acetone. The first set of experiments involvedlgng the control and enhancement of
mixing by synthetic jets in gaseous flows. Expemtally, this called for developing a
system for seeding acetone vapor into air flowsighificant flow rate. Additionally, a
versatile flow facility designed to match the dimems of an existing system was
constructed as well. Extending the measuremehnhtgae to multi-phase flows required
adapting the gaseous flow facility to accommodatepeay nozzle. In addition, a
proprietary spray system designed to create a Iflawrrate spray with smaller droplets
was put in place and tested over a range of opgrabnditions. This chapter begins with
a description of the optical equipment used to aequmages in this study. This is
followed by an explanation of the correction praoes used to convert the raw images
into quantitative values. It concludes with degsttons of the facilities used to generate

the various flow fields.
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Imaging System

Laser Sheet

All the acetone imaging experiments employed a @aotm Powerlite 8000
frequency-quadrupled (266 nm) Nd:YAG laser bearhe T mm circular output beam of
the laser was converted into a collimated shedtwlas 80 mm tall. The sheet width,
measured by traversing a razor blade across théh widthe sheet to determine the full
width at half of the maximum signal (FWHM), was 1mMf. As shown in Figure 3.1, the
sheet was produced with one 1 m focal lenggh gpherical lens to reduce the sheet
thickness and a telescope consisting of two cyladitenses to provide the sheet height
(fr1 = 0.040 m and+ = 0.75 m). The laser energy, measured by an Qi80A-EX
laser power meter, was approximately 100 mJ pesepuBased on the manufacturer’'s
specifications, the temporal full-width at half-nm@xam value of the pulse was 7 ns.
Converting the acquired images into quantitativeages of local acetone concentration
required correction for several error sources, iariscussed in detail below. To aid in
making these corrections, additional data were iaeduhat involved using a second
laser sheet. This secondary sheet was formed tisngeflection off the front surface of
the first lens (~ 4 mJ per pulse), which reflectgtiof a mirror (M) and was directed
through a cylindrical lens (C) to create a thinethe2 mm tall. This sheet was directed

near the exit of a small jet of acetone-seededaéen from the inlet flow to the system
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before hitting a stainless steel optical post. hBihte small jet and post images were
captured by the camera simultaneously with the ohasages, but were out of plane with

the main laser sheet and offset to the left anat v the main flow field.

=
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Metal
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Small acetone jet
3" UV
laser
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Figure 3.1. A top schematic view of the imaging &€ along with a
side view showing the field of view of the camera.

Camera

The images were acquired by a 102@24 pixel, Photometrics S300 CCD camera
with ~70% quantum efficiency in the wavelength rargf acetone fluorescence and a
Nikkor 50 mm, /1.8 glass photographic camera lenBhe glass lens acted as an
ultraviolet filter, preventing scattered laser lighom generating signal on the camera.
The camera employed a thinned, back-illuminated ABVcoated, and Peltier-cooled
CCD, which provided low light level sensitivity armdlarge signal dynamic range. The

excellent spatial resolution of the system was aisportant since the acetone
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concentration measurements could only be intergrasemixing measurements down to
the resolution of the camera. The magnificationtred imaging system resulted in a
camera pixel imaging 1/150th of an inch in the imatane, which makes the dimensions
of each voxel 169 per side. However, the camera cannot actualiglve objects
down to one pixel. Resolution studies of the cameere performed using a standard
resolution target (USAF 1951, which follows MIL-STI50A), which features black
rectangles (aspect ratio = 5) of decreasing widtraavhite background. Using 50% of
the maximum contrast value as the cutoff for resmh) the smallest rectangle the camera
could resolve in this optical setup was 3 (~2 pixels) wide. The smallest
distinguishable rectangles when examining the irndge eye were 198m wide, and
had a contrast ratio of 17%. A rectangle I (~ 1 pixel) wide yielded a signal
contrast of less than 2% compared to large regadridack and white. In general, the
sharp edge of a rectangle was blurred across ajppaitedy five pixels, with it taking two
pixels to reach half of the maximum value. The result is that the measurement
resolution is approximately 1.5 times the pixeles(z250mm). In order to measure
molecular mixing, the flow must be resolved dowr2t6 times the size of the smallest
scales’®’” Based on the dissipation measured in similar fiids in a companion
effort,'® the Kolmogorov microscale was approximately 13 for the 9 on single jet, 23
m for the 0 on single jet, 28 for the 9 on coaxial jets and 5fn for the O on coaxial
jets. Since the Schmidt number is almost one fmtane in air (Sc = 0.933), the
Batchelor scales similarly ranged from 14-52. Based on the camera resolution and
the factor of 2-6 times the scale size neededdsolution, the mixing in the 0 on coaxial

jets (100 - 300 m) may be resolved in the images. While the mixséegles are not
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resolved for the other cases (26 — 168), the imaging system is measuring down to at

most 10 times this scale. The fluid in a voxellmix by diffusion to the average value

2
with a diffusion time scale%, D = diffusivity) of ~360 s, so using the velocity

profiles shown above the flow will only travel 1r3n before the mixing occurs. For the
purposes of this investigation, the choice was ntadeave a larger field of view than to
resolve smaller scales. When discussing mixinthis work, it is understood that the
measurements are really average values of mixtaaidn for a small volume of fluid
and not necessarily molecularly mixed fluid.

Most images were acquired with the camera perpatatico a vertical laser sheet
traveling horizontally through the vertically-dited flow field. However, jet cross-
section images were also acquired by rotatingdkerlsheet 90and moving the camera
to 31.8 off vertical to prevent acetone-seeded air frottirty the camera (Figure 3.2).
The camera and laser were both triggered by a @iResearch Systems DG-535 pulse
generator, with the delay between the pulses th pare of equipment adjusted so the

camera captured a laser pulse.
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Figure 3.2. A schematic view of the imaging setujr cross-sectional
image acquisition.

Gas-Gas Mixing

Flow Generation System

A schematic of the entire flow system is shown iguFe 3.3. The air flow control
panel was fed by 120 psig building air that wasukagd in two stages down to 5 psig.
The air was then split into two separate pathsndB. Path A went through a rotameter
and a valve to control the volumetric flow rateddhen went directly to the flow facility.

Path B was split again, with both parts going tigfoindividual rotameters and valves to
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control the volumetric flow rate through each sathp One sub-path (Bconnected to
the acetone bubbler that seeded acetone vapothatair, which is described in more
detail below. The second sub-path)(Bvas recombined with Bdownstream of the
bubbler to allow dilution of the amount of acetanethe flow. This recombined flow
then proceeded to the mixing facility. Due to kwegth of 0.5 inch diameter tubing from
the flow control panel to the mixing facility, ate flows were fully developed. Teflon

tubing was used for its resistance to acetone.
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air inlet

bubbler

mixer

Figure 3.3. A schematic of the flow system used toeate the jet flows.

Acetone Seeding System

In order to seed acetone vapor into an air flomlabker system was developed. The
bubbler (Figure 3.4) has air forced to the bottohmaccontainer of liquid then lets it

bubble up through the liquid before exiting the teamer. If the container is large
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enough to allow sufficient residence time and tmasawell distributed throughout the

liquid, then the exiting air can become saturatétl the vapor of the liquid. The bubbler
used in this work was a 35 inch long piece of 3 id@meter pipe closed at both ends
and was designed to handle up to 120 psi safelye tdp had a six inch flange welded
on, while the bottom had a flat plate with one Y4 ilNfAT tapped hole and four short,
adjustable legs. For seeding acetone vapor imale bottom hole was plugged and
only opened to drain the bubbler. A piece of ¥ istdel bolted on to the top flange with
a one inch NPT tapped hole in the center and a W NRT tapped hole offset towards
the edge. The smaller hole was used for refilling bubbler and checking the liquid
acetone level. A pipe nipple screwed into the lahgde, with a pipe tee upstream of the
nipple. A bored-through fitting on top of the teowed a concentric, %2 inch outer
diameter tube to pass through the pipe nipple éohbttom of the bubbler. The tube
ended just above the bottom and had a plate witlyrhales attached to it to force the air
flow to spread out before bubbling up through tlggill acetone. The air came into the
bubbler through this inner tube and exited up thhothe annular region between the

inner tube and the pipe nipple and out the sidb®tee after being seeded with acetone.
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Figure 3.4. A schematic cross-section of the buldslsystem used to
seed acetone into the air.

The flow rates required for these experiments madat couple of precautionary
measures to prevent liquid acetone from being blthvough the tubing to the flow
facility. The first was to have a maximum liquidetmne depth of approximately 12
inches. The other was to use a simple liquid traghe seeded flow after it left the
bubbler. The trap had a horizontal inlet flow imtoother pipe tee. The seeded air flow
went up while a 24 inch long pipe went down to coll@ay liquid acetone. A valve at
the bottom of the pipe was used to drain off anuitigacetone between runs of the
bubbler. One reason for working with acetone is ig$ lvapor pressure {cetone 0.25)
at room temperature (Equation 3.1), allowing forhhggeding concentrations. With P
denoting the vapor pressure of acetone in atmosphamd T being the temperature in

Kelvin, the vapor pressure of acetone can be apmabeid by Equation 3%.

16,6513 294046
P, (atm) = —ec® T- 3593 (3.1)

28



For convenience, the bubbler was converted to ssprezed vessel of liquid acetone
for the spray experiments. A pressure-regulatetirearwas connected to the top of the
bubbler to provide back pressure for the liquid levhe acetone-seeded air outlet was
blocked with a valve. A 0.25 inch outer diametepper tube was connected to the drain
hole on the bottom of the bubbler and connectatidcspray nozzle to provide the liquid

acetone.

Jet Flow Facility

The gaseous mixing research was performed with glesimersatile facility. Figure
3.5 shows the main body of the facility used to paedthe various jet flows. The two
flow paths from the flow control panel both connected one inch pipe cross attached
to the bottom of a twelve inch long pipe nipple. @ iBch stainless steel tube with an
outside diameter ([pof 0.625 inch and a wall thickness (t) of 0.086h was inserted
concentrically from the bottom of the cross andthppugh the pipe to create coaxial
flows. The flow for the annulus was split in two angut equally on both sides of the
cross to create a more radially-symmetric flow fieldhile the inner jet flow connected to
the bottom of the tube. The experimental flow fseldere formed by an aluminum body

mounted on top of the pipe nipple with a standap moupling and directed vertically.
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The flow path through the metal body was 3.00 indbeg and was machined to 1.00
inch in diameter (B). The inner tube shared the same exit planeeasn#tal body and

created coaxial jets with an area ratig/fg) of 0.5. The inner tube was kept coaxial and
concentric with two sets of three centering screws plagsed through the middle and
lower end of the pipe nipple. When only a 1.00 ifBhround jet was wanted, the inner

tube was lowered until its exit was more than twehgh@s below the exit of the flow
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Figure 3.5. A schematic of the mixing facility.
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Figure 3.6. U( ) and u'( ) profiles in the single jet at x/D = 0.25.
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For the coaxial jet studies, acetone-seeded arg#n flowed through annular jet to
measure the mixing both into the quiescent enviemmand into the inner air jet,
although some measurements were made with acetaaed air in the inner jet instead.
In the single jet studies, the jet was entirelytace-seeded air. This entire facility was
mounted on a vertical traverse that allowed itéddwered so that measurements could
be taken up to 10 inches downstream of the jet exit

The single jet was operated at a flow rate of 7&h of air, the correct volumetric
flow rate to provide an average exit plane velooityi1.4 m/s if no acetone was seeded
into the flow. The actual exit plane velocity was much as 25% greater due to the
acetone seeding from the bubbler. Figure 3.6 shbeselocity (U) profile of the single
jet as well as the velocity fluctuations (u') ptefat x/D = 0.25. The coaxial jets were
nominally fed with the correct volumetric flow radé air to provide an average (overall)
exit plane velocity of 10.8 m/s taking into accotimt amount of acetone seeded into the
air in one of the jets. Three different ratiosttoé central jet velocity (Y to the annular
jet velocity (U,) were used: MJ, = 0.30, 0.62 and 1.50. The velocity profiles (ulau’)
for all three ratios at x/P= 0.25 are shown in Figure 3.7. All velocity daiesented
here were acquired using a hot-film anemometer ectel to a computer-controlled

traverse™>

Table 3. 1. Mean axial velocities for each jet asell as the associated
Reynolds number based on diameter or hydraulic diarter.

Flow Uiave (M/s) | Wave(M/s) | Usymax(m/s) Re Repn
Single jet 14 11 24,000
Ui/U, = 0.30 14 4.1 10 7600
Ui/U, = 0.62 13 7.4 10 7600
Ui/U, = 1.4 10 15 10 7600
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Figure 3.7. U( ) and u'( ) profiles in the co-axial jets at x/D = 0.25
for Ui/U, = 0.30 (top), 0.62 (middle) and 1.4 (bottom).
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Jet Actuation

The metal body mentioned previously, and shown igufe 3.5, housed nine
synthetic jet actuators equally spaced around ittteraference of the coaxial jets. The
metal body actually consisted of five parts (FigB@). The 0.125 inch thick cover plate
and 0.050 inch wall thickness inner sleeve camenaiched pairs that directed the
actuator jets either axially (parallel to the méww) or radially (perpendicular to the
main flow). This was accomplished by adjusting theer diameter of the cover plate
and the height of the inner sleeve. The axialystsa cover plate with an inner diameter
of 1.14 inches and a sleeve height of 0.75 inclvitey an opening at the inside of the
cover plate and the full height sleeve turns tba/fto be parallel to the main flow. Each
axial jet orifice was an arc 0.5 mm in width (hda® mm in length (l). Radial jets were
formed by a cover plate with a 1.00 inch inner déten and a sleeve only 0.72 inch in
height, creating a gap above the top of the slegvieh lets the jets travel directly into
the flow. Each radial jet orifice was an arc O in height (h) and 9 mm in length ().
The actuators were located near the jet exit t@ecd mixing of the central flows and the

surrounding air.
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Figure 3.8. Schematic cross-section of the actuatoousing body in
both radial and axial configurations.

The actuators used piezoelectric membranes iniplagties and were driven at the
resonant frequency of the membrane (1.18 kHz) bgramon signal source. However,
each actuator was driven by a dedicated ampliéess that every actuator provides a 10
m/s synthetic jet at x/h = 12.5 ()DB= 0.25) in the axial orientation. A computer-
generated, low frequency (10-60 Hz) amplitude matioh (a tapered square wave with
an effective duty cycle of 60%) was imposed onltigh frequency signal in some cases
(Figure 3.9). This provided a Strouhal number eand 0.022-0.134, well below the
preferred value for the flows of interest (0.244),5assuring the effects were not due to
amplification of inherent instabiliti€s. The actuation system and frequencies were
chosen to match those used in a companion efforEvaluating a range of frequencies
showed that the low frequency needed to be at kedattor of 10 lower than the high
frequency in order for the individual pulses of tieuators to coalesce into a synthetic

jet.™®
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For the cases with amplitude modulation applieth&jet actuators, the trigger of the
laser/camera system was phase-locked to the mamulsignal. An output signal from
the computer was used to trigger the pulse gerrethsd triggered the PLIF system.
Equally-spaced, phase-specific measurements wkea tfay varying the delay between
the input to the pulse generator and its outpute phase delay between the start of an

amplitude modulation cycle and the first phase aeqguvas 30.125 ms.
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Figure 3.9. The duty cycle (blue) and synthetic jestrength (red)
during low frequency amplitude modulation signal inthe single jet.

Because each actuator can be controlled indiviguakveral different patterns of
actuation were studied (Figure 3.10). The base ocas0 actuation is referred to as "0
on." "9 on"is the case of all 9 actuators runrabghe high frequency. The "6 on" case
used 6 contiguous actuators running at the highufracy with the other three actuators
turned off. The final geometric pattern used was t2 on, 1 off" case in which 2
adjacent actuators were running at high frequenitly the next actuator being off, and

the pattern repeated to provide three-fold symmetkyhen synchronous amplitude
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modulation was added, the "9 on" case became '@rgilin which all 9 actuators went
through the duty cycle together. Phase-shiftedliéule modulation was applied to the
"6 on" case to yield the "6 spinning" case in whtble six on pattern spun clockwise

when viewed from above (1-6 were on, then 2-7).etc.
Yy, (27 -y
O O ©
Q. & Y Y,
Raxs' s &

Figure 3.10. Diagrams of the three actuation pattas used in this
investigation.

The other experimental consideration was that thee nactuators provided
asymmetric flow. All planar measurements acquiredh a side view of the flow were
taken on a plane that passed directly between tiumators before reaching the jet exit
and passed directly over the middle of an actuater crossing through the center of the
jet. The actuators were controlled such that &ser sheet bisected the static actuation
patterns into two mirror images of each other,tspg between the active actuators and
directly over an inactive one for the 6 on and 2 boff cases. This asymmetry between
the left and right sides helped examine the phydiekind synthetic jet mixing

enhancement.
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Liquid Facilities

Spray Facility

For spray measurements, a Hago M5 fine atomizingmgpray nozzle, with an outer
diameter of 7/16 inch and 2% inch in length, wdacited to a coaxial, concentric tube
3/8 inch in diameter inserted inside the inner tubéhe mixing facility (Figure 3.11).
This allowed for a narrow annular air co-flow arduthe nozzle in addition to the same
annular air flow used in gaseous experiments. dt¢etone bubbler was modified by
attaching a % inch copper tube to the drain holactoas a pressurized liquid tank. The
liquid acetone was provided from the converted herbivith 40 psi of back pressure.
Under these conditions, the M5 nozzle would hawwipled a 40 half-angle solid cone
spray with a 3.16 gph flow rate and 4%#h Sauter mean diameter (SMIDr water

according to the manufacturer.
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D,=2.54 cm

Figure 3.11. Schematic cross-section of the sprégcility using the
water nozzle.

In anticipation of taking spray measurements, gir@pmation of the expected SMD

was calculated following the derivation by LeFeb(}eThe appropriate equation is

025

SMD= 225 M py-os (3.2)

air

Using the physical properties of acetone, this eoi@d to an approximate expected SMD
of 22.3mm for acetone. This value was checked by measuhedSMD with a phase
Doppler particle anemometer (PDPA), measured at rh mtervals along a line
perpendicular to the spray one inch downstreanmhefrtozzle exit and passing through
the centerline of the spray. The average SMD atbigyline was 84m (Figure 3.12),
much bigger than the calculated value. The rega#t checked by rotating the spray 90
and acquiring more data, and the values were Viytigentical. A noticeable difference

between the left and right sides of the spray mashin the SMD profiles, but this is
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believed to be a systematic error based on thdasityiof the results after rotating the

spray.
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Figure 3.12. SMD distribution one inch downstreanof nozzle.

Some additional liquid acetone spray research veaformed using a Nanomiser®
Device from MicroCoating Technologies, Inc. Theenmental flow field was formed
by one central hole emitting acetone and four sumiing holes providing air (Figure
3.13). The Nanomiser® system consisted of a shgalid pump that provided precise
flows of low volumetric flow rates, a small air dool panel and a spray body. Both the
liquid acetone and the air passed through the sproaly, and the spray body was
electrically heated to a controlled temperaturée Temperature, the liquid flow rate and
the air flow rate were all adjustable. The progbadvantages of the Nanomiser® were
that it used less acetone and provided very snralplet sizes (<10 m for water).

Further details of the Nanomiser® system are ochéifethey are proprietary.
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Acetone

Figure 3.13. A rough schematic of the exit of thBlanomiser® Device.

Quantitative Gaseous PLIF

Fundamental Equations

As with any optical experiments, there were sevissles that had to be considered
when examining the acquired images for quantitatifermation. As seen in Equation
3.3, the signal from the camera, S(x,t,r), is a lomation of light from various sources
and varies with downstream location (x), radial ipos (r) and time (t). There is
ambient background light from the room,d3(x,t,r), background light generated by the
laser pulse, Bse(X,t,r), and the fluorescence signal from the acetd-(x,t,r).

S(xr,t)=B

(x,1,t)+ Boeo (X, 1, 1)+ F(x,1,1) (3.3)

room laser
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The ambient background light and the laser-gengadekground light can be combined
into a total background signal, B(x,r,t), allowigx,r,t) to be redefined using Equation

3.3a.

S(x,r,t) = B(x,r,t)+F(xr,t) (3.33)

Subtracting the background signal from the totghal gives the fluorescence signal, as

shown in equation 3.4.

F(x, r,t) = S(x,r,t)- Baverage(x,r,t) (3.4)

Equation 3.5 shows the details of the fluorescesigeal. C is a constant based on
the efficiency of the generation and collectiontloé fluorescence. ¢Hs the nominal
initial laser energy. E'(x) is the correction facfor the relative strength of the laser
sheet at distance x downstream from the jet ek{t) is the correction factor for the
relative strength of the given laser shot basethernshot-to-shot fluctuation in the laser
energy. E'(r) is the correction factor for theatele strength of the laser sheet due to
losses from laser absorption by acetone at thengiadial location in the flow. These
four factors combine to produce the correct lonabming energy for the voxel, (volume
being imaged onto the pixel in question). The llavale fraction of acetone(x,r,t), is
the final factor in determining the fluorescencgnsil and is the desired result from the

measurements. It is easily solved for using Equadi.5.
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F(xr,t)=CEE(X)E(Q)E(r)c(xr,t) (3.5)

Correction Data

As just described, several pieces of data are weénleconvert raw images into
guantitative measurements of acetone concentratibwo sets of background images
were acquired to help make this possible. Onevastacquired with no acetone present
and no laser running, while the other set had mioae but the laser was running. The
first set provided a measure of the light generégdther sources in the room, such as
computer monitors, while the second set providateasure of the visible light generated
by the laser as well as the room. Luminescencsethhy the laser sheet striking objects
created some of the visible light, and some wadtedhfrom the laser along with the UV
laser beam. In practice, an average backgroundamaquired with the laser running,
BaveragéX,r,t), is subtracted from each of the acquireéges (Equation 3.4) to reduce
noise due to shot-to-shot fluctuations.

The variation in energy from one laser shot tortbet (Figure 3.14) was specified as
less than £10% for the laser. The actual value @l#ained from the images of the
secondary laser sheet striking the optical pogjuife 3.1) minus the background with no
laser running, and was in that range. An opticatpvas used so that slight movement of
the laser beam would be noticeable due to the saaficurvature. Since the post was not
in the focal plane, the signal was already bluwadhe CCD. The data was binned so
that four pixels were averaged into one” (2 binning) to further reduce noise in the

signal.
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Figure 3.14. A typical sample of the normalized kser energy for 300
laser shots.

In order to measure the variation in laser eneggss the height of the sheet, a very
slow center jet with a low concentration of seededtone (to minimize absorption) was
created. Due to the narrow width of the jet, ttevérse was used to raise the mixing
body upwards so that the sheet was always imag#teipotential core of the jet, where
the concentration should be constant. This wa® dlorthree separate parts (low = first
1.25", middle = next 1", high = remaining 0.75")thvbverlap of the regions to keep the
profile continuous. An average of 50 images wapiaied and the intensity profile along
the laser height was smoothed with a 5 point mowmngrage. The profile was then
normalized by the peak signal to provide the reéastrength of the laser sheet at any

height in the sheet. The profile data was acquatettie beginning and end of every data
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acquisition session. An example of the laser sbeetgy distribution is shown in Figure

3.15.

0 T ] T
0 0.25 0.5 0.75 1

E'(x)

Figure 3.15. Sample laser sheet profile.

The technique was calibrated against a known aeetmmcentration in order to
calculate the constant used to relate a given kignan actual amount of acetone. This
was done by creating another very slow center fleis time with high acetone
concentration. The constant was calculated froenetkponential signal decay across a
region of uniform concentration, averaged over &8s in height and 20 images, using
the known absorption cross-section for acetone wafte effect of absorption can be

modeled by Beer's Laf¥ as shown in Equation 3.6.
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1(r)=1,e" (3.6)

I(r) is the laser intensityylis the original laser intensity at x = 8,is the absorption
coefficient of the medium and L is the length tdadethrough the medium. Using this
equation,a is calculated from the signal decay. The comefit is reduced to
concentration by dividing by acetone's absorption cross-section per molegigdkling
the number density of acetone molecules.

There was a downside to the high vapor pressuacetone in this work.Coupled
with the air flow rates for the jets, it consumadige amounts of acetone. The acetone
seeding level decreased due to a combination obpagative cooling in the bubbler,
which reduces the acetone temperature and vapssype and a decrease in the bubble
residence time as the liquid level dropped. AsisaeFigure 3.16, there was a gradual
drop in the acetone seeding level during a givgregrment. This value was tracked by
imaging the small acetone jet (Figure 3.1) duriatpdacquisition. The change in seeding
lowered the molecular weight of the jet fluid otene (as mentioned previously). This
effect was reduced by placing the bubbler in adteatater bath (Z5C) to maintain a
more constant temperature and by running the bulidneshort periods of time (less than
15 minutes) between refills. Although acetone faszence is temperature dependént,
the small temperature changes involved here (< )283ve a negligible effect on the
photophysical properties of acetone. The seedgl lof acetone {cetone= 0.15-0.25)
also created small changes in the gas density iffladidn that have minor effects on the

flow in the near field.
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Figure 3.16. A typical record of the normalized aetone concentration
in the air during a data acquisition run.

Laser Absorption

It is important to correct for absorption of laserergy across an image given that
acetone is such a strong absorber. This was adsbeg by correcting an image one
column at a time and marching across the imagedardirection of the laser sheet. Since
the flow field is a non-uniform medium, the intelgvarsion of Equation 3.6 (Equation

3.7) is needed.

1(r)=1ee @3.7)
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In this equations is the absorption cross-section per molecule ebdibng species and
n(r) is the local number density of the absorbipgcses. Because the PLIF experiment
has finite step sizes, based on the camera pize| 81 practice the integral becomes a

summation as shown below in Equation 3.8, wiizigthe length of a voxel.

1(r)=1,6 ™ (3.8)

This summation will correct for the absorption fraai the pixels before the current
pixel. However, the current pixel also createsogtson, so the calculation needs to be
iterated to adjust for the absorber in the voxeintérest as well. This was done by
assuming that on average the laser sheet had piésesadh half the voxel before hitting
the absorbing molecule, so the pixel was corretbechalf of the acetone absorption

indicated by the signal from the pixel.

Data Correction

Having described the corrections applied to thegesaa step-by-step description of
the correction procedure is in order. Before atimg images of the flow field, several
steps were taken. First, the average backgrouademwere created from the acquired

background images. Next, a laser sheet profile ss@ated from the images of the low
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concentration center jet. Finally, the constardt trelates signal intensity to acetone
concentration igalculated. Having these values, correction ofddta images began.

Image correction started by subtracting off therage background signal. The shot-
to-shot energy fluctuation of the laser power walswdated for each frame in the image
set after background subtraction. The laser spesile correction was then applied to
all the images in the set. Using the constant ted energy fluctuation data just
calculated, each frame was then corrected for lad®orption by marching the
exponential correction across the image, yieldingpaerected image of the local mole
fraction. Because the final results will be prdednin mixture fraction, the images are
converted using Equation 2.2.

Figure 3.17 presents a "before and after" examptbeobackground and absorption
corrections for a single data row from a correctetle jet image. The raw data is
S(x,r,t) from Equation 3.1, so it starts above @ ¢lu the background light. Subtracting
the background light yields the fluorescence sigfEduation 3.4). Applying the
correction factors in Equation 3.3, the correctigtha begins and ends at 0 with a region
of uniform, pure fluidin the center. Only the absorption correction ppaent in the
figure since it is one row (no E(x)' effect) takatnone time (no E(t)' effect). The signals
are normalized by the peak of the signal of eadfilprin the figure, so both maximize at
1. This normalization makes it easier to compéaee result to the original signal for
demonstrative purposes, but is not a normal parthefcorrection routine.The line

indicatesBeer's Law for the absorption from pure fluid.
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Figure 3.17. Example of laser absorption correctio applied to one
row of instantaneous acetone PLIF data (laser entsrfrom the left
side of the row).

More instructive, perhaps, is to show an imagehef inforced coaxial jets at each
stage of the correction procedure (Figure 3.18)l. fadir images use the same colorbar,
but over a different range of values. The maximsialways dark red and the zero value
is dark blue. The original image begins in thgbter blue due to the background signal,
as seen in comparison to the second image. Thetsisbot variation in laser energy
does not change the appearance of a single imagiesthird image is after both the
fluctuation correction and the laser sheet energyfilp correction. The vertical
distribution of values is much more appropriatetlsis stage, but the left to right
differences are quite significant. Applying thesaiption correction yields a corrected
image of the local mole fraction that is well balad from left to right and has a smooth

vertical distribution.
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Figure 3.18. An image at four stages of the correicin procedure: (a)
the original image, (b) after background subtractia, (c) after laser
energy fluctuation and sheet profile corrections, ad (d) after
absorption correction.

The final step in the procedure is to convert tlagadirom mole fraction to mixture
fraction, using Equation 2.2 as discussed in ChahteFigure 3.19 uses the final image
just shown, before and after conversion into metinaction. Both images use the same

colorbar, with the mole fraction being lower byaator of ~ 5.
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Figure 3.19. A comparison of an image in terms ahole fraction (left)
and mixture fraction(right).

This series of corrections is unique to this inigggton. Multiple studies have
corrected for the laser energy effects in the saag but none has coupled that with the
marching absorption correction because it is coatpuially expensive. Instead, they
have either approximated the result by normaliavith another image, designed the
experiment to minimize absorption (narrow flowswlseeding levels), or ignored the
absorption. The few that have used the marchisgration correction have not done all
of the other laser energy corrections.

The qualitative images presented in Chapter 4 didraceive this full correction
treatment. They received a laser sheet correatidimout using a moving average to
smooth the curve. The side views also receivedpgmoximated absorption correction.
The full correction was not possible since the $rel and scattering post were not
present for these images. The images providedddésaed information quickly for a
variety of cases without the additional time andkdstorage space the full correction

procedure required. One consequence is that tlsenawthed laser energy profile
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produced small striations (+ 0.02) in the imagegyfe 3.20). Due to the location of the
change from red to yellow in the colorbar, thesasbns are very obvious to the eye.
Another possible cause for these striations isxnaferefraction variations in the shear
layer, but that is considered less likely since #imeoothed sheet profile correction
eliminated these striations. In addition, theasitons were spatially stationary within a
data acquisition session, indicating that the tti@ are in the sheet correction and not

the data itself.
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Figure 3.20. The central column of pixels in a quéhtive single jet
image with the image shown in comparison.

Error Estimation

There are multiple sources of error in the finahafitative results. The camera signal

to noise ratio is approximately 200 for saturateet@ne seeding, so the noise floor is f =
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0.005. Based on all of the images acquired, thekdraund correction error has a
standard deviation of 0.016. The final error cdnp® negative because the correction
scheme forces negative values to zero, so the isrtmased positive in the final results.
The laser energy fluctuations have a standard tlewmiaf 5.3%, so the error in the
correction itself is ~ 0.4%. Estimating the enrothe calculated sheet profiles is harder,
since the best data to compare against is thefirdatawhich they were calculated. Based
on other data, the correction has an error magaitid- 3%. The calculated constant is
accurate to ~ 2.3%. The absorption correctiomesrost susceptible to error since it is
an exponential correction marched across hundredxels. Based on an assumption of
symmetry in various unforced flows, the correcti@s a standard deviation in an image
of 3.8% of the local value. Error propagation oétions result in an approximate
standard deviation of 5.6% in the local mixturectran for the right side of the images.
Computing a value based on the data gives a bettalt of 4.6% of the local value. The
relative error is larger for very low mixture framts as the signal approaches the noise
level and possible background error, limiting theasurement to a minimum of f0.03.
The system can measure as low as 0.005 but the potential background error is
significantly larger, making the measurement inaat

Another check performed on the data was to caleula flow rate of acetone at a
series of downstream locations (Figure 3.21). Mailsie, the integral of the product of
acetone level and axial velocity, should remainstant if acetone and velocity are not
being lost by the imaging system or stored at stooation. Velocity profiles were
acquired in the mixing facility at three downstretnations for both the unforced and

the 9 on actuated cases. The coaxial jets weresured in two locations for the
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unforced, 9 on and 9 pulsing cases as well {xD0.25, 1). In order to extend the
measurement, two more velocity profiles (x82, 3) were taken from measurements in
a companion effort using a very similar flow fiéftl. The results are nearly flat for the
single jet case and the near field of the coaxetd where the velocity profiles were
acquired in the mixing facility. The worst errasscur downstream in the coaxial jets
where the velocity profiles were not taken in thems facility as the mixing
measurements. The higher turbulence in the anmfiube mixing layer spread the
acetone broader than the velocity profiles fromdtteer facility, so the integrals are less
accurate as they probably give higher velocitiehéacetone closer to the center than is
correct. The outermost acetone is underweightedtaluhis profile effect but represents
a smaller portion of the acetone, resulting inraor@ased integral value above the correct

value.
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Figure 3.21. Integrated acetone flow rate in the sgle and coaxial jets.
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CHAPTER 4

QUALITATIVE MIXING MEASUREMENTS

This chapter describes a preliminary experimeritadysof the actuators. The intent
was to characterize their effects and to determhieh actuation cases deserved to be
studied in greater depth. Three different spgtaiterns of actuation were tested, as
described previously (all nine actuators on, sixtiguous actuators on with the other
three off, and a repeated pattern of two on andadf)e Both axial and radial directions
of actuation were tested as well. In addition, ynahthese combinations were tested
with amplitude modulation, with several modulatioequencies evaluated for two cases.
These experiments were conducted with a singlagetvell as with coaxial jets. Side
view images for this diverse set of cases were ieagdjlalong the jet axis, with cross-

sectional images taken at several downstream toati

Fundamental Actuation Effects

Results for the axisymmetric, single jet providdeanonstration of the basic effects
synthetic jet actuation has on a jet flow. Fullesview images of the acetone distribution
were obtained with a vertical laser sheet pasdmgugh the center of the flow. The
camera viewed the acetone PLIF normal to the lsiseet as described in Chapter Three.

Figure 4.1 compares single-shot, side view imadethe® single jet for two cases: no
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actuation and the nine-on pattern. The unforces ¢an the left) exhibits a lower jet
spreading rate and a thinner mixing layer. ThehHrgquency pulsing when the nine
actuators are on (right image) produces an enhatemf the jet growth and a
broadening of the mixing layer. The regularly ssmhstructures visible on the edge of the
actuated jet correspond to the vortices produceuridiyidual pulses of the synthetic jets,
as the spacing of the structures matches the walaavould predict using the actuation
frequency (~ 1.2 kHz) and convective speed in tirang layer (~ 8 m/s). As discussed
in Chapter 3, the horizontal striations in the ie®gre due to an approximate laser

energy distribution correction, but they do not aopthe qualitative results.

9 on

Figure 4.1. Side view images of the jet for the diorced (left) and 9-on
(right) actuation cases. The jet exit is 1in diameter, and the images
show x/D from O to 4.

Effects similar to those seen in the single jeesasan be seen in coaxial jets as well.
The results shown in Figure 4.2 reveal the incréaget spreading with all nine actuators
running. The actuation significantly increasega&ntnent, compared to the unforced jet.
This is seen in the lower peak acetone concent@tdpwnstream, and the increased

spreading of the jet.
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Figure 4.2. Side view images of coaxial jets foné unforced (left) and
9-on (right) actuation cases. The jet exit is 1in diameter, and the
images show x/R from O to 3.

Spatial Control

In addition to changing mixing rates, the actuatasge the capability to move where
the jet fluid goes. This ability of the synthetatg to alter the spatial distribution of the jet
fluid is first illustrated in Figure 4.3, which cqrares instantaneous radial cross-sections
(top views) taken at x/D = 3 in the single jet. e8b images compare the unforced jet
with cases where the actuation is radial (synthetgpointed toward the jet axis) or axial
(parallel to the jet axis). The strong pull of #weally oriented synthetic jets caused by
momentum transfer draws the acetone towards theeaettuators. The resulting
triangular shape in the two-on/one-off case hagdices between each pair of active
actuators and the flat sides are above the inastwhetic jets. A comparison of the
two-on/one-off case shows that radial actuatiorless effective in creating outward

motion of the jet fluid, as evidenced by the la¢khe triangular points seen in the axial
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case. Still, the jet is spread more widely thanhi& unforced case so the actuators are

increasing the mixing.

Figure 4.3. Cross-sectional views of the singletjat x/D = 3 for three
actuation cases (L to R): unforced, 2-on/1-off radil, and 2-on/1-off
axial.

The six-on actuation case works the same way, lieitasymmetry of the pattern
moves the jet off-center, i.e., vectoring the |atd, instead of just warping the jet shape
from the original circle. Figure 4.4 shows theeetf of asymmetric actuation at x/B
0.5, with 6 actuators on and 3 off in the coaxetl gase. The active actuators are
centered at the bottom of the image. The suctrodyred by the actuators pulls most of
the acetone in the annular jet away from the ndunsted region. Additionally, the
acetone concentration is lowered by mixing with sugrounding air. All of this can
occur before fluid reaches the jet exit, as showrFigure 4.5. Interestingly, the jet

spreading is increased by actuatewen on the side without active actuators
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Figure 4.4. Cross-sectional views at x{3= 0.5 of the coaxial jets for
unforced and 6-on/3-off actuation. The 6 active dagators are
centered on the bottom of the image.

Oon 6 on, 3 off

Figure 4.5. Side views of x/B= 0-3 for unforced and 6-on/3-off
actuation. The 6 active actuators are centered ahe left side of the
image.
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Amplitude Modulation Effects

While the synthetic jet cases shown above exhiitificant and potentially useful
changes to the jet flow fields, all of the effeate driven by small scale structures created
by the high frequency actuation. The creatioraofér scale structures is also of interest.
Such structures can be produced by applying andgitnodulation to the high frequency
signal driving the actuators, e.g., imposing a loaquency (10-60 Hz) component in
addition to the high frequency signal. Amplitudedulation was tested in two different
forms. In the first mode, all nine actuators madedl in phase to generate a low
frequency pulsing effect of the synthetic jets.e ®econd mode modulated the actuators
40° out of phase, resulting in six contiguous aitgarunning at any given time with the

pattern spinning around the perimeter of the cdgeis.

9 Pulsing

Figure 4.6 compares results for a basic actuated ¢@ on) with the results for
amplitude modulation of the single jet. The cakews on the right has a 40 Hz
amplitude modulation imposed on the 1.2 kHz symthgdt driver signal. This low
frequency modulation produces large scale strustasecan be seen in this image as the
significant pinching of the jet. The pinching pedes the actuators turning back on,
which is indicated by the small structures startm@ppear just above the exit again. lItis
the reactivation of the synthetic jets that leamghie large structure that pushes the jet

fluid out wider as it propagates downstream (nawvghhere). Only one structure can be
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found within these images from x/D = 0-4, sincehesitucture moves out of field before
the next one is produced due to the convectivecitglof the structure and the frequency
of the pulsing. Greater jet spreading is evidenthie modulated case than the actuated
case during some phases, indicating the poterdraéfhanced mixing with amplitude

modulation.

9 on 9 pulsing

Figure 4.6. Side views of the single jet showingDx = 0-4 for both 9-on
and one phase of 40 Hz amplitude modulated 9-on (8ilsing).

Figure 4.7 presents a similar comparison for thax@d jet case. Pulsing the nine
actuators again enhances the mixing rate even tharestandard actuation. The acetone
concentrations are reduced by a factor of two asktyuas x/0, = %. The phase-locked
image of the pulsed case was obtained for a madaoldtequency of 50 Hz. This
frequency and the phase shown correspond to thénmaxincrease in mixing. For the
least favorable phase and frequency studied, thha® still a slight increase in jet
spreading compared to the non-actuated case.

The periodic effect of pulsing actuation on thexiabjets is illustrated in Figure 4.8.
The images, at four equally spaced phases withecesp the pulsing frequency, show a

cycle of expansion and contraction of the annutug@, = %2, with 50 Hz pulsing. Even
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in the phase of minimum jet spreading, the maxinagetone concentration is lower than
in the non-actuated case. The two phases withunegt spreadingf¢ andf 3) roughly

correspond to the continuous actuation case ingd@fmmaximum acetone concentration.

9 pulsing at 50 Hz

Figure 4.7. Side views of the coaxial jets showingD, = 0-3 for both
9-on and one phase of 40 Hz amplitude modulated $+¢9-pulsing).

fl f,
o .
Ty f,

Figure 4.8. Equally-spaced phases of 50 Hz amplde modulated 9-
on actuation (9 pulsing) at x/@3 = 0.5 in the coaxial jets.
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Figure 4.9 shows images of the pulsing case a¢ tthoevnstream locations. The phase
of each image with respect to the forcing was chdsetrack the largest jet diameter.
The maximum concentration at B %2 is significantly less than the maximum in the
non-actuated case at the same height. Highehapnaximum concentration of acetone
drops as the acetone becomes more uniformly spnearda larger area. By x4+ 3, the

acetone has mixed almost to the center of therfpettef pure air.

0.5" 1" 3"

Figure 4.9. Cross-section images of the coaxiatgeat x/D, = 0.5, 1
and 3 for the individual phases of the amplitude mdulated actuation
with maximum jet diameter at that downstream locaton.

The influence of pulsing frequency is illustratedrigure 4.10. The acetone image at
the phase of maximum jet width is shown for eackgdency. The maximum
concentration for these actuated jets is againthess that of the non-actuated jet at x/D
= Y%. The largest jet spread is found for 50 Hz moulhg with diminishing jet
spreading as the modulation frequency is reducedidgher frequencies, the actuators
also gave diminishing returns as the number ofstit jet pulses in the amplitude

modulation got smaller, with an upper limit of 16@.
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9 on

20 Hz

Figure 4.10. Jet cross-sections at x> 0.5 for three frequencies of

amplitude modulation (10, 20 and 50 Hz) and 9-on ascomparison.

The phase with the maximum jet width for each freqency is shown.
The colorbar is different for each image to betteishow the variation

of acetone mixture fraction in each cross-section.

6 Spinning

When the six-on configuration is coupled with armle modulation in such a way
that the location of the six actuators that are’ ‘fatates around the jet axis, the jet begins
to corkscrew. This can be seen in side views @f&thgle jet case (Figure 4.11) where 40

Hz modulation is employed. This pattern indicates ability of the actuators to control
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the acetone distribution both spatially and temibgra useful feature for responding to

undesirable conditions in an engine.

Figure 4.11. Side views from x/D = 0-4 of four eqlly spaced phases
of 40 Hz spinning of the 6-on actuation configuratn for the single jet.

Figure 4.12 compares the effects of asymmetric aticto at x/3 = Y2, with 6
actuators on and 3 off for the coaxial jets. ThBva actuators are centered at the left
side of the image for both the 6-on case and thectsel phase of 6-spinning actuation.
With the low modulation frequency (10 Hz), the spihg mode produces results very
similar to those of the steady 6-on case with tiaed benefit of moving the asymmetric
effect around the annulus. Hot-wire velocity meaments taken in a similar facility

show that a mean tangential velocity is inducedhgyspinning actuation. This spinning
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motion further increases the mixing, seen by tlaeicgon in near field acetone levels on

both sides of the annulus and the greater jet watther downstream.

6 on, 3 off 6 spinning

Figure 4.12. Side views from x/P= 0-3 of 6-on and one phase of 6-on
spinning at 10 Hz in the coaxial jets.

Four equally spaced phases of the spinning actuatia/[}, =2 are shown in Figure
4.13 for 10 Hz spinning. The asymmetric actuatiogates a concentrated region that
progresses tangentially as the phase changes.pdattern is essentially identical to that
of the non-spinning asymmetric actuation case, gxitet it rotates now. The maximum
acetone concentration in the strongest region @&@nagignificantly less than that of the

non-actuated case, showing the increase in mixiregta entrainment of air.
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Figure 4.13. Cross-sectional views at x{3= 0.5 of four equally spaced
phases of 6-spinning actuation.

The effects of different spinning frequencies dneven in Figure 4.14. The 10 Hz
case is very similar to the non-spinning case, thet acetone is not as completely
removed from the non-actuated portion of the amul&till, the entrainment greatly
reduces the maximum acetone concentration comgaréte non-actuated case just as
the 6-on case did. As the frequency increaseseberythe annulus gets more uniform in
concentration. At 50 Hz, there is only a smallisegof minimum concentration
remaining. This is because the clockwise spinrohghe actuation pattern imparts a
clockwise swirl. The actuators get less time tb {ne acetone towards any one direction
before the pattern rotates to the next locatiorthasfrequency increases, resulting in

smearing of the acetone around the annulus.
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6 on 10 Hz

50 Hz 20 Hz

Figure 4.14. Cross-sectional images of the coaxjats at x/D, = 0.5 for
6-on and three frequencies (10, 20 and 50 Hz) ofsfinning actuation.

Figure 4.15 shows the change in jet cross-sectiith eight for the same phase.
Farther downstream, the acetone profile becomeg maiform, with a shrinking region
of high acetone (annular jet fluid) concentratiohhe maximum acetone concentration
decreases with height as more air is entrainedtladcetone is spread over a greater
area. By x/Q = 3, the actuated jet has roughly doubled itsidatdiameter and has filled

in the center hole.

Figure 4.15. Cross-sectional images of the coaxjats at x/D, = 0.5, 1
and 3 for one phase of 10 Hz 6-spinning actuation.
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This chapter evaluated synthetic jets over a watgye of actuation cases and in two
different flow fields. The actuators proved theffectiveness at enhancing mixing by
creating small scale structures on the peripherpaih a single jet and coaxial jets.
Applying different spatial patterns of actuationosled that the synthetic jets could
significantly alter the spatial distribution of &agee in a controlled way. Comparison of
two different directions of actuation on the singdeindicated that axial forcing parallel
to the jet was more effective than radial forcintpithe center of the jet. The results may
be different for coaxial jets, since they haveramer air flow that the radial forcing could
help mix into the annulus as well as the entraim@tbient air. The addition of amplitude
modulation to the actuation demonstrated the gdidit temporal control of the acetone
distribution as well as spatial distribution. Ldvequencies were found to be best for
spinning the actuation pattern around the flow, tigher frequencies worked better for
pulsing all the actuators. The end result of thfes#ings was to define a smaller set of
conditions for further examination: axial actuatio 9-on and 6-on configurations, both
with and without amplitude modulation (one frequ@n@applied to single and coaxial
jets. The next chapter examines quantitative nreasaf the mixing for the various cases

and how the synthetic jet actuators cause thesetsff
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CHAPTER 5

QUANTITATIVE MIXING MEASUREMENTS

Results in the previous chapter qualitatively destiated that the synthetic jet
actuators have the capability to create the desibahg and control effects on the jet
flow fields. This chapter focuses on quantifying tmixing control and enhancement.
Because the mixing system uses nine actuatorslgeppaiced around the jet exit, there is
a built-in asymmetry to measurements made on aatiaal line through the flow. This
will be used to demonstrate the maximum and minimeffects of the actuators
azimuthally. The mixing effects at other azimuthadations should be between these
two extremes, thus reducing the number of measuresmeeeded to characterize the
effects of the actuators. As a reminder, the measents are not resolved down to the
molecular mixing scales (56 - 84n), so the term mixing is used to refer to mixiroyv
to the resolution of the imaging system (1#Q). As a reminder, error estimates for the
measurements (<6% of the local value) are in Chapte The chapter begins with
measurements in the single jet before moving tocthexial jet results. In both cases,
global measures of mixing are presented first,nigya foundation for the radial profile

results that follow.

71



Single Jet

Global Results

One consequence of this measurement techniquehiavi® a quick way to represent
the results in a summary form. By defining thegdges as f = 0.01 to limit the domain,
global measurements are possible for each crossisdacation. These present a quick
representation of the local results without pravgdiany radial information. The first
flow field presented is the one-inch diameter royetdwith a mean axial velocity of
approximately 14 m/s. As a reminder of the overall flow field structudgigure 5.1
shows the mixture fraction for the unforced jeg fbt with 9 on actuation, and the 9
pulsing case for the phase with maximum jet spreadiThe most important features to
notice are the regular small-scale structures dukd high frequency actuation and the
broadening on each side, as discussed in Chaptdihd.greater width in the 9 pulsing

phase, compared to the unforced and 9 on casaspisipparent.

"The velocity changes over time due to the changi®jone seeding as discussed in Chapter 3.
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Figure 5.1. Instantaneous side view images of thagle jet for the
unforced, 9 on and 9 pulsing cases (one phase).

Sets of 1000 images were obtained at each condikorprovide statistically
significant, quantitative measurements of the &rgt. In order to reduce data storage
requirements, these large data sets were obtaoredofizontal strips five pixels high
(~0.85 mm) with a downstream spacing between stifi3/D = 1. The five rows were
averaged for each image to reduce the noise, pmavidne radial profile at each
downstream location. The numerical results arelihined from these data strips and
not from full images of the flow field like thoseh@wvn above in Figure 5.1. The
numerical results presented here are based orvénage mixture fraction profile at each
location. Statistics were also calculated by ayieigathe instantaneous values, yielding
similar results but with greater noise. For clawf presentation, the values from the

average profiles were chosen for presentation.
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Figure 5.2. The single jet edged E 0.05) for the three actuation cases
versus downstream location. The jet exit edges agg £ 12.7 mm.

Figure 5.2 provides one measure of quantitativenjgtng based on the amount of jet
spreading downstream. The figure shows the logatjoontour) where th@eanmixture
fraction (f ) reaches 0.05, which can be used to define thesedf the jet. If one
considers 0.05 as the stoichiometric mixture faactof a fuel, then this can also be
thought of us defining the average location wheymleustion might occur in the flow
(ignoring the changes heat release would makearflthv field). The results show how
the jet width increases downstream and how it gaoetween the cases. Both actuated
cases result in wider jets than the unforced jéthile the unforced jet is nominally
symmetric, the forced cases exhibit differencesvben the left and right sides of the jets.
These are due to the laser sheet passing betweeacdwators on the left and crossing
directly over the center of one actuator on théatrigThe right side of the jet shows

enhanced jet growth with amplitude modulation, wtite left side seems unaffected by
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the modulation compared to constant (9 on) actnatiBy four diameters downstream,
the forced jets are becoming similar to the unfdrg#, especially on the left side. The
sudden growth of the right side of the 9-on casd@t4 is an artifact of noise in the data
creating a false value far downstream. Becauseddia point is at the very edge of the
laser sheet, it receives the strongest signal ctoore so a low level artifact gets scaled
into something large enough to reach the 0.05 limit

Figure 5.3 presents another quasi-global measun&hg improvement, the change
in the width of the mixing layers for the differecsises. This is indicative of how large
an area the mixing could effect for pattern factontrol, for example. Here, the mixing
layer is defined as the region whefreis between 0.05 and 0.95. The results are quite
different due to the asymmetry of the actuationMeen the right and left sides of the
given cross-section, so each side is listed seglgral he large structure generated by the
amplitude modulation on the right side creates whdest mixing layer. However,
modulation has a downside. The left side of thetioaously actuated jet had a wider
mixing layer than the pulsing case. A likely reasenthe reduced actuation time
associated with the less than 100% duty cycle figplaude modulation. It is interesting
to note that the small scale mixing case (9-onfpces better mixing (a wider mixing
layer) on the side between two actuators (left)leviiie pulsed case has better mixing
directly over an actuator (right side). Note ttiese results qualitatively agree with the

side view images of the jet shown above in Figute 5
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Figure 5.3. Mixing layer widths (0.05 <f < 0.95) for each side of the
actuated jets versus the average for the unforceei.

A third measure of mixing efficiency is the totahroixed fluid fraction at each
downstream plane (Figure 5.4). The unmixed fluattion is the ratio of the amount of
pure fluid f > 0.95) at the given downstream location normaliagdhe amount at the
jet exit. This is a useful measure for nonpremigechbustors, where the amount of pure
fuel is an important concern. The pure acetonategrated with the appropriate area
weighting based on each pixel's radial locatiors ekpected, the amount of pure fluid
decreases quickly downstream for all cases. Toease in small scale mixing from the
high frequency excitation causes more areas to dlemixed. The nine-pulsing case
actually has more pure jet fluid than the nine-asecalthough significantly less than the
zero-on case. The small increase stems from ttge lacale entrainment structures
generated by the low frequency modulation. Thésetsires move large amounts of jet
fluid around but do not necessarily mix it at timeadl scales. The amplitude modulation
also necessitates a duty cycle for the actuateduyaing the amount of energy being

added to the flow.
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Unmixed Fluid Fraction

Figure 5.4. Unmixed fluid fraction (f > 0.95) versus downstream
location for each actuation case in the single jet.

Local Results

More detailed analysis results come from examirting spatially resolved, radial
profile of mixture fraction. Figure 5.5 shows therofiles for the three modes of
actuation (no forcing, 9 on, and 9 pulsing) at ftngations downstream. There are two
main things to notice from the profiles. Most alns is that initially the unforced jet has
a thinner mixing layer with a steeper gradient andider area of pure jet fluid in the
center. The difference decreases downstream, ltholigs also clear that all three cases
are more similar on the left side than the rigits noted previously, the laser sheet,
which comes from the left, passes between two tmsian the left side and directly over
an actuator on the right side. Apparently thectnes generated by the actuators do not
quickly coalesce azimuthally. Note that this cazushe 9 pulsing case to stay
significantly broader than the 9 on case on thktregde of the jet for this cross-section.
Also note that inner core of pure jet fluid is wider 9 pulsing than in the 9 on case, as

seen in the jet images in Figure 5.1. Since thisinominally symmetric jet, the

77



difference between cases should vary azimuthallyvéen the two extremes these

profiles show.
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Figure 5.5. Mean mixture fraction profiles for all three actuation cases
at four downstream locations.

The profile of the root-mean-squared (RMS) deviatod the local mixture fraction
from the mean (f') is shown in Figure 5.6 for tlzeng cases. As expected, the highest
RMS values occur in the mixing layer (the regiorithe mean profiles, Figure 5.5, where
the mixture fraction varies between 0 and 1). knrtixing layer, large scale structures of
fairly pure air or jet fluid can sometimes be prégsas well as better mixed small scale
structures. The increase in the width of the negaibhigh RMS fluctuations shows that
the mixing layer is broader in the actuated casessistent with theneanmixing layer
results presented above. For the actuated calsesddcrease irpeak fluctuation
magnitudein the mixing layer for the first two diameterswdwstream indicates an

improvement in mixing caused by the synthetic jetsver peak fluctuations at a given

location suggest less chance of seeing pure jet 8uair. The closer similarity of the
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RMS profiles further downstream shows that the rahtiet mixing process can achieve

the same mixing as the forcing, but need longeiotd.

0.3

—O0on
—9on
0.2

B — 9 pulsing
M| M
0.0 L .

S —

-40 20 0 20 w 1 2 0 20 0 20 40
r (mm)

frms

—O0on
—9on

—9 pulsing

frms

Figure 5.6. RMS mixture fraction fluctuation profiles for all three
actuation cases at four downstream locations.

The mean and RMS profiles represent the zerothfisstdmoments of the mixture
fraction distribution. A more complete statisticapresentation of the data is given by
the probability density function (pdf). The valakthe pdf for a given location, P(f,x,r),
represents the probability of mixture fraction toming there. For a given downstream
location, we have a two-dimensional function, P)f,which is presented here as a pdf
image. An example is shown in Figure 5.7, alonthwhree one-dimensional pdf plots at
specific radial locations used to demonstrate pregation of the image. The horizontal
axis in the image is the radial location, while thetical axis is mixture fraction. The
probability is represented by the intensity of theage for each mixture fraction and

location. Thus, vertical cuts through a pdf imggevide the pdf for the corresponding
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points in space. A horizontal cut (not shown hejiges the spatial distribution of points

having a specific mixture fraction.

Probability (in %) f

7 mm

0 05115225335

PDFs

0.05

0.04

Probability ~ 0-03

0.02

0.01

0
0 0.2 0.4 0.6 0.8 1

Figure 5.7. Explanation of a PDF image, includingtree one-
dimensional pdf profiles.

Figure 5.8 presents pdf images at x/D of 1 foruh#rced (0-on) and 9-on cases, as
well as eight phase-locked pdfs and the overalsgefaveraged pdf image (i.e., statistics
for all the phases) for the 9-pulsing case. Siacpdf image provides a complete
statistical representation of the results, manggkican be seen from the pdf images for
the three cases at x/D = 1. The increased jehvdde to actuation is again obvious from
the wings of the pdf images, but the phase-lockegges tell an even more interesting
story. These eight equally spaced phases showhiwege in jet fluid distribution over
the modulation cycle. The 30° phase shows plataatis 0.5. These indicate regions of
uniformly mixed fluid spread radially. The distuitton then relaxes towards the 9-on

case as a steady-state is reached over the nexplases (75° — 210°). The similarities
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between the 9-on pdf image and the 120° — 210°|€ifmu phases are striking. In the
remaining three phases (255° — 345°), when theatmtsi are stopped by the modulation
signal, the distribution approaches that of thenOcase. The phase-averaged 9-pulsing
pdf image is similar to many of the phases. TlmOmage and the 345° image are quite
similar for f > 0.5 but the low-level acetone igegd wider. Note that the probability of
any given mixture fraction is fairly low throughotite mixing layer, but that the pure
regions have very high probabilities. These reswkre expected based on the mixture

fraction profiles and fluctuation profiles showrepiously (Figure 5.5 - 6).
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Figure 5.8. Phase-locked pdf images at x/D = 1, a®ll as 0-on, 9-on
and phase-averaged 9-pulsing for comparison.

81



The beginning of the modulation cycle (0°) geneyadesudden pulse of actuation
from the synthetic jets, which generates theseealat at x/D = 1 by 30°. The interaction
of the actuator jets with the flow field createlmge-scale structure (the plateaus) and is
evidence of the large scale effects of the lowdsstcy modulation. Figure 5.9 follows
this flow feature as it propagates downstream. damh inch downstream, the phase of
the system increases 45°. This yields a propagagdocity of approximately 8 m/s for
40 Hz modulation, which is roughly the mean axielocity at this radial location in the

flow field (Figure 3.6).

x/D Phase
_ _ L5

120°
75°

30°

0051152235335
Prohability (%)

Figure 5.9. Large-scale feature tracked in pdf imags in both time
(phase angle) and distance (x/D).
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As evidenced by several different results, thelsstnt jet actuators have a significant
impact on mixing in this jet flow field. Unfortutely, they do not seem to be reaching
their full potential to enhance mixing since thegkascale structures created by amplitude
modulation can only mix with the quiescent ambiainton the outside of the jet. This
could lead to entrainment limiting the amount ofximg enhancement these large
structures cause. If the structures have theaidestrength to reach the middle of the
flow, synthetic jets applied to a coaxial jet flofreld might allow the actuators to
maximize their effect by having an inner air floovrhix into the annular fluid as well as

entraining ambient air.

Coaxial Jets

The coaxial jet flow field was discussed previoudlyt deserves a brief overview at
this point. A 0.625 inch diameter inner tube isearied concentrically in the one inch
round jet used previously. The acetone-seededemerally flows in the annulus with
pure air flowing in the center jet. The majoritiythe data is acquired with a velocity
ratio (inner jet mean exit velocity / outer jet meaxit velocity) of WU, = 0.62 and a
total flow rate designed to match the momentum @ia-inch diameter jet moving at
10.8 m/s. For the numerical results, again 5 pixed.85 mm) tall strips of data of data
are acquired for the flow fields but with a vertispacing of only x/D, = 0.25. Since
many more conditions are tested in the coaxiatgefiguration, data sets consist of 300

strips with each row used as a separate measureéogetd 1500 results.
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Flow Field

As a visual reference for the results, images ef flow field with and without
actuation are presented in Figure 5.10. It isnptai see that the actuators are affecting
both the inner and outer mixing layers, leadingatetone spreading faster in both
directions. As a result, the regions of pure avetare much narrower. The small scale

structures created by the actuators are evidemtieg right at the jet exit.

Figure 5.10. Composite instantaneous images of theaxial jet flow
field with and without actuation.

Figure 5.11 shows mixture fraction images at nigeadly-spaced phases for 60 Hz
amplitude modulation of the ~1200 Hz synthetic gtg/D, = 0- 3. Readily apparent are
the large-scale structures created by the low-BRqu modulation that persist

downstream, unlike the small-scale structures thatdly dissipate (just as seen in
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velocity measurements in a very similar flow fiéjd and allow mixing enhancement by
stirring the flows together. More ambient air i#trained, and the surface area of the
outer mixing layer is greatly increased. The deygle of the modulation is apparent
from these images, as the small-scale structussgent by the high frequency forcing are
again visible near the exit in the phases whenmbdulation cycle is on (10° — 210°).
The large structures do not become visible untthéx downstream (x/P> 1), needing
time to form. Note that the flow starts to reseentile case with continuous forcing
before the cycle ends except for the remnantsefaitge-scale structure at the top of the
image. In the phases when the modulation cyctdfi€250° -330°), there are no small-
scale structures but the large structures frompitexious cycle are still propagating

downstream.

130°
170°
3
210° 2
1
0
(- 0 NN D,

Figure 5.11. Representative images for the nine pes of 9-pulsing
actuation in the coaxial jets for x/Q3 = 0-3.
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Figure 5.12 shows a comparison of the measuredumixtraction to both the
normalized streamwise and normalized radial vekgitfor the beginning of the
modulation cycle (10° — 130°). The velocity mea&soents were made in a very similar
facility in a companion effort® and the differences in the facilities are not imaot for
the comparison being made here. The radial velogriiddle) is colored blue for
velocity to the right and red for velocity to theftl Comparing the radial velocity to the
mixture fraction, it is easily observed that thegscale structures correspond directly to
the radial motion shown in the velocity plots. Tstart of the duty cycle, when the
actuators first begin to suck in fluid, starts #ngrate outward radial velocity. It also
reduces the streamwise velocity. As the flow reackl) = 1, the large-scale structures
begin to roll outward. The combination of the reeld streamwise velocity and the
outward radial velocity results in a region of lasetone concentration that almost spears
as a break in the flow. It also causes the flowitech acetone into the middle as the
radial velocity is inward in this region. Based threse images, the large structures are
created by the beginning of the duty cycle when skethetic jets pull the annulus
outward and then that annular fluid runs into tbeiator jets and is pushed outward. The
large structures also clearly impact the inner ngxiayers as well as the outer mixing
layers, lending credence to the hypothesis thatliardp modulation can be more

effective at mixing enhancement in coaxial jetsithmathe single jet.
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Figure 5.12. Comparison of mixture fraction (top)to normalized
radial (middle) and axial (bottom) velocity for four phases of 9-
pulsing actuation in the coaxial jets.

Global Results

As a reminder, the jet edges are defined as f £ iD.@ach instantaneous slice to limit
the domain for making global measurements. Thessept a quick representation of the
local results without providing any radial infornmat. Figure 5.13 shows the global
average mixture fractionf @ioba) at each downstream location for each actuatiee.ca

This value is the area-weighted average of the uréxtfraction throughout the jet,



averaged over all the slices at that height. Thpail8ing case (phase averaged) has the
lowest value everywhere while the unforced jet gisvhas the largest mixture fraction,
showing that the actuation is effective at mixihg &ir and acetone. This result comes
from the width of the annulus increasing with tletuation cases, spreading the same
amount of acetone over a larger region. The aujlylata point at x/D= 1.75 for the
unforced jet appears to be an artifact and notah deviation from the neighboring
values. The most important, and expected, resulia trend of the average f to decrease

downstream for all cases as the flow widens.
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Figure 5.13. Global average mixture fraction versuslownstream
location.

In addition, the global average RMS fluctuationsf df'y00a) at each downstream
location can be calculated (Figure 5.14). Thesetlae fluctuations of the global mixture
fraction from each slice compared to the averadaevdiscussed above. One would

expect the RMS fluctuations to decrease downstrieaatl cases as the amount of pure
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fluid (air or jet fluid) in the flow field is redwed by mixing, and this is clearly seen in
Figure 5.14. From the single jet data, it is agpected that the actuation will decrease
the magnitude of the fluctuations. The large scatleictures created by amplitude
modulation further reduce the fluctuations aftddx# 1.25, when the structures become
readily visible in images. However, these resdiisiot indicate if the lowered values are
due to increased mixing from the actuation or aceeninfluenced by the width of the jet

which should be increasing with downstream distaara actuation.
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Figure 5.14. Global RMS mixture fraction fluctuations versus
downstream location.

To evaluate the effect of jet width or spreadings helpful to look at the edges of the
jet. As the statistics to be evaluated now regkirewing the radial distribution of f, all
the following results will be based upon the meedfile of the average mixture fraction
distribution at each downstream location. Usingt tthata, the edges are defined as the

location wheref = 0.05 to eliminate noise from influencing the \edu As seen in Figure
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5.15, the unforced jet is the narrowest. The %od 9 pulsing cases both start out (at
x/Do, = 0.25) wider than the unforced case by an ameguoil to the spacing of the
synthetic jets from the annular jet exit. Fromttharting point, the 9 on case parallels
the growth of the unforced case with both havingpeead half-angle of 9.2°. The 9
pulsing case starts out with slightly faster gro&R.3°) up until approximately x/o>=

1.25, then once the large scale structures talkethelgrowth doubles to 24.5°.

-=0on (L)
=9 on (L)
=o-9 pulsing (L)
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==9on (R)
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Figure 5.15. Comparison of the jet edges for all tiee actuation cases
in the coaxial jets.

Even a casual glance at the jet edges shows amasyynbetween the left and right
sides of the flow for the 9 pulsing case. As hasrbmentioned previously, the left side
of the flow is between two actuators while the tigidle is directly over one. Figure 5.16
shows the same jet edges plotted in radial distame@mplify comparison of the two
sides. The unforced edges are similar, but ndeagual, indicating a slight angle to the

right of vertical for the flow. Note that the aatars in the 9 on case pull the flow to the
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left, having the effect of straightening the flowiee the data were acquired immediately
after the unforced data without any adjustmenhefdystem. This is similar to the result
seen in the single jet, which was symmetric inuh&rced case resulting in the 9 on case
being wider on the left than on the right. Themasyetry of the 9 pulsing case is readily
apparent, with the left side significantly farthent than the right side from the very
beginning. In the single jet, this was reversethuhe right side farther out. The flow in
the annulus is approximately the same speed asitigée jet, so there is no reason to
expect a significant difference in the responsadtuation. However, the coaxial jets
present a wake-like flow with a lower velocity ihet center. This will reduce the
outward jet spreading that moves more jet fluidvabtihe actuators, changing the effects

of the actuators on the jet edges from the sireilegse.
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Figure 5.16. Comparison of the left and right jet dges for all three
actuation cases in the coaxial jets.
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In terms of evaluating the effects of the actuatorsnixing, an important measure to
look at is the mixing layer width on the outsidetbé flow field. This is where the
actuators are located, so their effects shouldroagest here. The mixing layer width is
defined here as the region between the jet etige §.05) and the beginning of the nearly
pure fluid f = 0.95 f max Where f max is the peak mixture fraction at the given
downstream location). A rigid cutoff af = 0.95 was not used here because the annulus
is too small to allow pure fluid to persist dowmstm, unlike the single jet. In fact, it
only persists to x/B= 0.5 for the two actuated cases. Figure 5.17pewes the left and
right side mixing layer widths for all three cases with the jet edges, the unforced jet
has the narrowest mixing layers and shows lineawtyr downstream. The two sides are
virtually identical, as should be expected for aisymmetric flow. The 9 on case again
parallels the unforced case with an initial offdae to the actuators. The left and right
sides are very similar with the left side beingistly larger (~1 mm) most of the time.
The single jet showed a different effect since l¢feside was larger than the right side
the entire time. The 9 pulsing case begins muehthe 9 on case, with a sudden change
in the growth rate starting at B+ 1.25. The left side is always larger than tightr
side, generally by 2 mm or more. This is in costtt@ the single jet result, but can be
explained by the nature of the large scale stresturin the single jet (Figure 5.1), the
large scale structures are not as clearly defirseth@se seen in the coaxial jets (Figure
5.11). The right side is a larger structure inhbcases, but in the coaxial jets it moves the
entire fluid stream out to the right, resultingarsmaller mixing layer width than on the

left where the geometry keeps the pure fluid fartheowards the center. This leads to
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the difference in statistical results because thesways a pure inner core in the single

jet that does not get moved out with the structure.
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Figure 5.17. Comparison of the left and right outemixing layer
widths for all three actuation cases in the coaxigkts.

In the coaxial cases, it is also important to coesithe inner mixing layer width
(Figure 5.18). This has the same defined cutdffemas for the outer mixing layer width
(f =0.05 and 0.95m,y, but by x/0y = 1 the center region begins filling with acetone,
i.e., the two inner mixing layers are merged. Tiiging layers are narrower than on the
outside of the flow, which makes sense with a senalhear between the two jets than
with the ambient air. The distance from the adrtsatlso makes it harder to influence
since the synthetic jets do not exit directly itlie inner mixing layer. The unforced case
has the smallest mixing layer as is expected. ddynmetry in the 9 on case is quite
large with the right side inner mixing layer beimguch wider than the left side. The

actuators clearly have a strong effect even orinter jet mixing layer, and it takes about
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one inch for the two neighboring actuators on #fedide to merge their effects to match
the pull of the actuator on the right side. Tlghtiside was slightly larger for the outer
mixing layer over these downstream locations, d&dduter edge is much closer to the
actuators making it easier for the neighboring lsgtit jets to merge their effects.
Because the 9 pulsing results are phase averagedims duty cycle, it is not surprising
to see that the 9 pulsing case has wider mixingri&athan the unforced case but less than
the 9 on case near the exit. The strongest eftédise amplitude modulation generally
are not seen until further downstream. It appdaatsthe pulsing case is mostly showing
an average of the effects of the two sides in 9penhaps due to the duty cycle of the
modulation allowing the sides to remain more simild@he right is still larger than the

left side, but not by such a large margin.
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Figure 5.18. Comparison of the left and right innemixing layer
widths for the three actuation cases in the coaxigéts.
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The effectiveness of the large-scale structureduymed by amplitude modulation is
even more evident in a comparison of the rate atlwpure annular fluid becomes
mixed. Figure 5.19 shows the axial dependencehef fadially and azimuthally
integrated puref( 3 0.95) mixture fraction value for all three actoaticases, assuming
near symmetry in the azimuthal direction in an agersense. The radial integration
gives proper weighting to the greater azimuthabhaepresented by each pixel as the
radial distance increases (A =r2, where = pixel size). The integrated value is thus
the integral (or sum) of 2 f over all r conditioned ori 3 0.95. Continuous forcing,
relative to the unforced case, greatly increasesrdite at which pure fluid becomes at
least partially mixed. Pulsing has an even moesrditic effect. Virtually all the pure
fluid is gone as early as x§> 0.5, while the forced case does not achieveahnge result

until x/D, = 1.0, and the unforced flow needs a couple ahédiars.

Figure 5.19. Integrated total pure acetone normalied by the exit
value for all three actuation cases in the coaxigéts.
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Another potential measure of the mixing in the ¢hflows is the average mixture
fraction on the centerline of the roW(r = 0) (Figure 5.20). As expected, the unforced

case begins with pure air in the center. Then aff@s~1, the mixture fraction (of annular
jet fluid) increases slightly with downstream dista, and the decay becomes large and
essentially linear after x/22. The 9 on case has a very similar trend, betrépid
decay starts around x/B1 with an increasing slope downstream. The ipglsase is
interesting in that it matches the 9 on case wiiid, = 1.5, when it begins to mix more
slowly until it has only matched the unforced chgex/D, = 3. This shows that while the
large scale structures are very effective at movireggfluid out much wider, the small

scales more directly impact the mixing.

-&-(0 on =+« 9 on -®-9 pulsing

O T T T T T

0 0.1 0.2 0.3 0.4 0.5 0.6
Centerline f

Figure 5.20. Average mixture fraction on the centdime for the three
actuation cases in the coaxial jets.

A final statistical measure to consider is the ager maximum mixture fraction

(f may as a function of downstream location (Figure B.2&hich is an important
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parameter for mixing down fluid for pattern factwontrol, for example. The value is
steady atf max = 1 for the unforced case until air begins to ralkthe way into the
annular flow at x/[@ = 2, when it begins a linear decay. The 9 on dcmmammediately
lowers the value, but it holds steady at f = 0.8@Iut begins to decay at x{>= 2 just
like the 0 on case. The 9 pulsing case starts pitte fluid as the maximum, but
immediately begins to decay. Farther downstreantha large scale structures begin to
have their full impact, the rate of decay increadeg x/D, = 3, the 9 pulsing has reduced
the maximum to f = 0.53, compared to 0.72 and @d83he unforced and 9 on cases
respectively. This shows that the primary effefcthe high frequency actuation is in the
very near field, after which the flow is dominateg the natural, shear-induced mixing
processes. The amplitude modulation continuesoid Wownstream, achieving a greater

total result despite starting more slowly.
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Figure 5.21. The average maximum mixture fraction { max) for the
three actuation cases in the coaxial jets.
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Using the full images, another measure of mixingagrtement can be calculated.
Instantaneous mixture fraction contours can beutatied by thresholding images (Figure
5.22). These images show the pixels where f =0 1025. The changes in the jet edges
due to actuation described above are apparens, the ienhanced mixing into the center
flow (especially for 9 on). The contours are mooavoluted with actuation as well.
Using this as a stoichiometric contour for a hygtital fuel, this creates a greater
surface for combustion. One way to measure this malculate the number of pixels in
each contour, and normalize by the 0 on case teuned@he enhancement. The 9 on case
nearly doubles, to 1.93 times the 0 on case, whdemodulated case grows to 2.08 times
the unforced for the given phase. Averaging over hine phases, the modulation
contour is 2.05 times as large as the unforcedocontThis factor would increase more if
the surface area was computed by assuming axisywaned integrating, but that is not a
reasonable assumption based on the small numbestahtaneous images. While there
are not enough images to draw truly quantitativectisions, it is clear that the actuation

significantly increases the surface area of the t a given mixture fraction level.
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Figure 5.22. Instantaneous mixture fraction contous for f = 0.10 £
0.025 in the 0 on, 9 on and one phase of 9 pulsing.
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Local Results

More detail of the mixing is provided by examinimgdially resolved mixture
fractions. The mixing results for all three casars be compared by examining the mean
and RMS mixture fraction profiles @nd ). Figure 5.23 shows and € profiles for the
three modes of actuation at ¥/B 0.25, with the pulsing case averaged over al th
collected phases. The mean mixture fraction pafthows broadening of the flow for
both continuous and amplitude modulated forcinga the right side, where the profile
crosses directly over an actuator, the effect samr than on the left side where the
profile splits between two actuators. The peakgeannulus are slightly lower for the
forced cases due to the small-scale structuredecrday the synthetic jets that force
mixed fluid into the annulus. The RMS mixture fian fluctuations show peaks on both
edges of the annulus (the mixing layers) as exgect&e mixing of air into the center of
the annulus is shown by the increase in the fluing there for both kinds of forcing.
This is a small-scale effect, so there is littl&fedence between the two forcing cases.
Unlike the mean profiles, however, a differencenssn the two forms of forcing can be
seen in the outer mixing layer. Amplitude moduwathas already increased the width of
the mixing layer on both sides more than the cawoiirs case. Note again the asymmetry
due to the right side being directly above an aotuaThe continuous forcing has much

more effect above an actuator at this downstreaatilon.

100



|

r/D

o

Figure 5.23. Mean and RMS mixture fraction profilesfor the three
actuation cases at x/P= 0.25 for the coaxial jets.

Farther downstream, at x3= 2, the effects of actuation are more evidentjFe
5.24). The modulated forcing spreads the annwéarflyid much wider than the
continuous forcing. Pulsing also mixes more ato ithe annulus than high frequency
actuation alone, as shown by the lower peak mixfraetions in the annulus. Both
methods of forcing have similar effects in the eerdf the flow, suggesting that small-
scale structures are mostly responsible for mixdngancement in the inner shear layer.
Note that the asymmetry now favors the left sidebfoth cases of forcing, showing that

interaction between adjacent synthetic jets israportant aspect in the outer mixing
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layer. The RMS mixture fraction fluctuations alsbow the increased width of the
mixing layer caused by amplitude modulation. Tightrside exhibits some increase in
the outer mixing layer width due to the high freqagforcing as well. Again, both cases
have increased the fluctuations in the center efathnulus. Also of interest is that the 9
pulsing case has developed three peaks on eacimdide RMS profile. The third peak
is a direct result of the large scale structureater@ by the amplitude modulation. It
creates a region on the outside of the structuth high fluctuations. It takes some
distance downstream for this structure to develapich explains the lack of the third
peak in the previous figure. For all three casls,location of the RMS peaks track
fairly well together. The innermost peaks movéh® center as mixing occurs until they
blend into one central peak farther downstreame ditermost peak for 0 on moves out
slightly as the jet spreads while the next peakttieractuated cases (outermost for 9 on,
middle one for 9 pulsing) remains directly over thetuators as the flow travels
downstream. The outer peak for the 9 pulsing casees outward with the large
structure that causes it. It is should be noted the peaks coincide with the inflection

points in the average mixture fraction profile ach mixing layer or region.
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Figure 5.24. Mean and RMS mixture fraction profilesfor the three
actuation cases at x/= 2 for the coaxial jets.

Because the asymmetry of the actuation is so irapbtb the understanding of the
results, it is necessary to examine the symmetth@faverage mixture fraction profiles.
Figure 5.25 shows the profiles from four downstrdaaations for the unforced flow (the
profiles are adjusted for the slight angle to tigatrin the flow to maintain the center at r
= 0), the 9 on case and the 9 pulsing case. Whiee are minor differences in
magnitude between the two sides for O on, it iarckhat the profiles match almost
exactly in radial location as is expected for timdfouced jet. The 9 on case also shows
remarkable symmetry. The right side is slightlsgéx in the near field, but mostly there
are just small magnitude differences as with tlen@ase. The profiles are not adjusted

for any possible flow angle (relative to the camaxés) since there is no way to separate
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flow effects from the actuation effects. The 95 case is different from these first
two cases. The flow is quite symmetric in the néald, but shows significant

asymmetry downstream. The center of the profilesly moves to the right, but the left
side extends out significantly farther than thérig the intermediate locations.

Figure 5.26 compares the pdf images for the untbacel forced cases at /B 0.25.
The spreading of the jet is apparent even thissdoghe jet exit, with most of the effect
in the outer mixing layer above the actuatorsll,$kiere is a visible change in the inner
mixing layer where the small-scale structures cathse mixture fraction to oscillate
between very low and very high with less mixeddldhan in the unforced case (i.e.,
there is nearly a bimodal distribution of mixturadtion). The lower f' peaks seen in
Figure 5.23 for the 9 on case in comparison toQlen case appear here as the outer
edges of the annulus having a shallower slopeHermost probable f. A vertical cut
through the pdf images gives the pdf of f at theegiradial position, and the shallower
slope results in a slightly narrower distributionf@nd thus lower f'. The greater radial
width of the distribution in the inner mixing layegsults in larger f' peaks in the inner
mixing layer for 9 on because while the full rarafef is possible over a small radial
region, the most probable value jumps from low ighhrather than the smoother

transition in the inner mixing layer for O on.
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Figure 5.25. Symmetry of the mean mixture fractiorprofiles for the O
on (top), 9 on (middle) and 9 pulsing (bottom) casean coaxial jets at

four downstream locations.
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Figure 5.26. Unforced versus 9 on pdf images at x{= 0.25 for
coaxial jets.

At x/D, = 1.5 (Figure 5.27), the mixing enhancement in itheer mixing layer is
apparent as the forced case is starting to shotwrazenixed to the center of the flow,
while the unforced case still has a significantiaagf pure air in the center. The outer
mixing layer is also broader, and the peak acetoneentrations are lower for the forced
case. By x/Q = 2.5 (Figure 5.27), the unforced case is finaligrting to show some
annular fluid mixed into the center of the flow. hél forced case, in contrast, is
approaching nearly uniform mixing throughout theanregion of the jet. The forced jet
is still broader and has lower peak mixture fratgithan the unforced case. This is clear
evidence of the significant mixing enhancement gatee by the actuators running at
high frequency. Comparing the 9 on pdf image &% 1.5 to the 0 on pdf image at
x/ID, = 2.5, the similarities are striking. The actuatbave reduced the downstream
distance needed to reach the same state of mikimgghout the flow by x/B= 1. The

same conclusion can be drawn from the previoudtsesbowing the jet edges and other
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measures by comparing the data for the two cas@&he synthetic jets have not

fundamentally changed the mixing behavior of tloavflhowever.
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Figure 5.27. Unforced versus 9 on pdf images at x> 1.5 (top) and
2.5 (bottom) for coaxial jets.
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Figure 5.12 showed how the large structures visibtbe PLIF images correspond to
the velocity structures measured in the companftorte The large-scale structures are
also evident in the PDF results (Figure 5.28). Tdrge-scale structures create large
regions of fairly uniformly mixed fluid that vastlyncrease the jet width and reduce
variations in the spatial mixture fraction distrilmm. Comparing the phase before the
cycle begins (330°) and the phase just after theation begins (10°) shows several
things. At x/[ = 0.25, the mixed regions and flow field broadengenerated by the
actuators are obvious. Slight differences exigheshape of the acetone distributions at
x/IDo = 0.5 as well, due to the synthetic jets pullinglind and making the outer mixing
layer more quickly transition from 0 to 1. The mants of the previous large-scale
structure can be seen farther downstream with tbadoregions of uniformly mixed
fluid. At x/Do, = 2.5, the inner edge of the large structure ipidip to a lower f at 10°
than at 330°. This matches well with the imagethefphases shown previously (Figure
5.11), with the decrease caused by the large steigtassing by so the bottom side is
caught in this slice. This results in an area leetwthe large structure and the rest of the
jet that contains less acetone. Comparing vanmalismages, a propagation velocity of
3.4 m/s was calculated for the large structurehim ¢oaxial jets. This is roughly the

velocity of the flow at r/Q = 0.5 (Figure 3.7), just as was the case for ithgles jet.
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Figure 5.28. Two phases of pdf images at differeatownstream
locations in the coaxial jets.

Another piece of information available from the paifages is the radial distribution
of probability of finding fluid mixed to a given wxture fraction, as mentioned
previously. This provides information important fjmmbustors such as the width of the
stoichiometric mixture fraction distribution, whecembustion will occur. Because the
probability is calculated for f at a given r in thdf images, the radial distributions do not
sum to a total of 1. Figure 5.29 shows these idigions at x/@ = 1.75 for three
different mixture fractions (0.25, 0.50, 0.75) #df three actuation cases. It is clear that
the high frequency forcing has significantly enheththe mixing of air into the annulus
from comparing the f = 0.75 distributions for 0 and 9 on. The f = 0.50 distributions
are very similar for the two cases, but the f =50d&stributions show the extra width of

the partially mixed flow caused by the synthetitsje In addition, the centerline value
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never reaches zero on average in the 9 on case widid in the 0 on case. The same
result was seen in the centerline mixture fractiate (Figure 5.20). The much greater
width of the mixed flow due to the large structareated by amplitude modulation is
apparent in all three distributions for the pulsoage. The noise in the distributions is

much lower due to the phase averaging over ninegsha
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Figure 5.29. Radial distributions of the probability of finding fluid of
the given mixture fraction at a given radial locaton for x/D, = 1.75.
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Velocity Ratios

All the results presented so far have been forlacity ratio of U/U, = 0.62, but two
other velocity ratios were also studied (0.30 ay Wwith total momentum of the coaxial
jets held constant between the cases. The thieeityeratios represent two different
flow regimes. When U, = 1.4, the coaxial jets act much like a singlefietv. The
inner shear layer is very weak and the centesjguite strong. The case offU, = 0.30
is the opposite extreme. This flow is quite simila a wake flow due to the strong
annular flow and the weak center jet. The previopsesented case, M, = 0.62, is a
balance between the two and received the most .study

The unforced flow fields can be seen in Figure 5.3Pach figure contains two
gualitative, instantaneous images (taken at diffietenes) combined to show the flow
field from x/D, = 0 to 5 for both the unforced and the forced flowhe images were
acquired from two vertical locations, or “windowslh the first window, the bottom of
the sheet grazed the top of the metal body. Tdw facility was lowered to produce a
second window with the bottom of the sheet atox2. This allowed imaging up to
xID, = 5 with significant overlap between the two wimdo Although the two sets of
images were not taken simultaneously and cannobiypared on an instantaneous basis,
the overlap allowed for the images to be combinecao averaged or statistical basis.
The rapid mixing of acetone to the centerline eaclevidence of the wake-like flow for
the 0.30 ratio. The other two cases look more lamialthough the pure acetone

disappears sooner for the jet flow of the 1.4 ratio

112



U,/U,=0.30 0.62 1.4

x/D

0 Mixture Fraction 1

Figure 5.30. Side views of unforced coaxial jetsith three different
velocity ratios (0.30, 0.62, 1.4) for x/P= 0-5.

The effects of high frequency forcing on differeetocity ratios between coaxial jets
can be seen qualitatively in Figure 5.31. In latke cases, small-scale structures can be
seen starting at the jet exit when the synthetis g&e running. These structures decay
with downstream distance. Annular fluid is mixedoi the central jet more quickly by
the actuators, significantly reducing the downstrafistance before no pure air is left in
the center. There are also more structures irotiber mixing layer when the actuators
are running. When {U, = 1.4, the high frequency forcing creates only it
enhancement of the mixing. The actuators do ftreeannulus to pinch off the center jet
guicker, though. The actuators again hasten tikexqnof annular fluid into the center jet
for the case of [lJ, = 0.30, even though the natural mixing due tovila&e-like flow is
guite strong already. The third case/Ud = 0.62, is the most interesting. The synthetic
jets cause a significant increase in the mixingmular fluid into the center of the flow.

They also enhance the mixing in the outer mixingetaincreasing the jet spreading. By
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virtue of the balance between inner shear layength and annular velocity, this case

allows for greater mixing enhancement in both noxayers.
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Figure 5.31. Side views of 9 on actuation in coaXigts with three
different velocity ratios (0.30, 0.62, 1.4) for x/B= 0-5.

While the 0.62 case may be the most interestinghigh frequency actuation, the
amplitude modulation is effective for all three a@ty ratios. Nine equally spaced
phases of amplitude modulation fof/U, = 0.30 and 1.4 are seen in Figure 5.32 and
Figure 5.33 respectively. Figure 5.32 shows tlnat higher velocity in the annulus
reduces the effectiveness of the synthetic jetxramting large scale structures that
enhance mixing by spreading the jet. The struststd#l have a large effect on the center

flow, though.
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Figure 5.32. Representative images for the nine pes of 9-pulsing
actuation in the coaxial jets with Y/U, = 0.30.

The reverse is true for the jet flow case (Figu@3h The high velocity in the center
jet and the weakness of the inner shear layer ctngséarge structures to mostly effect
the outer mixing layer. Note that the structures r@got as prominent in this case as for
the wake flows because the flow naturally wantspgeead instead of the synthetic jets
opposing the natural radial motion of the annuiaidf The net result of comparing these
cases is to determine that the synthetic jet amtsatork best with the wake flow of the
0.30 velocity ratio. There are two strong shegela for actuators to affect. Clearly

these conditions are necessary for the synthaédgemaximize their effects on the flow.
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Figure 5.33. Representative images for the nine pes of 9-pulsing
actuation in the coaxial jets with WU, = 1.4.

It is helpful to use some of the same statistiasmshpreviously to compare the three
velocity ratios. Figure 5.34 shows a comparisothefouter mixing layer widths on each
side of the unforced jet for all three velocityioat Despite differences in the annular jet
velocity (14, 13 and 10 m/s forilJ, = 0.30, 0.62 and 1.4 respectively), and thus @& th
outer shear layer, the outer mixing layer widths rtually identical for all three cases.
Switching to 9 on actuation (Figure 5.35), the fiolaecome distinct. The outer mixing
layer width scales inversely with the velocity cati This is due to the middle of the
annulus being moved towards the middle in the wideeflows as seen in the images.
The synthetic jets keep the outer edge of the jetentonstrained, resulting in a net
increase in outer mixing layer width as the cefitew becomes weaker. In addition, the

left side is wider than the right side for all tbreatios showing that the asymmetrical
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actuation has similar effects for a variety of cas@he difference is greatest for the jet-
like flow which has the slowest annular jet, in@ieg the power of the actuators relative
to the annular flow. The pulsing cases (Figuré&bshow different trends. The width is
dependent on the strength of the annulus, withrélegively weak annulus in the jet-like

flow having the greatest mixing layer width whileetmost wake-like of the flows has the
thinnest layer. Farther downstream, though, thgelscale structures in the jet-like flow
lose their effectiveness while the most wake-likewf grows in effectiveness. The

asymmetry is very pronounced in all of the 9 pustases, but especially in the jet-like
flow. Both of the results stem from the naturatlthiof the flows. Since the jet-like flow

is already wide, the 9 pulsing is less effectivedaving the acetone even farther out
while the other extreme starts with a very narrtwfthat is much more readily moved

farther out.
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Figure 5.34. Outer mixing layer widths on the rightand left sides of
the unforced coaxial jets for each velocity ratiold;/U, = 0.30, 0.62,
1.4).

117



3
2 -
)
X
19 =062 (L) =062 (R)
-+0.30 (L) =0.30 (R)
-14() =14(R)
o L L L L
0 5 10 15 20 25

Mixing Layer Width (mm)

Figure 5.35. Outer mixing layer widths on the rightand left sides of
the coaxial jets with 9 on actuation for each velaty ratio (Ui/U, =

0.30, 0.62, 1.4).
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Figure 5.36. Outer mixing layer widths on the rightand left sides of
the coaxial jets with 9 pulsing actuation (phase araged) for each
velocity ratio (Ui/U, = 0.30, 0.62, 1.4).

In general, the statistics follow similar trends floe other ratios as they did for/U,

= 0.62 allowing for the inherent differences in fleevs. Rather than repeat a series of

118



similar results, only one significant differenceede to be discussed. Figure 5.37 shows
the inner mixing layer widths for the three actoaticases in the jet-like flow. The 9
pulsing case sharing the same average inner migyey width with 9 on is the same
result seen before. Unlike the previous case ptede however, there is very little
difference between the left and right sides for@han actuation. The extreme wake-like
flow also showed little difference between the sid@th both actuation cases having
similar values. The clear conclusion is that tmeal-scales created by the high
frequency actuation are responsible for the enlthnu&ing in the inner mixing layers,
not the large-scale structures. Clearly the laxgpde structures influence the inner flow
and move acetone around, but they only signifigagtihance the mixing on the outside

of the flows.
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Figure 5.37. Inner mixing layer widths for the three actuation cases in
the coaxial jets with U/U, = 1.4.
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CHAPTER 6

LIQUID MEASUREMENTS

Acetone PLIF has proven to be a useful tool foringxmeasurements in gaseous
flows. However, liquid fuels are of great inter@std simultaneous droplet sizing and
mixing measurements in two-phase flows are nee@sased on the previous quantitative
results, it was decided to determine what additidmowledge is needed to extend
guantitative acetone PLIF into two-phase flows. i/Acetone PLIF has been used for
visualization and threshold sizing (Is it biggeartha certain size?) of acetone droplets
before, it was never made truly quantitative. Tmevious results for acetone vapor
concentration in two-phase flof¥svere not able to handle regions in the laser shasfo
a droplet. This chapter presents preliminary tesial a two-phase flow produced by a
novel atomizer. To enable further development @& tbchnique, a model of acetone
droplet fluorescence was developed (and presemtedChapter 2). Results and
implications of this model for quantitative acetaneasurements in two-phase flows are
presented here. Finally, experimental resultscet@ae vapor and droplet measurements
in a simple spray are presented and discussednrs tef the remaining unknown values

necessary for this technique to work in two-phdsed.
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Preliminary Spray Measurements

Acetone fluorescence images were acquired in apogating, two-phase flowfield to
investigate the utility of the technique and thaligbto distinguish vapor and liquid
phases. For these preliminary tests, a flowfieithwa dilute spray and without a large
number of big droplets was advantageous. An exgedpportunity to investigate such a
flowfield occurred when MicroCoating Technologiesked for some qualitative
measurements of the flowfield generated by theindwaiser® spray system for a range
of air and liquid flow rates. This system is prieparry, so the results and operating
conditions presented have been normalized. The iatons supposed to be able to
control droplet size by adjusting the block tempam of the atomizer. The first goal was
simply to acquire images of a two-phase flowfield prove that liquid acetone
fluorescence does occur and is of a reasonablegsitréo be imaged. If the signal is
much stronger than expected, the dynamic rangédliilons of cameras would result in an
inability to also measure low concentrations oftase vapor. If the signal was much
weaker than anticipated, the droplets would havegetoery large to register which would
defeat the practical application of this technifpremany flowfields.

Figure 6.1 shows three flow field images acquiredthie same air and acetone flow
rates but three different atomizer temperaturdse ihages cover a three inch tall region,
are uncorrected except for background subtracéind,begin one inch downstream of the
atomizer exit due to physical constraints. Becabhseamount of acetone in each image
is so small, absorption corrections are not neededheet correction would be necessary

to make quantitative comparisons at different hisighut qualitative visualization was
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the primary goal of this investigation. At tempera T, individual droplets can be

distinguished from the vapor as distinct pointsthie image; these droplets are seen
throughout the flow. A small increase in tempematgreatly reduces the number of
droplets, but a few still exist at T + 20°. A floer increase of just 10° eliminates the
obvious droplets, yielding a flow that could either vapor only or vapor and very small

droplets. This transition temperature is imporfantspray coating applications, where it
is desirable to minimize the energy used to heat dsstem but droplets cannot be

allowed to touch the object being coated.

T T+ 20 T+ 30

Figure 6.1. Nanomiser® flowfield images for three idferent
temperatures.

The matrix of test conditions of this system in@ddeveral conditions where a range
of temperatures where used for the same flow ratdsicroCoating Technologies
predicted that this transition temperature wouldnge with the liquid (acetone in this
case) flow rate. Higher liquid flow rates resulta shorter time in the heated block and
thus a lower liquid temperature at the exit. Asrsm Figure 6.2, however, the transition

temperature appears to be correlated to the rétibeoliquid and air flow rates, at least
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for the range covered here{IL5). The dependence is essentially linear oviergmall
range. An explanation for this dependence is ithiastthe amount of hot air interacting
with the acetone after the exit that is the detemg factor in evaporation and not the
acetone temperature itself. Obviously this curaenot continue to grow forever, but it
would take more extensive modeling and study tacaté when the absolute flow rates
would become more important than the ratio of flaes and that is beyond the scope of

this research.
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Figure 6.2. Transition temperature versus the raticof acetone to air
flow rates for the Nanomiser®.

Due to the limited scope of this research, quantgadroplet sizing and mixing
measurements were not performed. This researdrlylshowed the technique can
measure distinct pixels of higher signal againeaekground of acetone vapor in a flow

field where small acetone droplets are expectekis [Ends hope to the goal of making
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guantitative mixing measurements in a two-phase/fitdd along with droplet sizing.
This investigation also highlights the need toidgtish whether acetone fluorescence
emanates from droplets or vapor, preferably frost jhe signal level measured by the
camera. For this technique to be practical, theftuliameter below which the signal
level alone cannot discriminate between phasessnaedufficiently low to be useful.
Before running experiments, the first step is toaliep a model of droplet fluorescence

and provide an estimate of this cutoff value.

Droplet Model Results

The droplet model used here is fairly simple antnided to provide first order
estimates of the expected fluorescence for a ddptay of spherical droplets. The model
(presented in Chapter 2), includes several varsathiat merit discussion. Before delving
into the variables, though, it is useful to looksame typical results of the model. Figure
6.3 presents the amount of fluorescence expected & droplet of a given diameter or a
cubical pixel filled with a uniform concentratiori @acetone vapor. The vapor signal)(S
grows linearly as the size increase since it iedliy related to the number of acetone
molecules present in the pixel. Laser absorpti®ninsignificant due to the sizes
considered here, so there is no deviation fromalirggowth. The vapor mole fraction
represented in the figure is for saturated acet@per at room temperature and pressure.
The liquid signal (§ can be represented by two limiting curves. Foalsdroplets (d <
10 m), the signal scales lik€.d This is due to the amount of laser absorptidndreery

small over the short path lengths through the tlgacetone that these small droplets
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represent. The strong absorption by acetone quinktomes apparent as the diameter
grows, with d°” growth being the result for large droplets. Tisislue to the droplets
becoming area absorbers instead of volume absorerthe laser light is rapidly

absorbed as it passes through the larger drops.
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Figure 6.3. Fluorescence signal versus droplet diagter and pixel size.

From the signal curves for the two phases, it ssgie to calculate the pixel size that
will yield a fluorescence signal equivalent to @plet of a given diameter (denoted the
equivalent pixel sigeor vice versa. Equivalent pixel size represéimésdroplet diameter
beyond which signal strength alone is not sufficierdetermine whether or not there is a
droplet present in a given pixel. Therefore, eqgeintipixel size is a useful number for
planning experiments. If droplets down to a certdiameter must be measured, it
provides the required camera resolution and ldseetshickness. If the imaging system

is the limiting factor, it provides a measure ofavdroplet sizes can be clearly delineated
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as distinct from vapor. Figure 6.4 shows the egjent pixel size for the same conditions
as covered in Figure 6.3. Assuming the same ingagjyistem as used for the jet mixing

work (EPS = 170 m), the model predicts a droplet cutoff of approaiety 20 m.

500

i
o
o

300 1

200 1

Equivalent Pixel Size ( mm)

=
o
o

0 50 100 150 200
Droplet Diameter ( mm)

Figure 6.4. Equivalent pixel size versus droplet dmeter.

The equivalent pixel size is highly dependent oe #apor mole fraction used to
model the vapor signal, of course. The previogsilte assumed saturated vapor, which
is a worst case for standard conditions. Resutsaf range of mole fractions are
compared in Figure 6.5. It is impossible to obtimole fraction of 1 (i.e., pure acetone
vapor) for standard conditions, but it is provided the sake of comparison. Saturation
provides = 0.3, while = 0.525 represents a stoichiometric mixture ot@oe and air.
Clearly, lower mole fractions result in smaller pliet cutoffs. For the same EPS of 170

m, the cutoff drops to 10m and 7 m for mole fractions of 0.1 and 0.0525

respectively.
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Figure 6.5. Equivalent pixel size versus the cutoffroplet diameter for
a range of vapor mole fractions.

Dilute Spray Measurements

The Nanomiser® provided an excellent opportunitytést the basics of liquid
acetone fluorescence, but it did not push the tegclento provide quantitative results.
Feeling that a reasonable estimate for liquid awetibuorescence was possible, it was
time to begin applying this new technique. In ortbedevelop the technique, a research
spray facility was constructed. The spray facjldgscribed earlier, reused the coaxial jet
setup with a water nozzle inserted inside the cemt®e. Cross-sectional images of the
spray were acquired to provide an understandinbetpray and evaluate the application

of acetone PLIF to the spray.
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There are several important considerations for tdeinique and comparisons to the
model. The model assumes there is only one drgaetpixel and that the droplet is
contained entirely in that pixel. The techniquealso dependent on not having large
amounts of liquid acetone in the laser path orahsorption will become too strong to
provide further information. A dilute spray wilhssfy most of these conditions, but
there may be times when a droplet is split by pb@lndaries or when multiple small
droplets exist in very close proximity. The firsguirement, then, is to acquire images of
the spray to determine if it is dilute enough tplgghis technique.

Figure 6.6 shows spray cross-sections at 1" anddd@hstream of the nozzle exit.
The distinct spots due to large numbers of dro@efs' are readily apparent. The lack of
acetone vapor at 1" is also obvious. There agetadroplets around the perimeter with a
limited number of smaller droplets in the middl®&y 10" downstream, many of the
droplets have evaporated resulting in a large amafinacetone vapor with a few
droplets. The droplets still are apparent on &tpamind of acetone vapor, implying this

spray is also a good candidate for applying licagdtone fluorescence.

1 10

Figure 6.6. Spray cross-section at 1 and 10 inchdewnstream.
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An initial attempt to correct the image at 10" sisaWwe potential of the technique. A
single row of the correction is shown in Figure.6The evaporating acetone has created
a broad region of uniform acetone vapor. Two dddtidroplets are indicated by their
high signal levels, above the maximum vapor sigpatsible. However, closer
examination of the data raised some concerns. €@ can be seen in the row plots.
Notice that the droplets appear to be multiple Isixdde. This means either the droplets
are on the order of 1 mm in diameter and are bgpagially resolved, or the signal from a
droplet is being spread over multiple pixels. Bgnal over the range of pixels, minus
the background vapor level, was summed for eack pean attempt to size the droplets.
From the vapor measurements, the correlation betwapor signal and concentration
was known. Taking the modeled signal value foursdéd vapor at room temperature
and the corresponding droplet diameter to gendraesame signal, the ratio of each
droplets signal to this cutoff signal were calcetht Given the experimental conditions,

initial sizing estimates of 40 and 7@n resulted from the model.
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Figure 6.7. Corrected acetone fluorescence signalrfa single row
from the image acquired at 10" downstream (inset).
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The image provides more evidence of droplets beprgad over several pixels. The
droplets look like streaks with a large ball anthé Figure 6.8 zooms in on a small
region of the 10" image and shows the signal vafueach pixel along two of the streaks.
The heads of the streaks seem to be five pixetiameter with an attached tail. The
camera resolution was measured using a standasdities target and it was found that a
region of high contrast in signal would expand téuth width at half of the maximum
value of five pixels. This agrees with the imageslcating there really should be one
bright pixel with a much larger signal and a tihtt is also one pixel wide. This width
effect is easily accounted for during image analysigenerate the droplet size estimates,
and done for the estimates given above yields dtogiameters of 95 m for both
droplets.

The tails are another matter, though. They exiantthe direction of motion of the
droplets (based on PDPA measurements, and indicayedrrows in the image),
indicating they are motion streaks of some sorhe Troplets have a larger axial than
radial velocity based on the PDPA measurementthesstreaks are only indicating one
component of the velocity. The difficulty is thatetone fluorescence has such a short
lifetime (<2 ns) that no motion of the droplets glibbe observable. In order to capture

motion, the signal needs to be relatively longdive
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Figure 6.8. Zoomed in region of the 10" spray imagalong with plots
of the signal through two of the streaks.

Liquid Acetone Properties

The presence of streaks in the spray images rexjainethinking of the emissions
from the flowfield. Acetone can both fluoresce gitsphoresce, and phosphorescence
has a much longer lifetime in vapor (208) than fluorescence (2 ns). The gaseous
measurements in the previous chapters representgdacetone fluorescence, because
even small amounts of &trongly quench acetone phosphorescence. In todeave
acetone phosphorescence, there must be a lack af at location. For these initial
images, a B bottle was used to pressurize the liquid acetoHewever, when air was
used to pressurize the liquid acetone that flowedugh the atomizer, the streaks no
longer occurred. Since some of the pressurizingcgasdissolve into the acetone in the
supply tank, having Nin solution in the liquid acetone instead of Was sufficient to

prevent Q quenching of phosphorescence.
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Acetone Photophysics

The first question to be addressed is whether tiesghorescence is from vapor,
liquid or both. Wherever acetone vapor existstehveill be some air as well since pure
vapor cannot exist at atmospheric conditions. pitesence of even small amounts of air
should quench any vapor phosphorescence sincestheegdching is so strong. It would
take a tremendous amount of outgassing of dissoNedrom the liquid acetone to
prevent air from being present, so the logical egugnce is that it is the liquid acetone
that is phosphorescing.

Despite many years of research into acetone phpsigf?"*""% many things
necessary to understanding the phosphorescendeeispray images are not known.
While the fluorescence lifetimes for both vapor diid are well known, the liquid
phosphorescence lifetime is not, especially forcsomeric conditions and with 266 nm
excitation. Some measurements were performeddegfassed acetone in a near-vacuum
with longer wavelength excitation, but acetone luesicence is dependent on excitation

wavelength and pressure (among other things) soviddue is of limited use. In any

Y9 than for

case, the result was that the lifetime was founbeanuch shorter (30s
vapor (200 s). Measurements taken after the completion sfgpray work®*found a
lifetime around 1 s for bulk liquid acetone when purged with.NThis lifetime is
dependent on the length of time the acetone isguuwith N: and does not take into
account spray effects, but agrees in general Witlother values in the literature that

liquid acetone phosphorescence is significantly rtelndived than vapor
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phosphorescence. Presumably, this is caused bgréser collisional quenching rate
inherent in a liquid. Acetone vapor shows thistf@s pressure increases.

Another unknown important for this work is the catof phosphorescence to
fluorescence for liquid acetone. The ratio is rfimreacetone vapor in the absence g¢f O
It is difficult to know exactly what to expect did phosphorescence yield, but the same
processes that shorten the phosphorescence lifeteheuld also cause the
phosphorescence vyield to decrease. The diffidudtye is that the fluorescence yield for
liquid acetone is also unknown and dependent onyneaperimental conditions. The
only value in the literatuféis for different conditions, but found a value®14% which
is similar to the vapor value of 0.2%. The ligfiubrescence yield obviously affects the
ratio of phosphorescence to fluorescence for tipaidi as well as the ratio of liquid to
vapor fluorescence. Without knowing both of theskies, it is impossible to accurately
model the signal expected from an acetone drogHsiwever, it is possible to evaluate
the sensitivity of the model to a range of values these unknowns. Figure 6.9 is a
comparison of the equivalent pixel size for a rargjeliquid phosphorescence to
fluorescence ratios, assuming a mixture fractior0&f for the vapor. It is clear that
phosphorescence could be very important in enalttiagechnique to resolve very small
droplets. With P/F = 9, the droplet cutoff redudesm 20 m to 4 m for the
experimental pixel size of 17@m. Unfortunately, the most recent measuremenhén t
literaturé? suggests a value of P/F = 0.012 for liquid acetevidch would not reduce
equivalent pixel size appreciably. Similar resudtee obtained from changing the
fluorescence ratio, as seen in Figure 6.10. Thspimorescence to fluorescence ratio is

assumed to be 3 for all the curves. The droplaiftranges from 18 m to 4 m as the
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ratio of liquid fluorescence to vapor fluorescernicereases by a factor of 10. Because
there are several effects going on, it is informeatio compare the best case, worst case
and a more likely case to show the range of paknélues. The best case would have a
large phosphorescence to fluorescence ratio (B & large liquid to vapor fluorescence
ratio (Fiquid/Fvapor = 3), and a low vapor mole fractioe= 0.0525). This results in a
droplet cutoff of less than 1m, which is highly desirable but also highly unlikéo
occur. The worst case would reverse all of thadaes (P/F = 0, iKuia/Fvapor = 0.3, f =
0.3) to the other extreme, and produces a cuteff ef 43 m. The more likely case is
obviously between the two, but closer to the woeste. Using P/F = 0.12;qGa/Fvapor =

1 andc = 0.2 leads to a droplet cutoff of 15n. The largest factor ends up being the
fluorescence ratio since the most pessimistic waloé the phosphorescence to
fluorescence ratio and mixture fraction are botilyfeclose to the most likely values.

This was assumed to be 1 in the initial spray aslyand may not be too far off.

Equivalent Pixel Size (
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Figure 6.9. Equivalent pixel size versus droplet dimeter for a range
of liquid phosphorescence to fluorescence ratios.
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Figure 6.10. Equivalent pixel size versus dropletidmeter for a range
of liquid to vapor fluorescence ratios, assuming phosphorescence to
fluorescence ratio of 3.
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Figure 6.11. Equivalent pixel size versus dropletidmeter for the best
case, worst case and most likely case.

135



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

This investigation has introduced scalar mixing sweaments for synthetic jet
actuators enhancing jet mixing for the first timelighly quantitative gaseous fuel-air
mixing measurements (down to the resolution ofithaging system, <1 - 10 times the
molecular mixing scale) were made in axisymmeteicfjow fields using planar laser-
induced fluorescence of acetone. The image caosrestheme employed here corrected
for more errors than approaches previously repoftedacetone PLIF, and allowed
guantitative research at higher seeding levels yiet a larger signal to noise ratio,
resulting in relative errors of less than 6%. nitroduced a new level of accuracy for this
proven measurement technique that allowed quam@taheasurement, down to f =
0.005, of mixing enhancement induced by a relagivedw type of actuator, synthetic
jets.

Since two-phase flows are common for aerospace gstois, e.g., liquid-fueled
combustors, the extension of quantitative PLIF oftane to these flows is desirable.
This investigation laid the foundation for two-pkasixing studies with acetone PLIF by
showing the technique should work in at least dilsprays. It may also be applicable to

liquid jet breakup studies. While both the liqaiold vapor phases of acetone emit light at
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essentially the same wavelengths, signal levelbsansed to discriminate droplets from
vapor, at least for droplets above some minimunoffuvalue. A basic model of droplet
fluorescence was created to provide estimateseofitbplet fluorescence and the cutoff
size. The value includes constants describing diqgand vapor photophysics. An
important parameter that is not currently known hwecceptable accuracy is the
phosphorescence to fluorescence ratio for liguetawe. Quantitative two-phase acetone
PLIF, by reducing the cost and complexity to analywo-phase flows, will provide a
powerful new tool for the study of sprays, evaporaand mixing.

While the velocity fields induced by synthetic jéigve been studied significantly, no
previous mixing studies have been reported. Théhsyic jet actuators, operating at high
frequencies not related to natural instabilitiesthe flow, created visible small-scale
structures in the outer mixing layers of all the flew fields. Similar structures were
created in the inner mixing layer of the coaxialfjews. These structures enhanced the
mixing in the near field (x/D 1) of the jets, but quickly dissipated. The mgin
enhancement shortened the downstream distancergdqta mix the acetone-seeded
stream down to a given level by approximately atedjameter, but the unforced flows
did catch up downstream. This rapid mixing enharer@ would be useful for an off-
design combustor condition requiring maximum mixofghe available fluids, such as a
high altitude relight.

Imposing a low frequency amplitude modulation (agaiot at a natural instability
frequency) on the high frequency forcing of the thgtic jets generated large-scale
structures, in addition to the small-scale struegysroduced by the high frequency, which

was a novel forcing scheme. A comparison of theaigl field to the scalar field in the
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amplitude modulated coaxial jets showed that thginmeng of the modulation cycle

generates a pinching of the core flow due to aotumiction followed by a large structure
rolling outward due to the sudden appearance ofstimthetic jets in the shear layer.
These large coherent structures created broadne@bfluid uniformly mixed at some

intermediate mixture fraction. While the amplitus®dulation spread the mixing layer
over a greater area for all the jet flows, the amtaf mixing in the single jet compared
to unmodulated forcing was reduced. The modulatiecreased the amount of mixing in
the coaxial jets, and was especially effectivexitd, > 1, indicating the reduction in the
single jet case was likely due to an entrainmemitéition. This indicates that the
synthetic jets are best used in a design with mieltmixing layers, like a typical

combustor, where they can enhance mixing in maggtions simultaneously.

The inner mixing layer (for the coaxial jets) wassd influenced by amplitude
modulation than the outer layer, yielding similasults under both forms of actuation,
and the unmodulated case mixed faster to the derdhan the modulated case. A
comparison of different velocity ratios in the ctdxets found that the small-scale
structures were more effective in both mixing laydre faster the annulus was moving.
These results imply that the best choice for mix@ngancement would involve actuators
radially located between the centerline and thd,v@atontrol scheme that can vary the
choice of actuators and the forcing amplitude, #mals with strong shear layers. Highly
asymmetric actuation schemes created significastiodion of the flow field cross-
section. The 6 on configuration demonstrated tiato divert the jet fluid to one side,

while a spinning amplitude modulation of the configtion induced a swirl velocity.
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Based on the range of abilities the synthetic getsionstrated in this investigation,
they are a promising technology for mixing conttatd enhancement. For operation near
the flammability limit, synthetic jets could prowdthe mixing needed for flame
stabilization. At near-stoichiometric operatiohey could be used to help limit NO
production. The ability to shorten the downstredistance required for mixing is useful
for nonpremixed combustion applications. Spatiadligiirecting the main jet flow could
aid in compensating for a plugged fuel injector,reducing hot spots in the turbine

pattern factor.

Recommendations for Future Work

This study answered several questions about theetaféness of synthetic jets for
mixing enhancement in axisymmetric jets, but thare some issues worthy of future
study and some different approaches of intereste @ the increase in computational
power and storage capacity, it would helpful to w full images instead of image
slices. Full images capture entire structures alov for some spatial correlations for
which slices do not provide sufficient data. Artemsion of the range of flow fields
would also be useful. One suggested change isd¢mse the flow and evaluate the
impact of walls on the enhancement.

While this study did not aim to optimize the actoaf that clearly should be
investigated. One facet of actuation that receive@ttention was varying the strength of
the actuators relative to the flows. Changes tosicer are the power driving the

actuators, the actuator exit size/shape and theocities. Radial actuation should be
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re-examined, especially with a shorter downstreastadce between the synthetic jet
exits and the jet exit plane than existed in thigestigation. This distance limited the
ability of the actuators to mix air into the jetifi. Based on the results here, radial
actuation in coaxial jets should prove more effectas well. A range of frequencies for
the actuators need examination, especially the unedrequency (200-400 Hz) range
that would persist farther downstream than the Hrglquency and cause more direct
mixing enhancement than the low frequency.

In addition, some different actuation patterns #hdoe investigated. Amplitude
modulation might work better not as a binary cy@e/off) but with an intermediate
value so the small scales are always present.eddsbdf spinning a pattern around,
rotating the pattern one actuator in each directiught create a larger area for the
mixing layer. Modulating only some of the actuaterhile the others run continuously
and modulating groups of actuators at differengiencies are two other suggestions to
evaluate the capabilities of the actuators. A tadpable of axisymmetric forcing
should also be investigated.

The most important future work will be to study $keactuators in reacting systems.
The heat release will disturb the flowfield frometlgold flow measurements, and the
ability of the synthetic jets to control the mixifigr a real combustor is still unproven.
Based on the measurements here, such as the misdaten contours (Figure 5.22) and
the pure fluid measurements (Figure 5.4, Figur8)5the actuators should be very useful
for nonpremixed combustors, where mixing is atenpum, and should be evaluated in

one.
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To enable the development of quantitative acetonk For two-phase flows, the
photophysics of liquid acetone require further gtud Accurate values for the
fluorescence and phosphorescence yields from liqdetone, as a function of the
relevant variables (T, p,, ambient gases), are crucial to the developmenthisf
technique. The droplet model needs to become ndetailed and the technique
calibrated. A proper algorithm should also be @wé@do size droplets below the cutoff

diameter when they are visually distinct from tltager signal using the improved model.
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