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Abstract
Particle sizing and velocity measurements are undertakan atomizing water mist jet impinging onto a heated
copper plate. This study forms part of an investigation theoheat transfer and flow field obtained from the mist
jet. The droplet sizes obtained are compared to manufatstula&ta. This analysis is performed for the near field
and mid field. Ultimately, the effects of particle sizes aetbeities will aid the understanding of the heat transfer
mechanisms involved.

Introduction
Heat transfer and fluid mechanics of impinging annular jets

Impinging air jets have long been known to achieve superat transfer coefficients, with the variation in
their local heat transfer coefficients also lending itselapplication in areas of large temperature gradients.rThei
ability to achieve effective cooling rates has led to thelanmpentation of jet cooling in many situations including
the replacement of lubricants in some machining operatiBrevious work in the research group investigated their
effect on grinding temperatures [1].

It is believed that the implementation of a fine water misbitite air stream has the potential to further
increase the heat transfer rates. Indeed, Lee efal. [ #iat at droplet diameters of 308®, a "superbly
effective cooling scheme" is present. Convective heastearcoefficients can increase by up to 10 times, through
evaporation of an "ultra-thin" liquid film (50-1@0m). The dispersal of water droplets into an air flow can be
characterized as either spray cooling or mist jet coolingspfay is obtained by pressurizing the water in the
nozzle in order to atomize it. Mist jets use the air pressaratbmize the water. Mist jets thus allow smaller
droplet sizel[[B]. The liquid flow can be controlled with lessraization constraints.

Whether a jet is free-surface or submerged depends on theanflbid into which they emerge. A submerged
jet emerges into a fluid which is the same as the bulk fluid, eder free-surface jet emerges into a different fluid.
Thus an air jet emerging into air is classified as a submergedhile a water jetinto air is a free-surface jet. There
exists a problem in classifying a mist jet, since a combaratf two fluids are emerging into one. For simplicity,
since a mist jet is predominantly an air stream with mistipkes entrained, it shall be classified as a submerged
jet throughout this paper.

For the flow emanating from a conventional round nozzle genntéere exist several regions of interest from
a flow mechanics point of view; the potential core, free jetpingement and wall jet zones. Misting nozzles
that employ shear driven atomization typically employ danexit conditions so that gas is co-flowing annularly
around a central jet of liquid. Excluding bistability andsthgresis identified at low Reynolds numbers by Travnicek,
[4], annular nozzles experience recirculation of the floloatnozzle exit to plate spacings (H/D ratios), as shown
in figure[d. At H/D ratios above 6, Lyons et al.] [5] show that #mnular jet behaves like a jet of circular exit
geometry.

Ko and Chanl[5],]7] showed that the annular nozzle behavesrrhite a rectangular nozzle wrapped around
into an annulus. Taking a section through the centre of thageshown in figur€l1(b), the jet displays as two
separate nozzles, each with their own potential core armdiantent effects. Between the two jets, there exists
a recirculation zone, where the jets initially start mixings can be seen from figuké 1 this area continues until
the flow reattaches to the opposite jet. In an annular jet fmedtomization, the water droplets are effectively
"injected” into the flow within the initial mixing region andre entrained into the flow. Outside the two jets, the
flow is in contact only with the ambient fluid, leading to etfesimilar to simple circular exit nozzles. The ambient
air is entrained and there exists an area of slower movind. flui

*Corresponding autholyonso@tcd.ie



mailto:lyonso@tcd.ie

ILASS — Europe 2010 Particle Sizing and Flow Measuremerds ifitomizing Mist Jet Nozzle: A Shadowgraphy Approach

|

6 S oAl : "
] : O 2

5 5

NG | Ty, A
[ L]
SE— ——— — 4 B | Y I- I
[
D

Figurel. Annular Nozzle: Left: Recirculation of flow at low H/D ratigd] Right: Definition of flow structures,[6]
. 1, 2, 3, initial, intermediate and fully developed mergaamne; 4, recirculation zone; 5, potential core; 6, tore; 7,
stagnation point; 8, reattachment point; 9

Liquid atomization in gaseous flows

A spray or mist can be defined as a collection of liquid pagicinoving in a controlled fashion along with a
gaseous phase. These sprays and mists tend to containtg ségarticle sizes. Several fluid properties affect how
a spray is formed, including viscosity, surface tension @eksity. Surface tension is a representation of the force
at the interface between two fluids (for example: liquid wated air) that resists the formation of new surface
areas,[[8]. Surface tension originates from a differenceoimesion forces between molecules in both materials.
Atomization is effectively the break up of a continuous badyfluid into many small bodies of fluid with new
surface area. The overall surface area will be thus incced@ebreaking up a volume of fluid into smaller bodies
with the same combined volume, the overall potential engrggases. This energy is typically supplied by strong
shear forces acting on the liquid flow, e.g. by pressureedrliquid flow through a small orifice, or by entrainment
of liquid in a fast-moving gas jet. By stabilizing the fluidjrféace tension tends to inhibit the break up of a bulk
liquid into smaller droplets, thus for a given flow, fluids kvihigher surface tension will atomize with a larger
average droplet diameter. Viscosity is the resistance afid b being deformed or agitated. Similar to surface
tension, high viscosity causes larger average dropletasideprevents the break-up of fluid into smaller droplets.
For example, in the case of a liquid jet, fluids with low visitpsvill tend to atomize immediately. As the viscosity
is increased, the point of atomization moves further awaynfthe nozzle exit, since viscosity will inhibit the
growth of any instabilities, delaying the break-up of theuld, [€]. Density has a similar effect to both surface
tension and viscosity and tends to cause larger dropletetens) by resisting fluid acceleration. Assuming all
droplets are spherical, the energy change required to largakent droplet into n child droplets is:

AE = Eparent— Echild
= nd;zaarenta - 7'[2 dghildo- 1)

Understanding the atomization process is not only of acadenportance, but also relevant in combustion,
power, medical and manufacturing processes, thus thestsexbody of experimental and theoretical work on this
phenomenon.

Atomization can also occur when liquid and gas are forcealitin a small orifice[[9]. This typically requires
very high pressure to create atomization, [8]. Since theoisl requires this pressure energy to be converted into
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kinetic energy, an increase in velocity needs a correspagridcrease in atomization pressure. The velocity will in
fact increase with the square of the pressiire, [8]. The &gicergy cascade is as follows: potential energy stored
as pressure in liquid and gas reservoirs is converted imetiki energy in the nozzle, the breakup of liquid bulk
into small droplets with surface tension converts this biatl potential energy, some kinetic energy will most
likely be dissipated as heat by friction.

In primary atomization, the liquid and gas flows are inigiafitroduced as continuous jets. Close to the nozzle
the liquid initially disintegrates into filaments and drdpginteracting with the gas stream. Figlile 2 shows how
the gas and liquid exit a typical annular atomization nozZlee liquid is injected into an annular co flowing gas
stream. The gas is at a high relative velocity, close to tledmf sound in many nozzles. The liquid jet then
breaks up due to momentum transfer from the gas to the ligGhigier, [10], Engelbert et al[ [11], Farago &
Chigier, [12], Lashera & Hopfinger, [13] all refer to this dslalast atomization.

[ ¢ b~ ( K 7| &

Figure 2. Spray Ppofile of an annular nozzle with co-flowing water amg@meams, as shown in the sketch on the
right

Shear layer instabilities occurring at the liquid - gasiifstee effectively cause the liquid to break Up J[14].][15].
Upon exiting the nozzle the liquid surface is subject to tleévi-Helmholtz instability[[9]. The vorticity layer and
shear between the air and water layers dictates the mosthlestf the Kelvin-Helmholtz instability wavelengths.
As this instability develops, it is exposed to the high véloco-flowing gas. This causes the instabilities to be
accelerated, leading to secondary interfacial instaslit{9], and inducing a Rayleigh-Taylor instability. While
this Rayleigh-Taylor instability is causing droplets todigpped off the liquid layer, the high velocity gas is also
accelerating the liquid jet and transmitting momentum ®liuid jet surface, causing large segments to detach,

The overall aim of the research us to characterize the reafer from a heated copper plate to an impinging
mist jet and to identify the fluid mechanics mechanisms w&d! As part of this project, an investigation into the
particle sizes and flow of the water droplets provides vetgresting information. This paper will predominantly
focus on the near field; that is the time averaged dropletiligion in comparison to nozzle manufacturer’s data
based on inlet air and water pressures. Results will alseperted for the mid field, where the droplet sizes and
velocities change as the jet expands away from the nozzlgeladity profiles will be determined. At a later stage
this investigation will expand to include data obtainedhe far field, close to the impingement plate, which is
potentially most interesting from both a flow field and heahsfer perspective.

Materialsand Methods

The nozzle used is a Spraying Systems 1/8VAU-SS+SUV152e28a The structure of the nozzle provides
an inner annular water jet, surrounded by an annular cofigyet of air. Variation of either the air or water
pressure controls the droplet size. The hydraulic diamaténe air jet is calculated as 0.68mm, with an outer
diameter of 3.87mm. The exit area of the water jet is 8.49E0With a hydraulic diameter of 0.28mm. The
nozzle is a shear driven atomizing nozzle; that is, the pgmaode of atomization is by momentum transfer from
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the gas to the liquid flow or shearing of the water jet by thegjgmsam. The air flow rate is varied from 10 LPM
to 40 LPM, this is equivalent to a pressure range from 15 p&i3(bar) to 19 psi (1.31), while water flow rate
variation is much lower, approx 15 to 22 ml/min and water puess around 3 psi (0.2 bar). The spray angle is
estimated experimentally to be 22°, decreasing to 20° asithftow rate is increased from 20LPM to 40LPM;
the spray angle is not accurately measurable at an air flevofatOLPM. These values are quite close to those
provided by the manufacturer. The nozzle and the resultiisgspray can be seen in figure 2.

Particle sizing, flow visualization and particle tracking erformed using the shadowgraphy technique.
The PIV system contains a Quantronix Darwin-Duo Nd:YLF twawity laser (maximum pulse energy of 10
mJ at a repetition rate of 1000 Hz) and a Photron Fastcam SAtigiion HighSpeedStar 6) CMOS camera,
(1024 x 1024 pixels, 12 bit). For shadowgraphy, a technigola to the one used by Berg et al._[16], will
be utilized. Thus, pulsed laser light from the PIV systemeatghrough a diffuser which creates a uniform
background illumination. The diffuser contains a diveggians and a volume of water with dissolved fluorescent
dye which is continuously circulating so as to prevent ogatimg. As the laser beam passes through the diffuser,
the Rhodamine-B fluorescent particles in the water-dyetisolabsorb some of the 527 nm wavelength (green)
laser light energy and emit light around 610 nm wavelengga)(r This results in a quasi uniform yellowish
background illumination. This set-up is shown in figlite 3. @5m lens and a series of extension tubes (length
150mm) are fitted to the camera in order to increase the meagtifn factor to 3.33:1 (with a resolution of 6
micron/pixel), mimicking the performance of a long distamicroscope, albeit with some loss of light intensity
due to the use of a long extension tube.

The mist jet is placed in line with the diffuser and camerae Tiffused laser beam creates a uniform back-
ground illumination, whereas the water droplets cast a@hazhto the image. Depending on the position of the
droplet with respect to the focus plane and depth-of-fodub@ camera arrangement, the droplets show up as
either sharply focused or blurred images. Out of focus @itsgh front of the focus plane (i.e. closer to the cam-
era) appear as rings whereas droplets behind the focus (@lantirther away from the camera) appear as blurred
spheres. In the particle size algorithm, the approprialeegaare set for detection thresholds. To resolve droplet
velocity, the camera records images at each laser beam pubssimilar manner to 2D PTV. In the analysis con-
ducted in this paper, 500 images are recorded for each tegt aed several tests are conducted in order to ensure
repeatability.

Using the LaVision Davis 7.2.2 software, the diameter ofilader particles can be measured based on the
shadow cast by the particle. Additionally the motion of tletizles between frames can be detected, allowing
particle velocities to be obtained. Both in-plane (x andgmponents of the velocities as well as shape and droplet
intensity (number of droplets per sample) can be calculafBlde shadowgraphy technique provides excellent
particle imaging in the range L®n-10Qum. Visualization of particle shape and spray morphologghsas the
observation of break-up regions close to the nozzle exitossible with the shadowgraphy technique, unlike
technigues such as Interferometric Mie Imaging and PhagpBolinterferometry/[16].

Atomizing
Mozzle

Fluor‘escent] 105 mm

clie inflow lens with
F?\?er | extengion Camero
tubes

D]iFFuser

{Fluorescen‘t
die outflow
Figure 3. Shadowgraphy setup

There are several issues with the shadowgraphy technique.t®the small depth of focus, at low air flow
rates, where particle number density is low, shadowgraphsometimes show no particles. Thus it is necessary
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to take a large number of shadowgraphs, in all tests 500 sfgadphs were recorded, to allow for some images
to be devoid of particles. Another artifact of the small dept focus is that a depth of field calibration is needed
to allow measurement of out of focus particles. Detectioparticles from the shadowgraphs requires careful
analysis and control of the detection parameters. Modijfginalue in one direction may result in smaller particles
not being detected, while a change in the opposite directiap cause spurious particles due to noise from the
camera. Increasing the laser power can result in better data

Results and Discussion

In this section, a visualization of the spray breakup at foexit through shadowgraphy for a varying air
flow rate is presented. Particle sizing and intensity is alstertaken based on a shadowgraphy approach. These
results are observed for different air and water flow ratespassures and their variation with vertical and radial
distances from the nozzle exit. Particle diameters areepted as Sauter mean diameters, given in equition 2,
where D is the diameter arg is the probability of the particle i to be detected, unlesgeovise stated.

D= = P )

Figure 4. Shadowgraphs at a water flow of 19ml/min and an air flow of 10LEMand b) are taken a different
times to show the fluctuating flow from the nozzle

In the first graphs the water flow rate has been kept constanfiatv of 19ml/min. For low flow rates, as in
figurel4, the breakup of large filaments tends to oscillatmfsie to side of the water jet exit. As the air flow rate
increases, this effect becomes much less pronounced amdéateebreaks up in a much more regular pattern. At
these low air flow rates, there is insufficient energy to namstable atomization; thus the water pressure becomes
the controlling factor as to the initial water flow. The aiespl cannot strip particles from the flow and the point of
atomization is delayed.

The most unstable wavelength of the Kelvin-Helmholtz ibsiiy is determined by the incoming vorticity
layer, formed in the gas flow. These initial atomization weasee accelerated by the high speed gas stream. As the
air velocity is decreased, this momentum transfer from gdigjtiid is decreased.

Figure 5. Shadowgraphs at nozzle exit for air flow rates of a)10LPMOb}2M, ¢)30LPM, d)40LPM (each image
is 4mm x 4mm



ILASS — Europe 2010 Particle Sizing and Flow Measuremerds ifitomizing Mist Jet Nozzle: A Shadowgraphy Approach

At the lower air flow rates, water jet 'cylinder’ maintains iintegrity for a longer distance from the nozzle
before breaking up . As the air flow rate is increased theaihitiaments become shorter and breakup of the
filament into droplets happens closer to the nozzle. Thuteasir flow rate is decreased, the point of initial
breakup is moved away from the nozzle exit. This effect canliserved in the series of shadowgraphs in figure
B. At the lower flow rates there is less energy available fomaézation and thus it takes longer for droplets to be
stripped off the water flow; the flow stays as a coherent bodipif to greater distances from the nozzle exit.

In general, for low air flow rates, experiments becomes legsatable, since the droplets are not breaking up
as quickly and larger droplets are produced. This meangtieeg are a smaller number of larger droplets, some
of which appear not to be following the airflow as accuratalyte smaller particles.

Water flow rate of 19 ml/min; Air flow rate of 30LPM Water Flow rate of 19 ml'min; Air flow rate of 30LPM
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Figure 6. Particle size (Sauter mean diameter) and number densitysagartical and radial distance from nozzle
exit centre point

As can be seen from figufé 6 particle diameters and partialebeu densities or intensities vary with both
vertical distance from the nozzle exit and radial distamoenfthe centre of the nozzle body. Where the vertical
distance is varied, the radial location is that of the geoimeentre, and where radial distance is varied, this is
at a vertical distance of 20mm from the nozzle exit. N is thenbar of particle recorded and N’ is corrected for
particles partially obscured by the border. It should beddhat measurements of particle diameter and intensity
are based on shadowgraphs recorded at each location; tms€fers to a shadowgraph that was recorded at the
nozzle exit. For an air flow of 30 LPM and a water flow rate of 19mih, the particles in the first shadowgraph
have a sauter diameter of 112n dropping to 98um and 72um at H=10mm, and H=20mm respectively. The
particle intensity ranges from 5,000 to 14,000 to 35,000tHersame values. There are several reasons for this.
At the nozzle exit, not all the water filament has been atodhiteus there will be less particles. Additionally, the
water has only just been exposed to the gas stream; thereebasrsufficient time for the momentum of the gas
stream to be transferred to the liquid flow and for the in@diainstabilities to build up. With increasing distance
from the nozzle, the particles have been exposed to moreeafdtflowing gas stream, resulting in the growth of
the instabilities and more particles being stripped fromitiitial flament, which appears to have broken up com-
pletely by the time the shadowgraph of H=10mm has been redoithere is more energy available to break up the
droplets further; resulting in a decrease in particle stzece the initial filament has broken up, one might expect
the droplet intensity to decrease with increasing distdirara the nozzle, since the particles will be spread out to
greater radial distances. Countering this effect is thakarp of droplets into smaller droplets, and thus increasing
the droplet intensity. For low to medium exit distancess 8fiould be the predominant driving mechanism behind
droplet intensity.

From figure¥ it can be seen that the particle size tends teedseras the air flow is increased. It is evident
from figure[8 that particle sizes increase with increasingewflow rate. This occurs because the process of
atomization is shear driven atomization, whereby pasitdad to increase with decreasing slip velodity— us.

The energy needed to break up each large parent dropletrivaties droplets is defined by equatioh 1. For low
air flow rates, the energy available is not sufficient for tugér droplets to be broken into smaller droplets. An
obvious consequence of this larger droplet distributioiiég for a constant water flow rate, the particle intensity
will decrease; this is clearly evident from figurk 7. By regmeting the total droplet volume flux as the droplet
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Figure 8. Particle diameter and intensity plotted against water flat@ for constant water flow of 30 LPM

diameter cubed multiplied by the droplet intensity, this t@ compared with air flow. Larger droplets break up
into smaller droplets and increase the droplet intenditys this droplet volume flux should stay fairly constant for
constant water flow rate. Talile 1 shows a representatioreafrtiplet volume based on the sauter diameter and the
number of particles recorded. From table 1, it can be seeithisavalue stay broadly constant for air flow rates of
20-40 LPM, however the droplet volume decreases by quitege lamount as the air flow rate is decreased to 10
LPM. As is evident from the shadowgraphs in figire 5, the nitgjof the liquid has not yet been atomized, and is
thus exempt from the particle sizing algorithms. For air flates of 20-40 LPM a greater proportion of water has
been atomized.

At greater radial distances, droplet diameter and intgrimith decrease as seen from figite 6. This trend
is different to the other trends whereby a decreasing dieameas coupled with an increasing intensity. At a
radial distance of 10 mm, the droplets are probably outsidertist spray core, and thus fewer droplets will exist.
possibly, in a similar manner to entrainment within an ailydiow from a submerged jet, there exists a zone
where particles appear to be caught in the ambient air. Tladlesnparticles require less energy to be thrown out
of the core and thus it is more probable for smaller partithesppear in this region. Further analysis is required
to investigate this effect further; testing is planned aaken radial distances from the centre and a comparison of
this effect at various nozzle exit distances will also beiedrout.

The exit velocity of the water is based on the flow rate of wHtesugh the nozzle divided by the exit area. The
actual exit area of the water jet is difficult to measure aataly, and is undertaken with a microscope. Combining
the air and water velocities into the Weber number allowsudysof the effect of the shearing of the air-water
interface and the resulting droplet distributions.

As the air velocity is decreased the particle distributibesome noisier, and have a less normal pattern.
Especially at an air flow rate of 10LPM, the patrticle sizesraredistributed cleanly and there exists several larger
particles away from the main distributions. The repeaitghilf observing these larger particles is not very high,
suggesting an unstable nature of the flow. This can be seerfigore[9.

Outside of this mist spray core, where most of the droplezspagsent, there exists a fine mist flow where a
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Figure 9. Particle size distributions at nozzle exit for air flow ratay 10LPM b) 20LPM c¢) 30LPMd) 40LPM

Table 1. Representation of droplet volume flux against air flow forstant water flow rate

Air [LPM] D3«N [um?]

10 9.78E+08
20 1.92E+09
30 2.00E+09
40 2.09E+09

much smaller concentration of mist exists. The particlesire smaller in this region and the velocities lower and
less regular (more turbulent); that is they do not appeaoltov the air flow velocity in direction nor magnitude.
This is possibly due to entrainment effects of the flow.

In a similar manner to that of air only flow, air outside a paigncore is entrained into the ambient fluid.
Since the mist particles, especially the smaller partiggesdominantly follow the air flow, particles outside ofghi
central region where flow velocity is maintained, behave imwech more turbulent manner.

This can be seen from the lower numbers of particles in thereagions, figurEl6. Particles outside the mixing
zone tend to have an erratic velocity, not following the flanauch as the other particles. Indeed, some particles
appear to be thrown out of the jet flow, and are merely presethiel ambient air.

Conclusions

A rig has been constructed which is capable of identifyingyfiaructures in an atomizing nozzle. Droplet
diameter and velocity measurements are possible withiredl giepth of focus, but some particles are not recorded
due to being out of focus; particles can also appear largetadefocussing, but this is usually detectable.

Data shows the droplet formation follows typical shear @niatomization; particle diameters decrease with
increasing air and decreasing water flow rates, while partiamber density increases with increasing air and
decreasing water flow rates.

Particle sizes decrease with increasing vertical and Irdditance from the nozzle exit, although due to dif-
ferent underlying reasons. The particle intensity incesasith increasing vertical distance from the nozzle while
falls with increasing radial distance from the geometrictoe
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At low air flow rates, atomization becomes unstable and siigdaphy results become unrepeatable.

This ultimate aim of this research is to identify the heatsfar and flow mechanisms responsible for cooling
of a flat plate by an impinging mist jet. This will involve siftaneous measurements of both droplet dynamics,
flow field phenomena and heat transfer characteristics.
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