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1 INTRODUCTION

The need for cheap and plentiful energy has brought the United States to depend

heavily on imports of petroleum products that are of limited supply and may soon be

“scarce and expensive, One energy source that is still plentiful in the United States, how-

ever, is coal but its use is scvemiy limited since transport can be accomplished only by
ba;gc, train or truck. This eliminates the vast infrastructure pf pipelines and tan‘kcrs tﬁm
already exist to transport liquid fuels such as petrolenm. Another limitation is the diffi-
culty in injecting coal into the gas turbine and internai combustion engines that provide a
large percentage of tﬁc pbwcr used in this counu'};. |

One development with potential for making coal easier to use is coal-water slurry
(CWS). By suspending microscopic coal particles in water or some othcr fluid the coal is
"liquified" and can be easily transported thereby facilitating its use in pipelines, tankers
and the combustion zones of gas turbine and internal combustion engines.

Unfortunatcly, the properties of CWS introduce another set of problems. Coal-
water slurry is a highly viscous, non-Newionian, two-phase fluid that sometimes contains
polymers in order to maintain suspension of the coal pariiclcs. The rheological properties
and polymers make slurries iard to atomize, and the coal particles make it abrasive and
prone to clogging orifices.

The difficulty in atomizing CWS exacerbates the problem of efficiently burning the
fuel. Efficiency can be increased by exposing more surface area of the fuel to the hot
combustion gases, but it is necessary to produce small drop sizes in order to accomplish
that goal.

The majority of atomizers are incapable of efficiently atomizing CWS since they
are sensitive to slurry rheological properties. In order to overcome rheological effects,

]
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some atomizers require that the injection ;/elocity be increased. This is often accom-
plished by raising injection p;cssurc and decreasing orifice diameter. Increasing exit
vclocity is detrimental to nozzle operation since the abrasive effect of CWS increases. In
addition, the probability of clogging increases with decreasing nozzle diameter. Other
nozzles attempt to produce small drops by increasing the air liquid ratio (ALR). Increas-
ing ALR is undcsirablc due to the increase in cost gssociated with pumping large volumes
of air at high pressure, |

In recent years, several tcchniqucs have been developed that have met w‘i‘th limited
success when atomizing}CWS. One tcchniquc. termed air assist ato‘rﬁization, uses high
velocity air streams to shear the liquid and transform lt into small drops. Another tech-
nique, termed flashing atomization, uses supcrhéatcd liquid to generate bubbles that rap-

| idly expand imrnediately outsidc the nozzle. In both methods, energy in a high pressure
or high velocity gas is used to break the liquid into small droplets. |

| | Air assist and flashing atomization do héve drawbacks. Air assist atomization
requires a substantial flow of high pressure air, often necessitating costly pumping equip-
ment. Flashing atomization requires that nuclei be present in the liquid to ensure bubble
‘formation and, in addition, the rate of bubble expansion is limited by mass transfer from
the surrounding liquid. An alternative method of t:rodqcing small mean drop size sprays
is obviously desirable. Effervescent atomization is such a method.

Effervescent atomization is being developed at Purdue University. An cffer\{esccnt
atomizer com‘t‘)incs air and a liquid inside a mixing tube such that a bubbly flow is created
within the nozzle body. The fwo-phase flow exits the nozzle final orifice where the
bubbles rapidly expand and shatter the liquid. The process is unique in that the nozzle

creates and maintains a mixture such that the air is always in intimate contact with the

liquid.
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Previous works‘ha‘ve shown that effervescent atomization is not affected by changes
in orifice diémctcr, solving the dilemma of clogging. They have also shown that qualiiy
atomization can be achieved with low injection pressures and low ALR l..hcrcb'y minimiz-
ing t'h‘c energy required. Effervescent atomization possesses these advantages because
the sonic velocify of iﬁc mixture decreases dGramaticaily as air is bubbled into the liquid
with the result thm choking occurs at the final exit orifice. Once the nozzle is choked a
nearly instant‘alncous pressure drop occurs across the orifice which in turn produces a
rapid expansion of the gas and resuits in Bmak up of the liquid. Fortunately, choking is
not a function of the orifice diameter; therefore, spray quality is ‘not a function of orifice
diameter either. As a result, the nozzle final exit orifice can be made as large as neces-
sary to eliminate clogging with no reduction in atomizer performance.

Despite the body of work describing the performance of effervescent atomizers, its
potential for use with CWS had not been evaluated prior to this study. This program was

therefor undertaken

* to demonstrate that effervescent atomization can produce CWS sprays with
ﬁwenn drop Si.zes below 50 um

« to determine a lower size limit for eﬁervescent atomizer produced CWS
sprays | |

« to determine the mechanism(s) responsible for the formation of effervescent

atomizer produced sprays.

Application of effervescent atcmization to coal slurries requires an analysis of the
eifects of slurry rheological properties (as indicated by the consistency index and the

flow behavior index) and formulation (in terms of loading and coal particie top size) on

3
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the spray formation process. ThlS was accomp]ishéd in three steps. First, Newtonian liq--
uids, derived from solutions of glycerine and water, were spraycd with Sauter mean
diameter (SMD) measurements obtainéd at various nozzle pressures and ALR values.
This provided informatioh on the effect of consistency index (or viscosity). Next, SMD
measurements of non-Newtonian liqu'ids consisﬁng of glycerine, water and polymer were
acqﬁircd to assess the effect of flow behavior index. Finaliy, spray daia for five coal
water slurry mixtures was coll‘cctcd, again atl varying nozzle pressures and ALR values.
This providéd information on the relationship between drop size and coal loading aﬁd top |
size.

Thc‘cxperimcntal data reported were then analyzcd to explain the physical pro-
cesses rcsﬁonsibie for spray formation. The analysis ‘began by considering an energy bal--
ance across a control volumc that extended from the nozzle exit plane to the line of spray
tﬁcasurcment‘ The inlet conditions were calculated using two-phase flow techniques and
the outlet conditions were calculated by using conéer’vation of momentum and assuming
that the final velocities of the air and liquid were equal. Entrainment was considered neg-
ligible and losses were accounted for by realizing that only a small fraction of the atomiz-
ing air participated in the spray formation process with the remainder passing through the

control volume unperturbed.

The results showed that effervescent nozzles effectively atomized CWS, as weil as
Newtonian and hon-Ncwtonian fluids, while eliminating clogging and erosion problems.
In addition, effervescent atomization produced small CWS drop sizes at low discharge
pressures and low values of ALR and was insensitive to changes in consistency index,
flow behavior index, and loading and particle top size. The report ends with suggestions

for future work.
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2 LITERATURE REVIEW
2.1 Introduction
The tcdhniquc of effervescent atomization has been influenced by two methods

| of forming sprays, internal mixing atomization and flashing atomization. In each of

these methods, a gas ‘as'sists the liquid break up process with the energy stored in the

gas used to increase the surface energy 'of the liquid, thereby transforming it into

drops. Internal mi‘xin g atomizers commonly inject gas and liquid into a chamber

where a two-phase bubbly or separated flow is produced. Flashing #tomization uses

bubbles generated by cither flashing a superheated liquid or nucleation of a dissolved

gas in the liquid. j‘

Mixing of the two phases is Critical“for achieving good atomization. An even
disU'ibu;ioﬁ of bubblcs squéczcs the liquid into a matrix of thin films or fragments that
are easily broken apart. Flashing‘alomization accomplishes this goal through forma-
tion of numerous tiny bubbles. The small bubble size and high number density pro-
vide intimate ‘co‘ntact between the vapor and the liquid, an arrangement important
during thé bubble expansion process if small drops are to be formed. In contrast,
internal mixing atomizers do not provide good mixing and, as a result, alternating
slugs of liquid and gas often exit the nozzle along with the air. The alternating slug

- geometry is less cfﬁcicnt at transforming the liquid into smali drops.

Despite the potential for forming numerous small bubbles distributed uniformly
throughout the fluid, flashing atomization also has disadvantages. In particular, it
requires heating of the liquid thereby consuming large amounts of energy. In addi-
tion, it can cause plugging problems if the substance to be sprayed is prone to ther-
mally induced decomposition. Heating is not required with internal mixing

atomization.
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Effervescent atomization incorporates the virtues of both methods; it gives par-
ticular consideration to how the phases are niixcd, but does not require heating to gen-
erate bubbles, Instead air is injected into the liquid as in an intefnal mixing atomizer,
but the bubbles are made as small as poésiblc and are maintained such that they spread
the liquid matrix into numerous thin films as in a ‘ﬂashing atomizer. The resulting
bubbly mixture exits the orifice where the expanding gas shatters the liquid in the
same fashion as in flashing atomization. The advantages of effervescent atomization
are that it needs nb nucleation sites to form bubbles and the flow at the exit orifice is
choked. The latter leads to a nozzle whose pcrforfnance is independent of its geome-
try.

2.2 Internal Mixing Atomization

Sakai et al. [1978] describe a-nozzle where air and water are ducted into ¢ large
diameter mixing chamber in order to enhance the atomization quality. The two fluids
enter ﬁarallcl and on axis with the exit orifice and impinge on the wall over the orifice
where churning mixes them. A portion of the mixed fluid exits through the orifice
and the remainder circulates inside the chambcr. Sakai ct‘ al. suggest that internal
mixing atomization can be used to atomize high viscdsity fluids and slurries over a
wide turn down ratio and suggest that the major obstacle in thisy technique is the mix-
ing of the two phases.

The data of Sakai et al. is summarized by the correlation

D, =140+ D" « ALR™" | (1)

where D, is the Sauter mean diameter, in microns, D, is the nozzle diameter, in mm,

and ALR is the nir-liquid ratio, Equation (1) indicates SMD decreases with increasing
ALR and decreasing nozzle diameter. If the nozzle diameter is fixed at 2 mm and

6
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ALR varied, it is found that SMD = 740 yum when ALR = 0.01 and SMD = 80 ym
when ALR increases to 0.2. Obviously, while SMD does decrease with increasing
ALR, spray quality is very poor at low ALR. Surprisingly, the low ALR reported ‘cor-
responds to the bubbly flow regime for this nozzle where mixing should be at its best
and drop sizes should be small. In contrast, an effervescent a.tomize,r opéraaing under
“identical conditions does é much beiter job of breaking up the spray at low ALR. For
example, Roesler [1988] showcd effervescent atomization produces a spray of 35 um
at an ALR of 0.01 using the same flow conditions and orifice geometry as Sakai et al.
This discrepancy may result from the manner in which the internal mixing nozzle |
mixes the two fluids. According‘to Sakai et al., bubbly flow is generated in the mix-
ing chamber at low ALR and a swirling action is generated on the sides of the mixing -
chamber; pockets form at the top of the mixing chamber as ALR is incfcascd.ar)d the
turbulent swirl eventually grows into large voids. It is possible that these voids, along
with the swirl, prbduce areas of low vclbcity that cause small bubbles to coalesce into
iarge bubbies, which‘a:e in tum less efficient in breaking up the liquid. Sakai et. al.
made no mention of the size of the bubbles and do not clarify whether bubbly, slug or
separated flow exits the nozzle. Bubble coalescence and impingement of the two
streams on the orifice would inhibit the formation of the liquid matrix and resulting
thin films that are important for producing quality atomization.

Another property of the design employed by Sakai et al. is the strong depen-
dence of SMD on nozzie diameter. Sauter mean diameter changes by 300 pm when
orifice diameter is chaﬁged rom 1 to 2 mm and ALR is held constant at 0.01. In
flashing atomization studies under conditions of bubbly flow similar to those of Sakai
ct al., there was no dependence on nozzle diameter. The same is true for effervescent

atomizers. The dependence of SMD on nozzle geometry is in obvious disadvantage

9
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of internal mixing atomizers when spraying fluids such as CWS that are prone to

clogging small orifices.

Chawla [19835], described a two-phase atomizer that had limited success in
atomi;ing walcf and coal-water slurry. The design incorporated a mixing chambEr
with a liquid inlet parallel and on axis with the noizic exit orifice. The air was
injected pcrpe.ndicularyto the axis of the nozzle and the two fluids were allowed to mix
within the nozzlé body.

| Although the atomizer could spray slurﬁcs, it contained design flaws that prc-
vented it from achieving the small mean drop sizes neccssary‘for efficient coal burn-
out. The major flaw was swirl, introduced into the mixing chamber because the gas
was injected tangential to the liquid flow. Swirl results in separated flow, a condition
that is detrimental to the formation of the liquid matrix and resulting small‘ mean drop |
sizes. A lesser flaw was the large quantity of air the nozzle consumed, a requirement
that made it léss efficient than an effervescent nozzle. For instance, ALR values as
low as 0.004 produce drop sizes lower than 50 m when atomizing water with an
effervescent atomizer while Chawla’s design required an ALR df 0.016 to obtain the
same mean drop size.

Regardless of the merits of Chawla’s design, his paper did provide an important
contribution: the rcalizatioh that choking could occur at the ‘nozzlc exit when spraying
a two-phase mixture since addition of even small amounts of gas to a liquid stream
dramatically reduce the sonic velocity. Chawla recognized that this occurred and
attributed the break up process to the pressure jump experienced at the choked orifice.

There is uncertainty as to the two-phase flow pattern existing in Chawla’s

nozzle. The most desirable situation is, of course, bubbly flow. However, calculation

8
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of void fraction ‘values‘indicatcs they were above the limiting value of 0.8 for trans-
ition to annular flow. Further evidence for the existence of annﬁlar flow was supplied
by Whitlow [1990], who studied a design similar to Chawla’s where air was‘injcctcd
perpcndiéular to the axis to intentionally produce swirl. Under all flow conditions the
swirling action produced a centrifuge effect that caused the air to migrate to the center
line of the nozzle. The bubbly flow was transformed to annular flow“with a jet of air
flowing through the nozzle core. As é result of these two arialyses, the flow in Chaw-
la’s nozzle was almost surely separated, and thcfefor outside the regime cmployed by
‘effervescent atomizers.

Lefebvre et al. [1988] studied an internal mixing nozzle that was the preliminary
work to effervescent atomization. The concept arose from an‘attempt to imitate flash-
ing atomization by mixing nitrogen and water in a chamber that creates the bubbly
flow found by Solomon et al. [1985], but without having to heat the fluid. The design
used a drilled tube suspended in a mixing chamber to inject air outward into the lig-
uid. The liquid was supposed to shear bubbles from the surface of the tube and kform a
two-phase flow. |

Results of the study of Lefebvre et al. showed that SMD values as low as 42 n
could be achieved at pressure differentials as low as 35 kPa. The effect of pressure
was illustrated when SMD decreased to 20 wn while the pressure increased to 63_5.
kPa. This result is expected since the energy available for atomization increases with
pressure.

Air-liquid ratio had a strong influence on atornization as well. Sauter mean
diameters as low as 35 pwn were reported at ALR values above 0.10 and by decreasing
ALR t0 0.015, an SMD of 70 pn was achieved.

One weakness of the study of Lefebvre et al. was that the nozzle was opaque

9
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and the flow regime could not be ascertained. Unfortunately, subsequent work by
Roesler and Lefebvre [1987]‘ using a transparent nozzle dcmon#tratcd that some of the
ALR values employed by Lefebvre et al. [1988] did indeed result in annular flow.
This does not detract from the results of their study, however, which showed that
excellent atomization could be obtained at very low pressures and ALR values when
using effervescent atomization.

| A szudy similar to that of Lefebvre et al. was reported by Wang et al. [1987]
who !ﬁédiﬁéd the air injector to feed aii‘ from a single hole located on the axis of the
nozzle ﬁhal orifice. Their results demonstrated that the method of injecting gas had

no significant effect on SMD. |

2.3 Flashing Atomization

Flaéhing atomization is a technique where a spray is produced by transforming a
portion of the liquid into ‘vapor. Thc rapid expansion of the vapor imparts kihctic
energy to the remaining liquid and shatters it into droplets. Flashing occurs when a
superheated liquid suddenly experiences a drop in pressure to a value below satura-
tion. This creates a non-equilibrium situation, and in order for the liquid to stabilize
itself it gives off latent heat which forms vapor bubbles. Flashing also occurs when a
gés and a liquid are mixed under great pressure allowing the gas to dissolve into the
liquid. Subsequently, the gas comes out of solution after undergoing rapid decom-
pression at the nozzle exit.

Several studies have been published describing flashing atomization. One of the
first was by Brown and York [1962] where the authors atomized superheated water.
Their results demonstrated that drop sizes smaller than 40 pm could be achieved at
pressures below those required to operate a pressure swirl nozzle. Photographs
showed the liquid jet exiting the nozzle and suddenly bursting into droplets a short

10
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diétancc downstream of the final orifice, revealing thcvsuddcn and violent effect the
expanding bubbles have on the jet. |

Sher and Elata [1977] reported a ﬂashing‘atomiz‘ation study where a Freoh-22
propellant and toluene mixture was atomized. The Freon 'propcllant flashed and atom-
ized the liquid toluene when the mixture passed through the final orifice, Sher and
Elata noted the same explosive atomization process as Brown and York. In addition,
their results showed that the spray mean diameter decreased with an increase in dis-
charge pressure, but that this effect diminished with pressure untl it disappeared com:-
pletely. Thcy also found that nozzle orifice size had no effect on mean drop size.

Solomon et al. [1985] discussed a design where air was dissolved into Jet-A fuel
under high pressure. The rcs‘ulting mixture was fed to a nozzle where it passed
through an orifice and into an expansion chamber. As the air came out of solution, it
formed a two-phase flow in the expansion chamber with the result that the mixture
atomized upon exiting the final orifice. Solomon et al. found that the effect of dis-
‘'solved air was negligible when the bubbles were not allowed to diffuse out of solution
in the expansion chamber, but as more air diffuséd out, mean diameter decreased.
This gﬁvc the nozzle the pcculiér property that as discharge p-essure decreased mean
diameter decreased since more air diffused out as the pressur: was léwcrcd. Solomon
et al. also found that SMD values as low as 20 pm could be achieved with a disso!ve.d
air content of 15% mole fraction and found that there was‘ no dependence of SMD on
nozzle diameter. |

Consideration of the ﬂashiﬁg atomization studies shows that drop sizes less than
50 wn could be achieved using this technique. Its drawbacks are the requirements of
either a heating source or premixing of the gas with the liquid in order to gchcrate the

gas bubbles. Heating adds the additional problem of clogging since some fuels break
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down and coat supply lines and orifices; premixing gases with the liquid can be cum-

bersome and time consuming. As a result, neither flashing nor dissolved gas atomiza-

tion has attracted much interest,

2.4 Effervescent Atomization

Roesler and Lefebvre [1987] were the first to investigate effervescent atomiza-
tion. They employed a design similar to that of Lefebvre et al. [1988] except that a
sintered plastic acrator tube was used in place of the aerator tube containing drilled
holes, water flowed inside the porous tube rather than outside, and air was injected
towafd the axis of the nozzle instead of away from it. The air was injected at low
vg:locity, thcrefom requiring very little pressure drop in order to generate the bubbly
flow. The results were very similar io those of Lefebvre et al. [1988] except that
Roesler studied a lower range of ALR values, which corresponded to the bubbly flow
region of operation.

The results showed that SMD was a strong function of pressure and ALR. Mean
drop sizes of 80 pum, achievable at a pressure drop of 173 kPa and an ALR of 0.01,
were reduced to 35 ym when the pressure drop was increased to 690 kPa. Quality
atomnization was achieved over an ALR range of 0.001 to 0.025 with SMD changing

from 100 to 25 pwm over this range.

2.5 Correlations | ‘

Many correlations describing SMD have been proposed with. most investigators
approaching the process by describing the break up of a viscous jet or sheet in a vis-
cous medium. In such a model, shearing forces between the liquid and the surround-
ing air cause the liquid to become unstable and break up into ligaments which are then
pulled into droplets by surface tension forces. This approach could not be applied to
effervescent atomization, however, since it is not affected by fluid rheology, as will be

12
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shoWn in Section 4. Instead, the spray formatipn process was analy~-ed following
Lefebvre [1990].

Lefebvre [1990] suggests an alternative approach to predicting SMD. He con-
siders the break up of a liquid stream, either sheet or jet, to ‘be caused by impingefneht
of an air jet on the liquid at soine angle in order to impart a Signiﬁcant normal force
onit, He argueé that the break up mechanism shifts from wavy shcet’to a momcnfum

transfer due to collision of tﬁc air and liquid jets as the air jet impingcs normal to the
liquid stream. The break up process is then considcrcd to be cbntrolied by the normal
component of the air velocity, the airfiiquid ratio and the surface tension of the liquid.

The analysis begins by considering the energy required to overcome surface tén-
sion forces while transforming the liquid stream into droplets. The change in energy
of the liquid is the produét of its surface tension and the change in surface area, as

represented by Eqdation Q)

m (3 1 | ‘
: L ] @ w———— e gy W 2
E =20 o (D r) | (2)

where A, , is the surface area of the liquid sheet and A,; is the surface area of the

droplets as given by
A, = I \ 3)
Put ‘ ‘
my
2 pD
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Here, ¢ is the liquid sheet thickness, m, is the liquid mass, D is the droplet mean

diametgr. 7, is the change in surface energy of the liquid, p, is the liquid density, and
o is the liquid surface tension. The energy of the air is now taken into consideration

and is equal to

v‘l

where V, is the air velogity, E, i~ the air kinetic energy, and m, is the air mass.

By equating the energy required for atomization and the energy of the air times

the efficiency of the atomization process

E, =C - E, - | (6)

it is found that

| o
1, CPVeALR j o

SMD =3« (—
-\t 4o
where C represents the efficiency of the process. Lefebvre [1990] altered this expres-
sion by first substituting (l +;1-l-j)—l for ALR, since studies have shown that SMD for
prefilming air blast atomizers is proportional to (1+1/ALR), and then substituting C’
for C. This suggests that C is a function of ALR and can be expressed as
C ’

=- 8
¢ ALR +1° ®

The resulting expression
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C'PLVZ !

| ” ‘ |
SMD=3-|-+ ~ ‘ ‘ |
f 40{1“}—; | ®)

fits his data very well and shows great promise when correlating data for various types

of atomizers,

2.6 Summary

In summary, flashing atomization has the detrimental quality of requiring a heat
source or a mixing tank where a gas can be dissolved into the liquid. Heating the
liquid not only consumes energy but can cause clogging provlems. Furthermore, the
mixing tarnk is cumbersome Qnd requires high pressures, often for extended periods of
time. | |

Internal mixing atomization circumvents these problems by mixing the air and
liquid in a region just prior to the orifice so that dissolution is not necessary. But
internal mixing atomizers have the disadvantage of poor mixing such that separated or

“annular flow is often the result.

Effervescent atomizmion incorporates the beneficial qualities of flashing atom-
ization, where a matrix of bubbles urder pressure is used to spread the liquid into thin
sheets and then blast it into droplets in an explosive expansion process. The force on
the liquid created by the expansion is responsible for the atomization quality; there-
fore, it is imperative that the flow not be separated. Effervescent atomization mixes a
gas and liquid in such a manner as to sustain a well mixed flow that atomizes in the
same manner as {lashing atomization, but without the need for a heat source or a mix-
ing tank.

Finally, effervescent atomization allows SMD values of 40 im to be achieved at
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ALR values lower than 0.01 and pressures under 100 kPa. In addition, spray quality
is unaffected by nozzle diameter and liquid viscosity making it an attractive method of

atomizing CWS,
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3 EXPERIMENTAL APPARATUS AND INSTRUMENTATION

3.1 Introduction |

This section explains in detail the design and operation of the atomizer and
experimental apparatus as well as the opcrafion and calibration of the instrumentation
used to acquire data. The description 'of the nozzle begins at the liquid and air inlets
~ and proceeds to the final orifice. It includes descriptions of the various components
and the flow path of the fluids. The description of the experimental apparatus begins
with the air and liquid supply systems and ends at the nozzle inlets. The systems used
to analyze the spray are then described and the theory behind their operation summa-
rized. This is followed by a description of the equipment used to determine the prop-
erties of the test liquids. Equipment calibration procedures are also included.
3.2 Atomizer Design

The effervescent atomizer employéd in this study is illustrated in Figure 1. Two
~primary requirements were established that constrained the design: the nozzle had to
withstand 3.4 MPa in order to achieve the maximum flow rates allcwable, and the
two-phase flow within the nozzle had to be observable and photographable. Both
requirements were met by using glass and acrylic to construct portions of the nozzle,

The acrylic containment tube, with a wall thickness of 6.4 mm, inner diameter of
25 mm and length of 300 mm, served a dual role: it acted as a reservoir for the liquid
and carried the pressure load produced by the 3.4 MPa air supply. By pressurizing the
liquid within the acrytic shell, the internal parts were relieved of the pressure load.
O-ring groves cut into the top and bottom provided high pressure seals at the joints.

The mixing chambcr‘ was the mest significant nozzle element. It consisted of a
plcnurh, termed the aerator shell, surrounding a porous plastic aerator tube which in
turn served as the mixing zone. The aerator shell was made of brass since it had to
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Figure 1. Effervescent atomizer.
withstand the sudden shock of high pressure air entering the mixing chamber during
stat up. Air was supplied to the plenum through a stainless steel tee-shaped gas man-
ifold and two short lines.
A glass obscr;vation tube followed the mixing zore to provide easy viewing of
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the two-phase flow. The tube was 5 mm in diameter and 82 mm long. The glass tube
was replaced with one made of stainless steel whén spraying coal-water slurry.

A multipurpose spool section, made of brass, was located between the observa-
tion tubc and the exit orifice. This componcnt was ongmn‘ly desngned to posmon an
‘ clectromc bubble probc within the flow. The bubble probe was omitted dunng this
study so the attachment served instead as a pressure tap, allowing accurate measure-
ment of the static pressure immediately upstream of the exit oriﬁcé.

Two brass nozzle final orifices were used in this study. Both were of the sharp
edged plain orifice type, one having an inncr.diamcter of 1.5 mm and the other an .
innc‘r diameter of 2.5 mm. The 1.5 mm orifice was used exclusively with the Newto-
nian fluids and the single phase non-Newtonian fluids. The 2.5 mm orifice was used
whcn atomlzmg coal-water slumcs in order to avoid plugging. |

The nozzle operated by spilling liquid mto the acrylic containment tube through
a port 430 mm upstream. As shown in Figure 2, the liquid collected in the contain-
ment tube, ﬁ‘lling it until it reached a level such that it would flow into the inlet of the
porous aerator tube. The air flowed into the aerator shell, then through the porous
~ plastic aerator tube where it mixed with the liquid flow, Finally, the two-phase mix-
ture flowed through the clear glass observation tube, shown in Figure 1, and then
through the exit orifice where it formed the spray.

During operation, it was often important to determine the two-phase flow pattern
exiting the nozzle. As a result, an acrylic exit orifice was substituted for the brass exit
orifice shown in Figure 1. The channel leading to this orifice consisted of a 5 mm
diameter bore that was 25 mm long and terminated with a 1.5 mm diameter orifice.
Two parallel outer surfaces were milled flat to minimize visual distortion of the flow
inside the channel.

19



Final Report  DE-FG22-87PC79913

:

N

|~AIR MANIFOLD

SN\

AN\

|~ LIQUID INLET

CONTAINMENT
/ TUBE

NN

N\

—POROUS AERATOR
TuBE ‘

- ~AERATOR SHELL

TNNNANNNNNRNNY S

RN

P | .

LIQUID FLOW
—— — AIR FLOW
------------- TWO-PHASE FLOW

Figure 2. Effervescent atomizer cutaway view.

3.3 Air and Liquid Supply Systems

The separate air and liquid supply systems are shown in Figure 3. Stéinlcss steel
tubing and flex line were used throughout. Air from the 13.7 MPa facility supply was
regulated to 3.4 MPa and provided atomizing air plus air to pressurize the free surface
of the liquid storage reservoir that was used during the single phase Newtonian and
non-Newtonian fluid studies. The atomizing air passed through a three-way valve
which diverted it through one of two rotameter mass flow rate monitors (Brooks).
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The configuration of the rotameters was chosen to allow accurate flow mcasu?ements
in a low flow regime {0 to 1.44 g/sj and a high flow regime (1.22 t0 7.6 g/s); The lovu;
range flow meter incorporated a tube (Brooks model R-2-15-C) with a tantalum ball
while the high range meter incorporated a tube (Brooks model 8M-25-3) with a stain-
less steel float. Air exited the rotameters past a dial pressure gauge (Duragauge) and
flowed througﬁ a pair of needle valves arranged in parallel. These valves controlled
;hc atomizin g air mass flow rate and were located downstream of the rotameters to
eliminate errors due to chan ges in air pressure and temperature. Air flowed through
the needie valves and then passed through a ball type shut 6ﬂ" valve before finally
entering the lcc-shépcd manifold located in the nozzle body.

‘Liquid was stored in an 83 liter stainless steel pressure vessel when atomizing
the Newtonian and the single phase non-Newtonian fluids. As mentioned in the pre-
vious paragraph, the liquid free surface was prc‘ssun'zcd to 3.4 MPa which forced it
through the liquid delivery system. This configuration also had the advantage that
unsteady flows and vibrgtions associated with mechanical puinps were eliminated.
After leaving the reservoir, the liquid flowed through two parallel needle valves which
served to control the flow rate. Liquid then passed though a Micromotion mass flow
meter (model D-25) and a ball type shut off valve before finally entering the nozzie
via the liquid supply tube.

When coal-water sluny' was sprayed, the 83 liter stainless steel sphere shown in
Figure 3 was removed and replaced with a standard 208 liter storage drum whose out-
let was connected to a nine-stage progressive cavity pump (Moyno model SP3CDQ).
The pump drew slurry from the drum and forced it through a pair of ball valves
arranged in parallel, one serving the nozzle and the other serving a closed loop return

to the pump inlet. Small changes in mass flow rate were realized by manipulating
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these valves. Large changes in flow rate were realized by increasing the pump drive
speed. The flow rate was measured by a Micromotion flow meter (model D3-25) posi-

tioned upstream of the nozzle liquid supply tube.
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Figure 3. Air ard liquid supply systems.

When spraying single phase liquids, spent fluid was removed via an evacuation
systern consisting of a 270 mm diameter conical collection funnel, a section of 100

«nm diameter PVC tubing and a pair of 1.7 kW (Craftsman) vacuum cleaners. The
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flow rate through the evacuation system was approximateiy the volume flow rate exit-

ing the nozzle, thus reducing droplet recirculation.

The nozzle assembly during the coal slurry part of this study was suspcndcd
over a 102 cm wide, 65 cm high, i53 cm long aluminum spray 'boi by a frame (Uni-
strut). The box served as a collection vessel. Spray recirculation was minimized by
exhausting the atomiicd fluid via a 61 cm by 63 cm rectangular duct and a centrifugal
blower whose volume flow rate was sufficient to draw all the étqmizing air out of the

laboratory.

3.4 Calibration of lnstrumentélioh

Calibrations were performed on the Micromotion flow vmetcr and the rotameters.
The Micromotion flow meter operates on the principle of Coriolis effects as noted in
the Micromotion operations manual. To summarize, as fluid flows through the U
shaped tubing, Coriolis forces cause the tubing to twist. The magnitude of the dis-

placement caused by the twisting motion is determined via Newton's second law and

~is insensitive to changes in temperature, pressure, and viscosity. The insensitivity of

the device to fluid properties allows fluids other than those employed in the experi-
ment to be used during calibration. This was verified by calibrating first with water,
then recalibrating with air.

Calibration of the Micromotion was performed by collecting and timing tap

water as it flowed through the device. The accumulated water was then weighed on a

beam balance (Fairbanks Morse model 532) and the flow rate determined. Adjust-
ment of the span and zero on the Micromotion A/D con‘ver‘tcr allowed the measured
and predicted flow rates to be matched at high, moderate and low values. After
calibration, the Micromotion measured the flow rate with an accuracy of £ 0.1 g/s.

The rotameters measure flow rate in terms of the drag produced by the flow of a
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fluid past a float located in a tapered tube. Since drag dcpénds on the density and
viscosity of the fluid flowing past the float, it is se‘nsitivc to temperature and pressure;
therefore, the rotameter must be calibrated at the temperature and pressure at which it

isto bc used. ’In addition, since viscosity is fluid dependent, rotameters must also be
calibrated using fluid that is to be employed in the experiment,

The rotameter was calibrated by connecting it in series with a dry‘gas volume
flow meter (American Meter DTM 115). Air pressurized to 3.4 MPa was passed
through the rotameter and thén through the gas flow meter where tim‘c‘and volume |

- displaced were measured. This procedure was performed on both rotameters for high,
intermediate and low flow rates.. The calibration proved to be linear and was fitted to

the equation
m=A+*R+B ‘ (10)

where A and B are coefficients and R is the scale reading. For the large flow meter A
= (.145 g/s and B = 0.35 g/s and for the small fotamctcr A=0.15g/sand B=0.0 g/s.
In order to correct tor errors in the measured flow rate due to slight changes in the
system pressure, the flow rate was multiplied by the square root of the ratio of actual
pressure to calibration pressure, as recommended by the rotameter manufacturer and
verified by Roesier [1987].

All pressuie pauges were dial type and were calibrated using a portable gauge
tester (Ashcroft model 1305).

3.5 Particle Sizing Systems

Droplets of CWS corsist of a multitude of coal particles suspended in water.
When heated, the water evaporates leaving a non-spherical, opaque particle. The non-
sphericity precludes the use of several types of pariiclc sizing instruments, including
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the Phase-Doppler Particle Analyzer. Fortunately, forward diffraction instruments
circumvent this problem since they do not require spherical particles in order to pro-
vide a measure of mean drop size and drop size distribution [Hirleman and Wittig,
1977]. Details of the theory uﬁderlying these instruments are outlined by Van de
Hulst [1981] with a practical application discussed by Swithenbank et al. [1976].

This study cmploy‘cd two particle sizing systems: the Malvern Particle Analyz-
ing System and a second system that was developed at the Purdue Thermal Sciences
and Propulsion Center. Both are described in this section.

3.5.1 Purdue Laser Diffraction System

The diffractibn based particle sizing instrument shown in Figure 4 was used
to obtain spray drop sizes and is based on the Fraunhofer diffraction technique.
This particular system was developed by Rizk and Lefebvre [1984) and modified
by Roesler [1988]. It provided line-of-sight measurements of mean drop size and
drop size distribution.

The instrument consisted of a He-Ne laser (Melles-Griot 05-LHR-151),
whose output was mcchanically chopped (Stanford Research SR540) and then spa-
tially filtered (Newport Research 900 assembly, 25 wn pin-hole and 10X micro-
scope objective). The beam was then collimated using a 25 mm diameter /4 lens.
The resﬁlting 12 mm beam traversed the spray along a diameter where some of it
was scattered. Scattered and unscattered light was collected by a 50 mm diameter
f/10 iens and focused on a 5 wm pin-hole. The coliecting lens was located not

more than 500 mm from the most distant edge of the spray.

The scattered light energy profile collected by the lens was scanned horizon-
tally in its Fourier transform plane using a photo-multiplier tube (EMI 9658R )
that was attached to the 5 pwm pin-hole. The photo-multiplier tube (PMT) and
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Figure 4. Purdue drop size measurement system.

pin-hole were mounted on a translation stage (Newport 430) whose position was

monitored by a linear potentiometer. The PMT output signal was then amplified

by an analog signal processor (Stanford Research SR235), with phase sensitive
detection (Stanford Research SR510 lockin amplifier) employed to improve the
signal-to-noise ratio. "X’he amplified signal was processed using an A/D converter
(located in a Hewleti-Packard HP7090A Measurement Plotting System) and fed to
a dedicated micro-computer (Zenith Z-158). The output from the position sensi-
tive linear potentiometer located on the translation stage was also fed to the micro-
computer. The computer reduced the data and determined Rosin-Rammler
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parameters using software developed by Roesler [1988].

A comparison of the diffraction system performance with that of the Malvern
was made by Roesler and is outlined in his thesis [Roesler 1988]. Roesler's proce-
dure was as follows. First, the Purdue instrument was used to obtain drop size
data from a water spray produced by a pressure swirl atomizer (Hago 15-80). The
data was compared to drop size measurements made using the Malvern Spray
Analyzer with the result that the Malvern consistently over predicted the value
returned by the Purdue instrument by approximately 10 wm. Second, theoretical
light intensity profiles wcr'c generated and then reduced using the Purdue instru-
ment software. Repeatability for the Purdue instrument was within 2 % of the
theoretical SMD and within 4 % of the two Rosin-Rammler size distribution
pararhctcrs. The Malvemn, in contrast, could not approach the 2 % repeatability of
the Purdue system and repeatability became worse as the theoretical SMD exce-
eded 100 wm.

Instrument repeatability and day-to-day variation was determined using a
standard calibration reticle [Hirleman 1983). Repeatability and day-to-day varia-
tion were both 13 wm.

3.5.2 Malvern Particle Sizing Systern

As the study progressed, it became evident that scatter associated with the
Purdue instrument was unacceptable in too many cases. The Malvern Spray Ana-
lyzer (model 2600D), being able to provide more repeatable results, was thus
employed to alleviate this problem.

The Malvern, shown in Figure 5, operates on the sarne principle as the Pur-
due system with the most significant difference being that the Malvern incorpo-
rates a circular photo-detector containing 32 diode rings to record the scattered
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light distribution. The Malvern also uses an additional diode, located at the center
of the detector, to measure the amount of light being scattered thus providing an
indication of when multiple scattering is occurring, The existence of multiple
scattering is important, as shown by Dodge [1986], since the measured value of the
mean drop size begins to deviate substantially from the actual mean drop size
when multiple scattering is preseni, A correlation was derived by Dodge to correct
for this deviation. A similar correction scheme has been incorp-rated into the

Malvern software, but its details are obscure since the software is proprietary.
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Figure 5. Schematic of the Malvern Particle Size Analyzer, Knoll [1989],
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3.6 Photographs

A photographic study was undertaken to determine the flow structure in the
nozzle and to photograph the formation of the spray in order to better understand the
atomization process. Photographs of the flow structure in the nozzle were taken 30
mm upstream of the final orifice. Photographs of the spray formation process were
taken immediately downstream of the final orifice, 150 mm downstream of the final
orifice and 250 mm downstream of the final orifice.

Photographs were obtained using a 35 mm single lens reflex camera (Nikon F2)
and a 135 mm lens (Nikkor-Q) moum;:d on a bellows (Nikon II). This combination of
lens and camera allowed photographs to be made at a magnification of 2. Images
were recorded on black-and-white film (Kodak Tmax 400), push processed to ASA
3200. lllumination was provided by a micro-flash (EG&G model 549) which had a
flash duration of 0.5 ps. Further details are providad in Roesler’s thesis [Roesler

1988).

3.7 Shadowgraphs

Shadowgraphs of the spray immediately downstream of the nozzle were
obtained in order to record the density gradients produced when the flow underwent
rapid expansion after exiting through the final orifice. The objective of these photo-
graphs was to verify the premise that supersonic flow was being generated at the
nozzle exit, the information being necessary to determine if choked flow existed.

Shadow photographs were obtained using a pair of 2.03 m radius of curvature,
254 mm diameter, parabolic, front silvered mirrors to collimate and then refocus the
output from a high pressure mercury arc lamp. Images were recorded using the 35
mm single lens reflex camera mentioned above with film normally processed. Surther
details of this system are provided by Richards [1987].
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3.8 Viscosity Measurements

Newtonian liquids of high viscosity were formulated for use in this study by
decanting a known volume of 99.5% pure natural glycerine (Van Waters & Rogers,
Industrial Grade USP) into a 114 liter drum and then diluting it with tap water until
the desired composition was obtained. Homogeneity was insured by agitating the
mixture with a three fin stirrer (Neptune Mixer Co. D-1.4 with MP1 11x11 propeller
driven by a Gast Manufacturing, Corp. 4AM-NRV-50C air motor). After complete
mixing was obtained, the viscosity and surface tension were evaluated.

Non-Newtonian fluids were formulated from mixtures of glycerine, tap water,
and Xanthan gum. The consistency index and the flow behavior index were altered
by manipulating the glycerine and polymer levels. Experience indicated that the flow
behavior index was rcla{ivcly insensitive to the glycerine level, so this parameter was
successfully allcrcd by adding polymer. Conversely, the consistency index was sensi-
tive to both polymer and glycerine content. By starting with a base mixture whose
consistency index was significantly below the desired value, the target value was
achieved by first adding polymer until the desired flow behavior index was reached
and then adding glycerine until the consistency index rose 1o its target value,

An attempt was made to establish a protocol for formulating the non-Newtonian
liquids, but large variations in the rheological properties were found with mixtures of
the same polymer and glycerine content. As a result, the development of each mixture
was more art than science, but each mixture was repeatedly tested before it was |
spayed in order to determine its rheological properties.

The coal-water slurries used consisted of threc commercially available slurries
of varying grinds and loadings. The effects of reduced coal loading and polymer
addition were analyzed by diluting one slurry with glycerine and later diluting this
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same slurry with gl&cerinc and polymer‘ A total of five separate fluids were thug
‘cmploycd.

Viscosity measurements were made using a rotary viscometer (Haake:~Buchler
RV20 with PG242 controller, PT100 digital thermometer, F3 temperature controller
and associated constant ternperature bath). A éup and rotor mcas‘uring system
(Haake-Buchler MV SP) was employed. Three silicon based oils (polyDIMETHYLS-
llDXANE. Petrarch Systems lnc.)‘ having viscosities of ‘10, 100, and 1000 ¢S were
used to calibrate the rheological instrumentation. The broccdme used was to calibrate
the instrument over the entire strain rate range that was allowed by the fluid. The
measured vﬁlucs fe!l within 20 % of the standard with the pércent error being constant
for each fluid. After calibration, the viscosity of each fluid being sprayed was dctgr-
mined by fitting the measured shear stress-strain rate curve to an assumed power law
expression. This was accomplished by routing the analog output of the rheometer
controller to ‘the A/D converter with the resulting digitized signal input into the micro-
computer for analysis.

The rheological data were reduced from 1000 to 200 points by combi‘ning thém
in groups of five and averaging. The data were then transformed into a pair of column
vectors and analyzed using a curve fit analysis outlined in Chapra and Canale [1985].

The analysis fitted the data to the Herschel-Bulkley viscosity model

1=t +KY (11)
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where 7 is the shear stress in Pa, 1, is the yield stress in Pa, yis the shear rate in 1/s, K
is the consistency index in Pa‘ « 5= and n is the dimensionless flow behavior index.
The advantage of using this model was that it accurately represented ‘thc rheological
properties of the three classes of fluids used in this study.

The incorporation of the yigld stress term in Equation (11) was necessary to
minimize the error when curve-fitting the equation to the data. When the yield stress
was not iticsuded, the curve-fit was forced to predict a zero shear stress at a zero strain
rate which produced a poor fit. Unfortun’ately, the magnitude of the yield stress varied
from one mixture to the next with no consislcncy‘ bethcn fluids. It was therefore
concluded that the instrumentation could not accuraicly measure the yield stress, but
that thcvanalysis could not accurately predict n and K without it. As a result, yield
stress values were used to fécilitatc curve fitting but were considered unreliable for
analyzing the spray data.

3.9 Surface Tension Measurements

Surface tension was mcasuréd using a du-Nuoy type ring tensiometer (Cenco
70535). The tensiometer was calibrated by placing known wcights ‘(as determined by
a Meittler P1200 balance) on the instrument’s Pt-Ir ring and measuring the resulting
gravitational force, The instrument’s performance was verified by determining the
surface tension of deionized water. Excellent agreement was observed as long as care
was taken to keep the equipment clean. The following procedure proved satisfactory.
After each measurement, the ring was washed in a water bath, dipped in alcohol, and
heated thoroughly over a Bunsen burner flame and the vessel containing the test fluid

was washed thoroughly with water and alcohol.
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4 RESULTS
4.1 Introduction

The goals of this research were to demonstrate that effervescent atomization can
produce CWS sprays with mean drop sizes below 50 pm, to deterrhine a lower siz‘é limit
for effervescent atomizer produced CWS sprays, and to detcnﬁinc thé mechanism(s)
responsible for the formation of effervescent étomizcr produced sprays. Accomplishment
of these goals required an analysis of the effect of coal-water slurry fluid properties and
nozzle Qperating parameters on spray quality, specifically on the Sautcr mean diameter
(SMD). The liquid propénics nccessary‘fdr the analysis consisted of flow bchavior index
(n), consistency index (K), slurry coal loading, coal particle top size, the addition of poly--
mers, surface tension and density. The flow behavior index and the consistency index
were derived from the Herschel-Bulkley expression shown in Equation (11), and their
effect on SMD was anélyzcd by manipuléting them and observing changes in SMD.

Coal loading was studied by diluting CWS with glycerine and top size was studied by
analyzing three mixtures containing particlcsi with maximum sizes of‘ 15, 45 and 100 jun.
Polymer addition effects were observed by analyzing a CWS mixture containing glycer-
ine and polymer. Surface tension and density wérc measured for each test; however, they
were not systematically changed in order to observe their influence on SMD.

The operating parameters of significance included the air-liquid ratio (ALR) and the
nozzle discharge pressure. These parameters were systematically varied and their effects
observed.

~The study began with mixtures of glybcn'nc and water to simplify the analysis,
minimize the number of variables and facilitate data collection. Glycerine-water mix-
tures are highly viscous Newtonian fluids that have densities and surface tensions near
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those of CWS. By using these mixt'un:s. the influence of flow behavior index and
particle suspension were removed while viscosity (or consistency index) was widely var-
jed.

Polymer was added to the glycerine-water mixtures in order to form non-Newtonian
fluids and investigate the effects of n and K on SMD. The use of glycerine-water-
polymer mixtures is a common practice among those who study the atomization of CWS;
note Knoll [1989] and Rosfjord [1985]. By dissolving Xanthan gu‘m into the
glycerine-water mixture, the flow behavior index was decreased thereby simulating the
non-Newtonian behavior of CWS. These results completed the analysis of rheological
effects on SMD while eliminating effects associated with coal particles.

Addition of poiymer to the glycerine-water mixturés also provided insight into the
effects of varying slurry additive packages since stabilizers such as "Flocon" contain sub-

stantial concentrations of polymer. The glycerine-water data is of special interest in this

~ respect since it indicates how additives affect effervescent atomization in the absence of

complicating effects such as slurry loading and coal particle top size.

The program concluded with the ‘spraying of five coal-water slurries. Included were
three commercially available slurries, each possessing a different coal loading and coal
particle top size, f)lus two additional slurry mixtures formulated by adding glycerine, then
glycerine plus polymer to one of the neat slurries. In this way, large changes in consis-
tency index, flow bchavior index, loading, and coal particle size wcré achieved and their
effects on SMD determined.

The results obtained are presented in the graphs below, with all raw data tabulated
in the 'Appendix. In each figure, Sauter mean diameter is plotted versus one of the

parameters mentioned above with the remaining parameters held within a defined range

34



Final Report  DE-FG22-87PC79913

represented by a nominal value (values listed in subheadings and legends represent this
- nominal value). The ordinate of a plot represents actual values to provide a true represen-

tation of the data and an accurate determination of trends.

- 4.2 Fluid Physical Properties

Data describing the physical properties of the 24 different liquids sprayed during
this study are reported in Tables 1 to 3. These liquids consisted of glycerine-water solu-
tions used to investigate Newtonian fluid‘behavior, glycerine-water-polymer (Xanthan
gum) solutions used to investigate non-Newtonian fluid behavior and coal-water slurries
used to investigate two-phase fluid behavior. The properties of relevance to this study

were: consistency index, flow behavior index, particle top size, coal loading, surface ten-

sion and density.
-4.2.1 Single Phase Liquids

Ten Ncwtonian‘liquids were tested. Their propénics are listed in Table 1 and a
marker is provided that denotes the test series each fluid was associated with. ‘Viscosities
for the Newtonian liquids varied from 384 to 968 cP. They were divided into 3 groups:

400 cP, 520 cP and 800 cP.‘ These are nominal values used mainly to designate low,
medium and high viscosity. Surface tension and density for all of the liquids was approx-
imately 64 dynes/cm and 1.26 g/cm®, respectively, since glycerine content dominated

these properties.

Table 2 lists the properties of the non-Newtonian liquids. Flow behavior indices
varied from 0.85 t0 0.95. Consistency indices were approxu.iately matched with the

viscosities of the Newtonian mixtures and ranged from 400 to 930 cP -5l

35



Crlive

- Final Report DE-FG22-87PC79913

Table 1: Glycerine-Water Mixture Physical Properties

Mixture K, n, c, Py
cP —sec""! dynes/cm - glem®

I(testl) 384 1.0 64 1.26
2aestl) 420 1.0 6 126
3(test1) 520 1.0 64 1.26
Agestl) 537 10 64 1.26
5 (test 1) ‘ 874 1.0 64 1.26
6 (test 1) 968 10 64 126
7 (test 2) 487 1.0 64 126
8 (test 2) | 586 1.0 64 1.26
9 (test 2) 8010 64 1.26
10 (test 2) 852 1.0 64 1.26

Table 2: Glycerine-Water-Polyer Mixture Physical Properties

Mixture K, n, o, P,

cP —sec"™! dynes/cm glem®
1 400 0.85 68 1.13
2 510 0.85 68 1.13
3 930 0.86 68 1.13
4 420 090 66 120
5 570 0.90 66 1.20
6 780 0.90 66 1.20
7 450 0.95 65 1.22
8 52 0.94 65 1.22
9 840 0.94 65 1.22
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4.2.2 Coal-Water Slurries

A total of five éoal~watcr slurries wcré sprayed during this study. Three of the slur-
ries were commercially available ﬁnd had varying gn'rids and loadings. Thcy were identi-
fied as slurry 1 (45 pn top size), slurry 2 (100 jm top size) and slurry 3 (15 Hm top size).
" The other two slurries were derived from slurry 3 by either diluting it with 99.5% pure
USP glycerine or with glycerine plus a polymer (Xanthan gum). The rheology of all five |
slurries, in terms of the consistency index, K, which ranged from 133 fo 1964 |
cP —sec”™!, and the flow behavior index, n, which ranged from 0.603 to 1.03, is reported
in Table 3. Slurry surface tension was measured and varied from 54 to 78 dyne/cm as
shown. Yield stresses were not reported since they were not used in any analysis and

were therefore unimportant to the study.

Table 3: Coal-Water Slurry Physical Properties

Slurry Top Size, Loading, K, | n, o, | o}
W wt-%  cP -sec"”! ~ dyne/cm  gicm®
1 45 65 181 1.03 54 1.2
2 100 57 1777 0.603 78 12
3 15 58 1964 0.763 72 12
I+gly 15 49 133 0.961 70 12
3+gly+ply 15 49 630 0.878 71 12

4.3 Newtonian Liquid Spray Data

Two studies were undertaken using glycerine and water solutions. In the first study,
six fluids were sprayed and drop size data were collected using the instrumentation
described in Section 3.5.1. In the second study, the drop sizing instrumentation was
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changed to the Malvern and four additional fluids were sprayed with viscosities and flow

conditions similar to those of the first study.

Spray data for the Newtonian fluids is shown below in Figures 6 through 9. Figure

-6 shows air-liquid ratio has a significant effect on SMD over the raﬁgc 0.04 to 0.15. The

influence difninishcs. however, as ALR increases from 0.15 to 0.34, This result is sup-
ported by the findings of Roesler [1988] and of Wang et al. [1987] and is explained by
recognizing that entrainment losses become more severe as ALR is increased.

Figure 7 depicts the lack of an effect of cohsistcncy index (or vis‘co'sity for Newto-
nian ﬂuids) on SMD where no correlation is observed for a two fold increase in . This
behavior is unique to effcrvesécnt atomization since most spray nozzles exhibit a
significant dependence of SMD on viscosity. The absence of a relationship between
SMD and viscosity is explained by considering the two mechanisms of liquid break up:
shearing interaction between the liquid and the air, known as primary atomization, and
competition between droplet surface tension and prcséurc forces caused by the velocity of
the droplet relaﬁvc to the air.‘known as secondary atomization. In general, liquid break
up due to shearing action between fluids is a function of liquid viscosity. Effervescent
atomization demonstrates no dependence of SMD on liquid viscosity; therefore, it is con-
cluded that shearing action has no effect on the atomizétion process. However, the rela-
tive velocity between the droplets and air is very high which would produce large
pressure forces on the droplcts.‘ This suggests that secondary atomization has a strong'
effect on the atomization process and is the controlling factor. This conclusion is sup-
ported by Brown and York [1962] who observed Lhaf the rapid expansion of vapor
bubbles in ﬂdshing atomization tears the liquid into shreds much like the air bubbies of

effervescent atomization.
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Figure 6. Sauter mean diameter versus air-liquid ratio for glycerine-water mixture 6, K =
400 cP.
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Figure 7. Sauter mean diameter versus air-liquid ratiu for glycerine-water mixtures 2,4,
and 6, varying K,
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The effect of discharge pressure on SMD is shown in Figures 8 and 9. When ALR
is as high as 0.34, the effect of discharge pressure is véry small. Notice that the profile in
Figure 8 is flat over a pressure range of 1.1 to 2.4 MPa. This behavior changes when
ALR is small; at an ALR of 0.085, a change of 50 ym is observed in Figure 9 when pres-
sure changes from 0.75 to 1.5 MPa, The diminishing influence of pressure on SMD as
ALR is increased was also observed by Roesler [1988] and Lefebvre et al, [1988] and can
be explained by recognizing that at High ALR, energy losses associated with entrainment
- become so large that any increase in available energy associated with an increase in pres-
sure is quickly lost to the ambient and has no effect on SMD. On the other hand, when
ALR is low, a liquid shroud surrounds the expanding gas shielding it from cntrainmem
and associated losses; therefore, increased energy input due to an increase in pressure is

not lost to the ambient but contributes to liquid break up.
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Figure 8. Sauter mean diameter versus pressure for glycerine-water mixture 9,ALR =

0.340.
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Figure 9. Sauter mean diameter versus pressure for glycerine-water mixture 9, ALR =
0.085.

4.4 Non-Newtonian Spray Data

Figures 10 through 12 show data obtained when atomizing nine non-Newtonian
glycerine-water-polymer solutions. The results of this study were similar to the Newto-
nian results previously shown.

The effect of ALR on SMD is shown in Figures 10 and 11 for K values of 850 and
420 cP —sec" ', There are only slight differences between these results and those shown
in the preceding section: when atomizing solutions containing polymer, SMD increased,
especially in the low ALR region. A change in ALR had a smaller effect on SMD in the
fow ALR range than for fluids containing no polymer, changing the slope of the SMD
versus ALR curve, while at high ALR the pelymer solutions atomize in the sarne manner

as the non-polymer solutions.
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Figure 10. Sauter mean diameter versus air-liquid ratio for glycerine-water-polymer mix-
ture 6, K = 850 cP —sec” ™',
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Figure 11. Sauter mean diameter versus air-liquid ratio for glycerine-water-polymer mix-

ture 7, K = 420 ¢P —sec" ™",
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Figures 1‘2 through 15 show SMD versus consistency index and indicate no consis-
tent change in SMD for a two fold increase in K., Sim‘llarly, no consistent effect of flow
behavior index could be found as n changed from 0.85 to 0.95, as shown in Figures 16
and 17, These results conclusively demonstrate that non-Newtonian rheology, as charac-
terized by n and K, has no effect on the quality of effervescent atomization. This is evi-
dence that effervescent atomization is not controlled by fluid mechanic instabilities, but is

instead dominated by secondary atomization,
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Figure 12, Sauter mean diameter versus consistency index for mixtures 1, 2, and 3, P =
175 MPa.,
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Figure 13, Sauter mean diameter versus consistency index for mixtures 7, 8, and 9, P =
- 1.4 MPy, ‘
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Figure 14, Sauter mean diameter versus consistency index for mixtures 1,2, and 3, P =
1.4 MPa.
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Figure 15. Sauter mean diameter versus consistency index for mixtures 1,2, and 3, P =
1.05 MPa.
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Figure 16, Sauter mean diameter versus flow behavior index for miixturcs 1,4,and7,P=

1.75 MPa.
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Sauter mean diameter versus
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Figure 17. Sauter mean diameter versus flow behavior index for mixtures 1,4,and 7, P =
: 1.4 MPa,

The effect of discharge pressure on SMD is shown in Figures 18 through 22, where
SMD versus pressure is presented for dccrcasihg values of ALR. The resﬁits are the
same as in the Newtonian study showing that changes in pressure at high ALR (above
about 0.2) have no effect on SMD, while an increase in pressure at low ALR (below
about 0.2) leads to a slight decrease in SMD. When comparing these results with those of
Figures 8 and 9, it is obvious that non-Newtonian flow behavior does not change the
influence of pressure on SMD. It is therefore concluded from the Newtonian data
describing the effect of consistency index and discharge pressure on SMD, plus the nén-
Newtonian data describing the effects of consistency index, flow behavior index and dis-
charge pressure on SMD, that the dominant mechanism of atomization is the same for

both Newtonian and non-Newtonian fluids.
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Figure 18. Sauter mean diameter versus discharge pressure for mixtures 1, 4, and 7, ALR
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Figure 19. Sauter mean diameter versus discharge pressure for mixtures 1, 4, and 7, ALR
‘ = (0.255.
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Figure 20. Sauter mean diameter versus discharge pressure for mixtures 1, 4, and 7, ALR
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Figure 22. Sauter mean diameter versus discharge pressure for mixtures 1, 4, and 7, ALR
= (0.043.

The data of Figures 10 through 22 show how oberating parameters and liquid prop-
erties affect atomization quality, but they do not show why SMD incrcéscd‘in the low
’ALR region when polymer was added to the glycerine-water solutions. One possible
explanation is that the viscoelastic and yield stress characteristics of Xanthan gum solu-
tions have an effect on the atomization quality. Assuming this hypothesis is true, more
energy would be required to overcome the forces associated with viscoelasticity and yield
stress and therefore an increase in SMD would be observed. Atlow ALR, the effect of
the fluid properties predominates, but as ALR increases, the energy associated with the
large mass of air is able to dominate the atomization process and overcome the effect of
the polymer. As a result, mean drop sizes at high ALR are smaller and resemble those of

the Newtonian data.
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Unfortunately, it was not possible to test this hypothesis since the available rheolog-
ical instrumentation was incapable of providing the necessary data. This topic should,
however, be pursued in future studies because of the relationship between polymers and

stabilizers and the necessity of adding stabilizers to CWS.

4.5 Coal-Water Slurry Spray Data

Five coal-water slurries were sprayed using the Malvern for drop size measure-
ments. During the coal-water slurry study, some equipment changes were made in order
to eliminate problems associated with flowing CWS in small diameter tubing. The glass
observation tube in the atomizer was replaced with an equivalent stainless steel model
and the diameter of the final orifice was increased to 2.5 mm. In addition, the spray col-‘
lection sysfcm was changed to a spray box and the slurry was driven by a 9 stage positive |
displacement pump as described in Section 3.3.

The drop size data obtained when spraying coa!-watcr slurry are presented in Fig-
ures 23 through 29. Figures 23 and 24 show the effect of ALR on SMD. The results are
the same as in the single phase fluid studies: there was a diminishing effect of ALR on
SMD as ALR was increased. Notice, t‘hat with ALR as low as 0.045, SMD was as low as
55 wn. It would take an ALR of .approximatcly unity to achieve similar SMD values
using a conventional air-assist nozzle. Furthermore, an increase in ALR t0 0.15
decreases SMD to about 33 pm. Sauter mean diameters this low cannot be readily
achieved using even advanced design air-assist nozzles. The data al‘so suggest that mean
drop sizes below 25 pm are obtainable using effervescent atomnization. Equipment lim-
itations precluded attaining this value, however, because the minimum liquid flow rate
increased from 10 g/s during the single phase fluid tests to 40 g/s during the CWS tests;
therefore, an ALR greater than 0.17 could not be achieved when spraying CWS. It is
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exciting to note that when sub-25 yin mean drop sizes are obtained, substantial increases
"in coal burnout will result, along with increased combustion efficiency and smaller heat
engines for a fixed power rating.
In summary, the results of Figures 23 and 24 demonstrate that (1) effervescent
- atomizers can achieve quality coal-water slurry atomization even at low values of ALR,
and (2) the performance of even a brototype effervescent atomizer is superior to that of
advanced design air;assist nozzles.

In addition to illustrating the excellent SMD values achievable using effervescent
atomization, Figures 23 and 24 also demonstrate that slurry formﬁlation had little éffcct ‘
onatomizer performance. See Fi‘guré 23 where the loading of ‘the 45 and 100 pwm slurries
differed by 14 %, yet no change in SMD was obscfvcd. and Figure 24 where coal loading
varied by 19 % between undiluted slurry 3 and slurry 3 diluted with glycerine whi‘lc SMD
chahged only Slightly. The change in SMD resulting from changes in particle top size
was also slight. No change in SMD was observed bc/twccn the 45 and 100 wm top size
slurries, as shown in Figure 23, while the change in SMD between the 100 and 15 um top-
~ size slurries was less than 15 Hm. |

Figures 25 through 29 show discharge pressure had the same effect on CWS mean
drop size as shown in Sections 4.2 and 4.3: a slight decrease in SMD with discharge pres-
sure at low ALR values and no dependence of SMD on ALR at air-liquid ratios. Figures
28 and 29 show the dependence at low ALR to be more pronounced in the slurry
mixtures cohtaining glycerine and glycerine with polymer. The reasons for these differ-
ences are not entirely understood at the present time; however, based on single phase
fluid results, it is concluded that yieid stress or viscoelasticity are the source of the

observed variations since all fluid properties were recorded with the exception of these.
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Figure 23. Sauter mean diameter versus air-liquid ratio for slurries 1, 2, and 3.
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Figure 24. Sauter mean diameter versus air-liquid ratio for slurry 3 undiluted, diluted
with glycerine, and diluted with glycerine and polymer.
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Figure 25. Sauter mean diameter versus discharge pressure for slurry 1.
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Figure 26. Sauter mean diameter versus discharge pressure for slurry 2,
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Figure 27. Sauter mean diameter versus discharge pressure for slurry 3.
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Figure 28, Sauter mean diameter versus discharge pressure for slurry 3 diluted with glyc-

erine,
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Figure 29. Sauter mean diameter versus discharge pressure for slurry 3 diluted with glyc-
‘ erine and polymer.

4.6 Summary

The results of all tests show that ALR has the strongest influence on atomization
with the largest effect occurring at low ALR. This infleence diminishes as ALR is
increased and is explained by considcring the losses associated with entrainment. When
ALR is small, a liquid shroud encases the expanding air, reducing entrainment losses. As
ALR is increased, the shroud is ineffectual or nonexistent and entrainment losses become
more severe.

There was no change in mean drop size as consistency index was changed two fold.
The flow behavior index had no effect either; therefore, Newtonian and non-Newtonian
rheological properties, as indicated by n and K, have no effect on the atomization pro-
cess. This result is explained by considering thé two mechanisms of liquid break up; the
shearing interaction between the liquid and the air and the competition between droplet

55



Final Report DE-FG22-87PC79913

surface tension and pressure forces caused by the relative velocity, Liquid break up due
to shearing action is a function of the liquid viscosity, but for effervescent atomization
fluid viscosity has no influence on SMD; therefore, atomization is not influenced by
shear. However, the relative velocity between the droplets and air is very high suggesting
that the spray formation process is controlled by secondary atomization.

Pressure had little effect on SMD at high ALR values (above about 0.20). High val-
ues of ALR increase losses to the ambient; therefore, any increase in available energy due

“to an increase in pressure is dissipated. The situation changes at low ALR values (below

about 0.20) since a liquid shroud encompasses the expanding gas protecting it from losses

to the ambient air. Here, an increase in pressure assists break up since the energy is not

lost to the entrained air,

‘When atomizing solutions containing polymer, SMD increases, especially in the
low ALR region. A change in ALR has a smaller effect on SMD in the low ALR range
when spraying fluids containing polymers, as compared to fluids containing no polymer.
This changes the slope of the SMD versus ALR curve. At high ALR, the polymer solu-
tions atomize in the same manner as the non-polymer solutions, It is believed that these
effects are caused by either viscoelastic properties or the yield stress of the polymer
solutions.

No effect of slurry formulation on S‘MD was found for three slurries whose particle
top size changed by a factor of 6 and whose loading varied from 49 to 65 %. The only
change in SMD between the different slurries occurred when atomizing CWS with added
polymer. Sauter mean diameter increased with polymer addition similar to the manner in
which SMD increased when polymer was added to glycerine-water solutions.

In conclusion, the data substantiates the effectiveness of effervescent atomization in
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~ forming low SMD sprays from highly viscous Newtonian and non-Newtonian fluids,
Most importantly, the ultimate goal of this study, to successfully atomize coal-water

slurry using an effervescent nozzle, was achieved.
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5 ANALYSIS

5.1 Introduction

An anaiysis of the effervescent atomization process was performed to better under-
stand the physical mechanisms responsible for the results reported in Section 4, To that
end, an expression for SMD was developed using the techniques of two-phase separated
flow plus mass, momentum, and energy conservation. It embodies the physics of effer-
vescent atomnization, adequately representing the dynamics of this process.

Previous models describing atomization processes using two-phase flows have been
divided into two areas. Internal mixing atomization models describe the mixing of air
and liquid within the nozzle in order to form a two-phase bubbly or slug flow, The gas
expands upon exiting the no;zlc and produces a spray. Flashing atomization models
incorporate either dissolution of gas into a liquid or superheating a liquid such that gas
comes out of solution during the atomization process Ehus breaking the liquid into drops.
Both types of models are summarized in the following paragraphs.

Chawla [1985] investigated internal mixing atomization and developed an expres-
sion for the maximum droplet diameter as a function of the pressure jump experienced at
the throat of a choked converging nozzle. He noted that a two-phase mixture possesses
very low velocity for sonic flow thereby making the pressure jump required for choking
easily attainable. However, Chawla erred when developing his model by oversimplifying
the atomization process and incorrectly postulating that the maximum droplet diameter is
proportional solely to the inverse of the pressure jump, Thus, Chawla ignored the fact
that maximum drop size is a function of the relative velocity between the liquid and the
air, and as a result the thermodynamic process by which the gas expands must be consid-
ered. Furthermore, Chawla's model is of only limited utility since it attempts to predict
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only the maximum drop size when drop size distribution or Sauter Mean Diameter is a
more useful parameter for describing a spray.

Sher and Elata [1977)] developed an expression for the mean diameter of a flashing
spray. Their analysis began by considering the nucleation of minute bubbles caused by
the surface roughness of the nozzle wall. The bubbles increased in volume through evap-
oration of the Freon propellant due to a drop in the pressure of the liquid, growing until
their outer edges touched and caused the film between them to rupture, The remaining
energy of the bubble accelerated the vapor past the liquid shredding it into droplets.

Sher and Elata’s correlation incorporated assumptions that give the solution many
degrees of freedom. First, a factor expressing the number of nucleation sights was
assumed. Second, a bubble growth rate was assumed in order to predict the number and
size of the bubbles at the time they burst. Third, a closcnpacked cubic array of bubbles
was assumed in order to calculate the mass of liquid at bursting per unit volume of two-
phase fluid. Fourth, the mean drop size was assumed o follow the log normal size distri-
bution. Finally, an efficiency term was determined by dividing the surface energy of the
drops by the energy in the bubbles just prior to bursting. These assumptions provided a
good correlation to their data but restricted its applicability to other systems.

Solomon et al. [1985] considered dissolved gas atomization, a second type of flagh-
ing atomization. They analyzed their system by incorporating a correlation developed.by
Lefebvre [1980] for prefilming air blast injectors. The expression was empirical in nature
and was developed by considering the operating parameters and physical properties of the
fluids that most strongly influenced spray formation. In order to generalize the expres-
sion, two experimentally determined constants were inserted into the equation. The
weakness of their expression was its empirical nature and the number of degrees of
freedom it possessed.
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Dissoivcd gas and flashing atOmization are similar to aerated atomization in that all
use the expansion of gas bubbles to increase the liquid surface energy, thereby forming
d:oplcté. Both dissolved gas and flashing atomization, however, require the presence of
ﬁuclcation sites for the formation and subsequent growth of bubbles. Aeratcd'atomiia-
tion, in contrast, requires no nucleation s’tes because bubbles are formed automatically
when gas enters the liquid via the aeration tube. As a result, the present analysis is not
limited by the assum‘ption that thvé number of droplets formed in the spray is directly pro-

portional to the number of nuclei, as proposed by Sher and Elata [1977], nor does it

rcquirc the assumption of a bubble packing geometry or a drop size distribution.

This analysis also differs from that of Solomon et al. {1982] in two significant
respects. First, the current analysis is developed from first principles instead of being
based on a correlation developed from dimensional arguments. Second, it is not
restricted to sprays con’trolled‘by sheet or jet break up processes, although it has been
extended to such processes by Lefebvre [1990].‘

The expression derived in this report relates spray mean drop size, in terms of the
Sauter mean diameter, to the liquid surface tension and dchsity, the initial air and liquid
velocities, ahd the air-liquid mass ratio. It was applied to both the aerated atomization
data presented in Section 4 and the data of Roesler [1988] in order to illhstrate the rela-
tive importance of the physical mechanisms responsible for aerated atomization. The *

analysis was inspired by Lefebvre [1990] and follows his basic premise that a simple

energy balance can be applied to the spray.
5.2 Analysis

The analysis begins by considering conservation of energy for the two phases. The

region of interest extends from the nozzle exit plane to the line of spray measurements
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(See Figure 30). The flow is assumed to be one-dimensional and steady, and evaporation

is ignored. The latter assumption may provide a source of error when analyzing the water
data of Roesler [1988]‘, but is écccptable when analyzing the data of Section 4 because of

the low vapor pressures associated with mixtures containing water and glycerine.

NOZZLE

SPRAY BOUNDARY
AN / LINE OF SPRAY

MEASUREMENT

Figure 30. Illustration of the control volume considered in the analysis.

The mixture is modeled as a two-phase separated flow with the liduid treated as an
isentropic incompressible substance and the air assurned to be an ideal gas. The thermo-
dynamic process describing the expansion of the air must lie between the limiting isother-
mal and isentropic cases. Elliot [1960) derived an expression for the temperature of the
two-phase mixture during an cxp‘ansion where infinite heat transfer occurs between the

fluids
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where T, is the mixture temperature after expansion, T, is the initial mixture tcmpéréturﬁ.
P, is the mixture pressure after expansion, P, is the initial mixture pressure, R is the ideal
gas constant, C, is the liquid specific heat, and C, is the gas constant préssure specific
heat.

Equation (12) indicates the change in mixture temperature ranges from 3 to 16° K
for the conditions under which this study was performed. As a result, the velocity of the
gas is no more than 10 to 25% higher for the infinite heat transfer case than for the iso-
thermal case. Hochcr, bnscd on the work of Elliot [1960] and thicr [1962], and
because of the small errors noted above, the gas will be assumed to undergo an
isothermal expansion. (Note that regardless of the exact thermodynamic path traveled by
the expanding air, the experimental results of Edding(on.‘Elliot and Netzer show that
actual velocities deviate only élighuy from the isothermal case for ALR values up to

10.22)

After undergcing cxpansion,‘ the air and liquid are assumed to reach a common
velocity before crossing the line of spray measurement. Losses due to entrainment, vis-
cous dissipation, and irreversibilities during the expansion of the air are incorporated by
defining € to be the fraction of air directly participating in the atomization process. The
rcmaining air (1-g) passes through the control volume undisturbed such that its energy is
lost to the ambient and thus need not be considered in the analysis.

Under these assumptions, the energy flowing into the control volume includes the
initial air and liquid kinetic energies, plus the initial surface energy of the bubbles. The

energy flowing out of the control volume includes the final air and liquid kinetic ener-
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gies, plus the surface energy of the drops. Equating the energy fluxes results in

e, Vi, m VE 6o, _mAxf}2+vafz+ 601,
2 2 pSMD, 2 2 p.SMD,

(13)

where ri1, is the liquid mass flow rate, ri1, is the air mass flow rate, V,, is the initial air

vclocity,‘ V., is the initial liquid velocity, V,, is the final air‘vcl(‘)city, V,,is th‘c final liquid
velocity, p, is the liquid density, o, is the liquid surface tension, SMD, is the Sauter mean
diameter for the bubbles, and SMD, is the Sauter mean diameter er the droplets. |

Consérvation of momentum is then used to determine the final air and liquid veloc-
ity | |

(& Vo +m,/ V)
Erhy +rity

Ve=V,= (14)

An order of magnitudc analysis allows elimination of the bubble surface energy

term. The resulting equation can be rewritten using the air-liquid ratio to yield

120

(15)

(V,, +CALRV, }
V, +€ALRVE ————"—

SMD, =
p"( 1+ eALR

Equation (15) indicates that SMD depends on ALR, liquid surface tension and den-
sity, the air and liquid velocities at the control volume inlet, plus the parameter €. The
determination of V,, and V, is discussed in the following paragraphs. An expression for
€ is presented in Section 5.3,

The initial air and liquid velocities are calculated using a separated flow analysis,
According to Wallis [1969], the velocity of the air within the flow tube is
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VA(): Cy ‘ (16)

‘where C, is an empirical coefficient that expresses the degree of slip between the gas and.

liquid and‘j is the volumetric flux of the two-phase flow. The velocity of the liquid in the

flow tube is

V= | '
s . | (17)

therc_jL is the volumetric flux of the liquid and a is the void fraction.

‘Thc velocities V,,and V|, are determined at the point upsueaﬁ of the converging
section of thc nozzle where the static pressure is known. Knowing the velocities and the
static pressure allows the stagnation pressure of each constituent to be computed. This
informat.ion is used to calculate the inlet velocities to the control volume.

The velocity of the air at the control volume inlet is found from the isothermal rela-

tionship

‘ P,qo 1n
Var=|2RT, In5% | (18)

The velocity of thc liquid =t the control volume inlet is

1n ‘
y z{zwwl’m)] \ 19)
L P

It is important to note that Equation (15) is similar in form to other published
expressions such as Equation (2.9) proposed by Lefebvre [1%50]. For instance, it indi-
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cates that an ihcmase iﬁ surface tension increases SMD by requiring a klargcr portion of“
the available energy to go into droplet surface energy. It also indfcates that SMD
decreases with ALR according to the rclan'qnship [1+1/(eALR)] which is similar to the
1+l/ALR dependence of Lefebvre [1990], Solomon [1982], and Knoll [1989]. In addi-
tion, there is an pfﬁcicncy associated with the energy transfer between the expanding gas

and the droplets as proposed by Sher and Elata [1977] and Lefebvre [1990]. .

5.3 Results

The model developed in‘Scction 5.2 was af)plied to the data of Section 4 to further
the understanding of‘the effervescent atomization process. The ﬁ‘rst step was to deter-
mine €. The resulting € v‘alues were th‘cn used to calculate SMD with the calculated val-
ues compared with cxperimc}mtal results. As will be shown, the agreement obtained
demonstrates the ability of the model to describe the effervescent atoxﬁization process.
'f‘he final step was to use the modcl‘to cxp]éin the process of effervescent atomization.

Calculation of SMD requires the fraction of air participating in the atomization pro-
cess. This quamity‘is not expected to remain constant over the entire test matrix. Con-
sideration of the spray mean drop size at the limiting ALR values of 0 and e indicates :
that € must decrease with ALR. As a result, a power law form for € wés chosen and
determined by fitting Equation (20) to the experimental data in Section 4. The resulting
dependence of € on ALR for CWS is illustrated in Figure 31. The coefficients A and B

are tabulated in Table 4 for the various fluids sprayed.

e=10" « ALR® (20)
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Epsilon versus Air Liquid Ratio
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Figure 31. Epsilon versus air-liquid ratio for undiluted coal-water slurries 1, 2, and 3.

Table 4: Coefficients A and B for all fluids

Fluid A B
glycerine and water test 1 : -3.89 -0.78
glycerine and water test 2 -4.33 -0.67
glycerine, water and polymer -4.21 -0.56
CWS undiluted -4.50 -0.78
CWS and glyécrinc -4.34 -0.64
CWS, glycerine and polymer -4.34 -0.44
CWS undiluted and CWS diluted ‘

with glycerine -4.46 -0.74
water, Roesler [1988] -3.18 | -0.46

glycerine and water of test 1 plus
water of Roesler -3.83 -0.74
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Figure 32 shows SMD calculated using Equations (15) and (20) versus measured
SMD thre the glycerine water data of test 1 was used. Notice that viscosity varies from
487 to 852 cP, as shown in Table 1, and that the correlation is able to accurately predict

SMD. This indicates that the expression for SMD is accurate with no consideration given

to changes in viscosity.

SMD caolculated versus SMD colculated

407

™ 30

MD calculate

N 20 -

10

S— ]
30 a0

10 20 .
SMD measured

Figure 32. Calculated Sauter mean diameter versus measured Sauter mean diameter for
glycerine-waier test 1.

Figure 33 shows calculated SMD versus measured SMD using data taken from the

non-Newtonian study. No variation is seen as consistency index varied from 400 to 930

cP-s"' and flow behavior index changed from 0.85 to 0.95. This verifies that the expres-

sion for SMD need no correction for non-Newtonian rheological properties.

Figures 34 through 37 show calculated SMD versus measured SMD using data
taken from the coal-water slurry portion of this study. Flow behavior index and consis-
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SMD coaolculoted versus SMD measured
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Figure 33. Calculated Sauter mean diameter versus measured Sauter mean diameter for
the glycerine-water-polymer fluids,
tency index varied from 0.603 to 1.03 and 133 to 1964 cP-s"', respectively, and no
adjustment to the equations was necessary in order to obtain a good fit, thus supporting
the conclusions drawn in the non-Newtonian single phase fluid portion of the study. This
data also contained variations of 19 % in coal loading, and variations of 85 jm in particle
top size yet the equations were able to accurately predict SMD with no adjustments nec-
essary.
Figure 38 shows calculated SMD versus measured SMD using Roesler’s water data.

This figure indicates the expressions accurately predict SMD in a region of ALR much

lower than that of this study and in a flow regime different from that of thi. study.
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SMD versus SMD calculated
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Figure 34, Calculated Sauter mean diameter versus measured Sauter mean diameter for
the undiluted coal-water slurries.
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Figure 35. Calculated Sauter mean diameter versus measured Sauter mean diameter for
the coal-water slurry diluted with glycerine.
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SMD versus SMD calculotecd

siurry 3 dlluted with glycerine ond polyrner

180 -
© 100 -
VB ]
P
=
=
2 -
(&) L]
()
[
= ;
) 50—

= - —— —
o] 80 100 1850

SMD

Figure 36. Calculated Sauter mean diameter versus measured Sauter mean diameter for
coal-water slurry diluted with glycerine and polymer.
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Figure 37. Calculated Sauter mean diameter versus measured Sauter mean diameter for
coal-water slurry undiluted and diluted with glycerine.
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SMD colculated versus SMD mMmeasured
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Figure 38. Calculated Sauter mean diameter versus measured Sauter mean diameter for
water, Roesler [19&8].

’

A comparison of the experimental data from glycerine and water test 1 with Roes-
ler's water data correlation indicated a close match. A curve fit was performed on the
combined data and is reported in Table 4, Figures 39 and 40 show € versus ALR and a
curve fit for the glycerine and water test 1 data and for Roesler's data, respectively. Fig-
ure 41 shows € versus ALR for the combined data. A common correlation for the two
sets together matches well with either data set even though viscosity changes by three
orders of magnitude and the flow structure changes from bubbly to slug flow.

In summary, Figures 31 through 41 demonstrate that Equations (15) and (20) do
indeed describe the data of Section 4, These equations, and the assumptions employed in

their development, provide the following picture of effervescent atomization.

71



Final Report DE-FG22-87PC79913

Epsilon versus Alr ligquld ratlo
00,0020 =

W gt fre thle wtud
Equcﬂlan”—h.ﬂ vy

oc.onte -

0.0012 -

psilon

,_
i+
L

0.0008

i
L
<
0.0004 - m

0.0000 " - . v v —
0.00 o.10 0,20 0.30 0.40
ALR

Figure 39. Epsilon versus air-liquid ratio for data extracted from glycerine and water test
- 1.
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Figure 40. Epsilon versus air-liquid ratio for water data extracted from Roesler [ 1988].
‘ 72



Final Report DE-FG22-87PC79913

Epslion versus Alr llguld rotio
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Fi‘gurc 41, Epsilon versus air-liquid ratio for combined glycerine and water test 1 data,
and that of Roesler {1988].

« The low values of € indicated in Figures 31 and 39 through 41 demonstrate that only a

small portion of the air bubbled into the liquid actually participates in the atomiza-
tion process. The rest simply passes through the control volume, neither helping
nor hindering the droplet formation process. As a result, the process is inefficient,
even though it produces very small mean drop sizes when spraying a wide variety
of highly viscous fluids. Obviously, the cause for this inefficiency should be inves-
tigated, But it should not cause alarm for two reasons. First, atomizers in general
have low eificiencies, with € values generally estimated to be below 1 %. Second,
the effervescent nozzle employed in this investigation was designed to facilitate
research into the spray formation process with no effort expended to optimize its
performance. As a result, a commercial device is expected to exhibit a signifi-
cantly greater efficiency.
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« The efficiency of the nozzle, as indicated by the parameter €, decreases with ALR.

The cause for this behavior is at present unknown, but two hypothescs must be con-
sidered.
First, the increase in ALR is leading to a coalescence of bubbles within the nozzle

body because of the length of observation tube located betweén the aerator tube and

the final orifice and because of the increase in bubble number density. A conse-

quence is the formation of slugs within the nozzle. Bubbly flow is expected to be
more efficient since it results in more intimate contact between the gas and the
liquid, thus ensuring that more of the energy available during expansion goes into

increasing the liquid surface energy.

Second, the increase in ALR will rcducc the sheathing cffcct of the hqmd even in

the absence of bubble coalescence. The reduction in shcathing will lead directly to
a decrease in efficiency since the air will expand more freely, encounter less liquid
during that expansion, and therefor contribute less of its energy to increasing the

surface energy of the liquid.

« The efficiency of the nozzle, again as indicated by €, decreases when polymer is

added to a fluid. Note that this effect should not be attributed to a change in fluid
rheology, as indicated by the power law parameicrs n and K, since the data of Sec-
tion 4.4 exhibit no s, stematic correlation between SMD and either n or K. Instead,
two alternative cxplahations must be conéidercd.

Firét. the addition of polymer could result in a rheological effect we are presently
unable to det>rmin:.. Viscoelasticity and yield stress are two e.:.amples. Both are
energy loss mcchanisfns and are expected to affect the spray formation process in
much the same manner as surface tension. For instance, a yicld stress resuits in a
forcc. that must be overcome by air flowing past a droplet bcforc it will deform and
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break apart. ‘As a result, a velocity difference that leads to droplet divsintcgration in
the absence of a yield stress may not do so when t};c yield siress is present. Since

: droplet‘s‘ undergo rapid acceleration upon leaving the nozz‘le‘ while the éir is under-
going rapid deceleration, it is clear that the limited time during which a droplet is
subject to relative velocities large enough to break it apart is decreased. The result
is droplets of larger size. Viscqelastic effects are similar in that the restoring force
must be overcome before a droplet can break up. .Viscoclasticity‘ can therefor
reduce the interval during which a dréplet is exposed to relative velocities large
enough to break it apart with the result that larger droplets remain in the spray.
Second, the addition of polymer may act to increase the surface tension with the
obvious result that SMD increases. Support for this hypothesis is pro‘vi'dcd‘by
investigations into the two-phase flow of mixtures of air and non-Ncwtonian liQ- |
uids. Mahalingam and Valle {1972], for instance, suggest that fluids of increasing
pseudoplasticity have lessened interaction between the phases. This would result in
a decrease in the transfer of energy from the air to the liquid with a corresponding
increase in mean drop size. Oliver and Young-Hdon [1968] also note that viscoe-
lasticity damps waves that occur in air-Newtonian liquid flow suggesting a dccrcése

in energy transfer upon addition of polymers.

« The process commonly referred to as secondary atomization dominates sprays formed
bsing effervescent atomizers. This conclusion is supported by the lack of a relation-
ship between liquid rheology (or viscosity) and SMD, and by the form of the
expression that describes the data of Section 4, namely Equation (15). This

expression can be rewritten as
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smp, = —%° (1 ‘) 1)

+
PL(VLI V) FALR

which i5 simply 12 times the quantity (1 +'J\1ZE) divided by the Weber number.,

5.4 Summary

The analysis developed here showed that effervescent atomization can be described
using two-phase separated flow theory, energy conservation, momentum conservation,
and mass cbnscrvation, if ALR, o,, p,, and the air and liquid velocities are known. Atom-
ization was also shown to be insensitive to changes in viscosity, consistency index, and

flow behavior index. The efficiency of the process, in terms of the parameter €, is low,

‘but consistent with other spray nozzles. The efficiency decreases with ALR and with the

addition of polymers. Explanations were proposed for both effects. Finally, secondary
atomization was shown to dominate the spray formation process, based on the absence of

a dependence of SMD on fluid rheology and the reduction of the expression for SMD to a

function of the Weber number.
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6 SUMMARY AND CONCLUSIONS
6.1 Summary

A rigorous study of the effervescent atomization of high viscosity'Newtdnian
ﬂuids’hés been completed. The emphasis was on the formation of CWS sprays using
the effervescent technique. The unique feature of effervescent atomization, injection
of gas bubblés into the liquid while still within the nozzle body, was intfoduccd. The.
effect of gas injcctionl, choking the flow at the nozzle exit and the resulting production
of a pressure jump that ruptures the bubbles as they cross tﬁe exit plane, was noted.

The study was performed in three steps: first, Newtonian fluids Wcre sprayed
with viscosities varying from 300 to 1000 cP; second, non-Newtonian fluids were

_sprayed with consistency indices ranging from 400 - 968 cp —s'~" and flow behavior
indices ranging form 0.85 to 0.95; finally, coal water slurries were sprayed with vary-
ing consistency index, flow behaviﬁr index, coal loading and top size. In each study,
pressure and air-liquid ratio (ALR) were varied frdm 0.6 MPa to 2.1 MPa and 0.043 |
to 0.34, respectively, with exception of the CWS portion where ALR varied from

0.043 t0 0.17.

Three goals were to be met during this study. They were

 to demonstrate that effervescent atomization can produce CWS sprays with
mean drop sizes below 50 pm

| « to determine a lower size limit for effervescent Qtomizcr produced CWS sprays
« to determine the mechanism(s) responsible for the formation of effervescent

atomizer produced sprays

The first goal was accomplished using a three step approach, where single phase

non-Newtonian and coal-water slurry sprays were formed using an effervescent atom-
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izer. The results were presented in Section 4 and clearly demonstrated that the effer-
vescent _techriiquc successfully atomized each of the fluids. Several qualitative
features were also evident upon inspection of the data.

Fim;, ALR was shown to have the greatest impact on atomization quality, SMD |
dropping dramatically between ALR values of 0.043 and about 0.20. Beyond an ALR
of about 0 20 SMD dropped very little. Pressure had a significant ffect on SMD in
the ALR region bclow about 0.20. However this effect diminished dramaucally as
ALR increased beyond about 0.20.

The mechanism rcspon#iblc for the influence of ALR is evident when one con-
siders that to effectively transfer the energy of the air to the liquid, the two fluids must -
be in intimate contact. Therefor, at low ALR the atomizing air is surrounded with
licjuid that shields it from losses to the ambient so that a larger portion of the atomiz- -

“ing air energy goes into increasing the liquid surface energy. As ALR increases, how-
ever, the liquid film surrounding each bubble becomes thinner prdducing smaller |
droplcts when the bubbles expand downstream of ‘lhe final orificc; In addition, losses
to the ambient increase since the iiquid shicid is less effective in insulating the
expanding bubbles from the ambient at higher ALR. Eventually, the effect of ALR
disappears since ambient losses dominate hs ALR increases.

The effect of pressure on SMD is less substantial than that of ALR, but its
effects are similar. Atlow ALR, the air is protected by a shroud of liquid as it
expands. By increasing the pressure, the energy of the air is increased and the air is
able to do more work on the liquid, therefor producing smaller droplets. As ALR is
increased, however, the liquid shroud becomes less effective and losses to the ambient
air become more substantial; therefore, a greater portion of the increase in energy of

the air, due to an increase in its pressure, is lost to the ambient. The losses to the
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ambient at high ALR eventually dominate the process such that an increase in pres-

sure has no observable effect on SMD.

I Sccon/g,l; ﬂui,d'rhcology, as characterized by n and K, had little to no effect on
L .
SM}I}& 14"{0/:‘({&}“: Newtonian study, viscosity changed two fold with no change in SMD
dbsé&cd. Thc ﬁon-Ncwtonian fluids showed no consistent change in SMD even
though flow behavior index varied between 0.85 and 0.95 and consistency index var-
ied between 400 and 968 cp —s'~". Th’cse results were repeated when spraying CWS.

The lack of an effect of n and K is explained by considering the two mechanisms
of droplet formation. Primary atomization results from the shéaring action between
the liquid and air with liquid viscosity‘thc controlling property. Secondary atomiza-
tion results from pressure forces thz;t arise from high velocity air passing over a liga-
ment or drop. Surface tension resists this latter force. In effervescent atomization, the
fluid rheological pfopcrtics had no effect on the dfop size; therefore, it was concluded
that primary atomization was not thc‘contlr‘olling process. However, the air velocities
were very high, thus it was also concluded that secondary atomization was the mecha-
nism contrplling atomization.

Third; SMD increased when atomizing solutions that contained polymer,
especially in the low ALR region. This effect is not to be attributed to a variation in
either n or K since no consistent mlatiohship bthecm $MD and either parameter was

\
observed. Instead, the increase is believed to result from either the viscoelastic prop-
erties or yield stresses characteristic of the polymer solutions. This hypothesis could
not be tested, how:ver, since the availac’e rheological instrumentation was incapabl§:
of providing the necessary data.
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The second goal was not accomplished, since the lower limit for effervescent
atomization produced sprays has yet to be observed. It is likely that one does exist,

but it must be below 25 Wm since such sprays were routinely produced during this

study.

The third goal was accomplished by developing a model of the effervescent
spray formation process and then using that model to determine the physical processes
important to effervescent atomization. Several éonclusibns were reached.

The low values of € observed in Section 5 demonstrate that only a small pbrtion
of the air bubbled into the liquid aétually participated in the atomization process. As a
result, the process was inefficient, even though it produced very small mean drop |
sizes when spraying a wide Qariety of highly Viscoﬁs fluids.

The efficiency of thF nozzle, as indicated by the parameter g, decreased with
ALR. There are two possible explanations. First, the increase in ALR may have lead
toa coalescenéc of ‘bubbles within the nozzle bod);, the subsequent formation of slugs,
and thus a decrease in efficiency because the less intimate contact between the gas énd
the liquid ensured less of the energy available dixring cxpansiori went into increasing
the liquid surface energy. Second, the incrcasq in ALR may have reduced the sheath-
ing effect of the liquid, even in the absence of bubble coalescence, leading directly to
a decrease in efficiency since the air éxpandcd more freely, encountered less liquid
during that expansion, and therefor contributed less of its energy to increasing the sur-
face energy of the liquid.

The efficiency of the nozzle, again as indicated by €, decreased when polymer is
- added to a fluid. Note that this effect should not be attributed to a change in fluid
rheology, as indicated by the power law parameters n and K, since the data of Section
4.4 exhibited no systeratic correlation between SMD and either n or K. Instead, two
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alternative explanations were considered. First, the addition of polymer could have

resulted in a rheological effect we are presently unable to determine. Viscoelasticity

and yield stress are two examples. Both are energy loss mechanisms and are expected

to affect the spray formation process in much the same manner as surface tension,

Second, the addition of polymer may have acted to increase the surface tension with

 the obvious result that SMD increased. Support for this hypothesis is provided by

investigations into the two-phase flow of mixtures of air and non-Newtonian liquids,
notably Mahalingam and Valle {1972] and Oliver and Young-Hoon [1968]}, who
noted that fluids of increasing pseudoplasticity have lessened interaction between the
phases and that viscoclasticify damps waves that occur in air-Newtonian liquid ﬂow,
therefor suggesting a decrease in energy transfer upon addition of polymers.

Finally, the process commonly referred to as secondary atomization dominated
sprays formed using effervescent atomizers. This conclusion is supported by the lack
of a rclationship beiwc\cri liquid rheology (or viscosity) and SMD, and by the form of

the expression that describes the data of Section 4, namely Equation (15), which can

- be rewritten as 12 times the quantity (1 - a—’;,;) divided by the Weber number.

6.2 Conclusions and Recommendations for Future Work

In conclusion, effervescent atomization is an effective means of atomizing

~ highly viscous Newtonian and non-Newtonian fluids and can be applied in areas

where orifice diameter must be large to circumvent clogging. It produces sprays using
low pressur‘es and low air-liquid ratios (ALR) making it attractive in many applica-
tions including the atomization of coal-water slurry in gas turbiines and internal
combustion engines.

Effervescent atomization can be commercialized upon solution of the folloWing

problems.
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Fimt, the efficiency must be impfovcd. Such an improvement will yield two
benefits: smaller mean drop sizes at fixed ALR, or an equivalent mean drop size at a
lower value of ALR. The former would improve combustion efficiency while the lat-

ter would reduce the cost associated with operating an effervescent injection system,

Improvement of the efficiency can most easily be accomplished by a systematic

investigatidn of the physical processes occurring immediately downstream of the
nozzle final orifice.

Second, the effects of polymer addition must be understood. At present, the best -
that can be cffered is that an as yet undetermined rheological property is responsible
for the increase in SMD that occurs when spraying polymeric fluids at low ALR val-
ues. That property must be identified so slurry manufacturers can formulate additive
packages which minimize its effect. Identification can be accomplished by more
detailed rheological charactcriiation of the test fluids in concert with test fluid selec-

tion which emphasizes differences in viscoelastic and yield stress behavior.

’
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Glycen’nc-Watcr Mixture Data From Test 2 (continued)

25 1.26

586 00423 07860  161.6  26. 1.10 64
586 00430 07860 1376 257 110 . 64 25 126
586 00431 07860 1742 256 110 64 25 126
586 00829 09928 1298 216 179 64 25 126
586 00833 09928 - 1322 215 179 64 25 126
586 00837 09928 1362 214 179 64 25 126
586 01196 1.1307 1147 198 237 64 25 126
586 01202  1.1307  107.4 197 237 o4 25 126
586  0.1208 11307 1089 196 237 64 25 126
586  0.1667  1.0066  91.8 142 237 64 25 126
586 0.1667  1.0066 903 142 237 64 25 126
586  0.1673  1.2686 862 .~ 176 294 64 25 126
586  0.1683  1.2686 85.8 175 294 64 25 126
586  0.1691  1.0066 - 873 140 237 o4 25 126
586  0.1692  1.2686 881 174 294 64 25 126
586 02106  1.4203 728 169  3.56 64 25 126
586 02131 14203 753 167  3.56 64 25 126
586 02144  1.4203 76.5 166 356 = 6 25 126
586 02480  1.3100 779 142 352 64 25 126
586 02498 13100 791 141 352 64 25 126
586  0.2498 13100 80.9 141 352 64 25 126
586 02538  1.0756 75.5 116 294 64 25 126
586 02560  1.0756 71.4 115 294 64 25 126
586 02638  1.5444 64.2 157 414 64 25 126
586 02638 15444 639 157 414 64 25 126
586 0.2655  1.5444 62.9 156  4.14 64 25 126
586 03387  1.4065 68.6 121 410 64 25 126
586 03387  1.4065 71.1 121 410 64 25 126
586 - 03395  1.4065 676 122 414 64 25 126
586 03399  1.6823 62.8 139 472 64 25 126
586 03423  1.6823 62.4 138 472 64 25 126
586 03423  1.6823 64.0 138 472 64 25 126
800  0.0825 09101 81.2 216 178 64 28 126
800 00831 12962 708 282 234 64 25 126
800 00831 12962 70.2 282 234 64 25 126
800 00832 09101 807 214 178 64 28 126
800 00837 12962 725 280 234 64 25 126
800 00840 09101 82.3 212 178 64 28 126
800 01005 15168 62.3 290 291 64 25 126
800  0.1008  1.5168 61.9 289 291 64 25 126
800  0.1019  1.5168 61.8 286 291 64 25 126
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0.1665
0.1674

1 0.1674

0.1675
0.1676

0.1682

0.1691
0.1694
0.1694

0.1700

0.1704

0.1711
- 0.2471

0.2471
0.2487
0.2487
0.2489
0.2503

10.2503

0.2503
0.2514
0.2519
0.2525

- 0.2525

0.3328
0.3328
0.3351
0.3352
0.3353
0.3368
0.3375
0.3375
0.3379
0.3401
0.3408
0.3434

0.4254
0.4254
0.4254

0.0511
0.0721
0.0723
0.0739
0.0824
0.0829
0.0832

Glycerine-Water Mixture Data From Test 2 (continued)

1.1583
1.1583
1.1583
1.4479
1.7237
0.9239
1.4479
£ 0.9239
0.9239
1.4479
1.7237
1.7237

1.2411
- 1.2411
1.7237
1.7237
1.2411
1.4755
1.4755
09928
1.7237
1.4755
0.9928
0.9928

1.5720
1.5720
1.3376
1.5720
1.8202
1.1170
1.8202
1.8202
1.3376
1.1170
1.3376
1.1170

2.1236
2.1236

2.1236

1.3238
1.1859
1.1859

1.1859

0.8274
1.2962
0.8274

524
54.5
54.8
509
518
58.3
50.7
56.1
56.9
51.0
51.8

519

46.5
46.6
46.8

470

47.1

46.0
46.2
497

474
457
483

479

439
440
412
433
445
422
452

350

43.0
44.1
425

434

42.6

432

425

59.7
80.3
75.7
823
62.7
67.6
62.0

89

175
17.4

17.4
20.8
24.2
14.0
20.6
13.9
13.9
20.5
23.8
23.7

14.1
14.1
18.6
18.6

'14.0

16.2
16.2
11.7
18.4
16.1
11.6
11.6

139

139

12.1
13.8
15.5
104

154

15.4
12.0
10.3
119
10.2

149
149
149

57.3
28.7
28.6
28.0
215
284
213

291
291
291
3.48
4.06
2.36
3.48
2.36
2.36

348

4.06

406

3.48
3.48

463

4.63
348

4.06 -
406

293
4.63
4.06
293
293

4.63
4.63
4.06

4.63
- 5.20

3.50
5.20

- 5.20

4.06
3.50
4.06
3.50
6.34
6.34
6.34

293
2.07
207
2.07
1.77
2.36
1.77
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25
25
25
28

25

28
28

25
25

25

25
25
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25

25
25
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28
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28
25
25

28
25
28

25

- 25
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28
28
28
28
28
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852
852
852
852
852
852
852
852

852
852
852

852

852
- 852
852
852

852

852
852
852
852
852
852
852
852
852

852
852
852
852
- 852
852
852
852
852
852
852
852
852
852
852

852
852
852
852
852

0.0832
0.0835

0.0841

0.1054
0.1069
0.1077
0.1085
0.1109

0.1673
0.1683
0.1683

0.1684

0.1692
0.1692

0.1703

0.1709
0.1710

0.1713
0.1717

0.1717
0.1735
0.1853

0.1870

0.1870
0.2048

0.2048

0.2502
0.2502
0.2512

- 0.2514
-.0.2514

0.2517
02517
02517
0.2520
0.2528
0.2532
0.2532
0.2548
0.2556
0.2698

0.3350

0.3369
0.3370
0.3370

03371

Glycerine-Water M‘ixtunc Data From Test 2 (continued)

0.8274
1.2962
1.2962
- 1.4203
1.4203
1.3238
1.4203
1.3238

0.8412
1.1721
1.1583
1.4479
1.4479
1.4479

1.1583
1.4479
0.8412
1.1583
1.4479
1.4479
0.8412

116134
1.6134
1.6134
1.1721
1.1721

1.2273
1.2273
0.8963
1.7099
1.7099
1.4755
1.4755
1.4755
1.2273
1.7099
1.4755
1.4755
1.4755
0.8963
0.8963

0.8963
1.3100
1.5444
1.5306
1.8340

62.0
68.9
69.7
58.8

577

60.3
61.4

59.6

46.1
534
52.0
49.7

570

49.0
51.3
N2.2
453

520

516

518
46.5
48.5

- 49.1

50.4
55.0
538

48.5

458

39.0
47.8
47.3
52.4
557
55.5
48.5
46.7
55.0
53.3

- 53.6

39.7
38.8

36.0
434
S1.1
524
458

90

21.3
28.2
28.0

278
274

27.2
270
26.4

14.0
174
17.4
20.8

207

20.7
17.2
20.5

"13.7

17.1

- 204

204
13.5
22.0
21.8
218
14.3
14.3

14.0
14.0
11.6
18.5
18.5
16.2
16.2
16.2
13.9
18.4
16.1
16.1

160

114
10.8

104
12.1

138

13.8
15.5

1.77
236
2.36
293
2.93
293
293

2.93
234

293
293
3.50
3.50
3.50
293
3.50
2.34
293
3.50
3.50
2.34

408

4.08
4,08
293
293

3.50

3.50

291
4.65
4.65
4.08
4.08
408
3.50
4.65
4.08
4.08
4.08
291
291

3.48
4.08
4.65
4.65
5.22
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852
852
852
852
852
852
852
852
852

0.3371

0.3371

0.3397
0.3397
0.3445
0.3445
0.3445
0.3471
0.3484

Glycerine-Water Mixture Data From Test 2 (continued)

447

1.8340
1.8340
1.3100
1.3100
1.5444
1.5306
1.5306
1.5444
0.8963

45.2
43.8
434
54.8

54.1

524
58.7

359

15.5
15.5
12.0

12,0

135
13.5
13.5
13.4
10.0

91

5.22
5.22
4.08
4.08
4.65

4.65

4.65
4.65

348

- ERRRRZRER

28

28

28

28
28
28
28
28
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0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85

0.85
0.85
0.85
0.85
C.85

- 0.85

0.85
0.85

- 085

0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85

- 0.85

0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85

0.85
0.85
0.85
0.85
0.85
0.85

0.0436
0.0437
0.0438
0.0439
0.0441
0.0441
0.0495
0.0496

0.0728

0.0728

0.0728
0.0728
0.0730
0.0736
0.0754
0.0756
0.0758
0.0773
0.0776
0.0784
0.0803
0.0803
0.0805

0.0810

0.0828
0.0822
0.0833
0.0833
0.0853
0.0863

0.0914
0.0920
0.0921
0.0924
0.1009
0.1024
0.1034

0.1513
0.1520
0.1537
0.1542
0.1547
0.1551

Glycerine-Water-Polymer Mixture Data

- Pd
MPa

0.9652
0.9652
0.6205
0.6205
0.9652

10.6205

1.1307
1.1307

2.0408
2.0408
1.6133
1.6133
1.6133
2.0408
1.8615
1.8615
1.8615
2.1373

. 2.1373

2.1373
1.6961
1.6961
1.6961
0.7860

0.7860

0.7860
1.3100
1.3100
1.1169
1.1169
1.4065
1.4065
1.4065
1.4065
1.4065
0.8549
0.8549
0.8549

1.6892
1.6892
1.5720
1.7926
1.6892
1.6823

SMD Lig.

92

wm - Mass

gls

122.9 34.4
1211 342
1349 25.1
131.0 25.0
126.7 339
136.7 249
114.8 36.0
112.7 359
80.5 47.6
83.1 47.6
84.9 39.8
876 398
82.7 39.7
83.3 47.1
83.5 42.2
80.7 42.1
T77.8 420
78.2 48.5
76.4 48.3
78.8 47.8
816 396
81.8 39.6
79.4 39.5
944 220
94.9 215
92.6 214
89.5 319
85.2 319
87.6 27.6
- 84.8 27.3
- 739 320
78.5 31.7
78.1 31.5
80.4 31.8
- 79.6 31.7
84.2 20.5
82.7 20.2
78.4 20.0
61.7 229
61.7 22.8
55.5 24.4
53.8 28.0
58.8 224
533 26.0

Air

Mass

g/s

1.49
1.49
- 1.10
1.10
1.49
1.10
1.78
1.78

3.47
3.47
2.90
2.90
2.90
3.47
3.18
3.18
3.18
3.75
3.75
175
3.18
3.18
3.18
1.78
1.78
178
2.66
2.66
2.36
2.36

4.03

Surface
Tens.

dyn/cm
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1.13

1.13
1.13
1.13
1.13
1.13
1.13
1.13
1.13
1.13
1.13

1.13
1.13
1.13
1.13
1.13

1.13
1.13
1.13
1.13
1.13
1.13
1.13
1.13
1.13
1.13
1.13
1.13
1.13
1.13

1.13
1.13
1.13
1.13
1.13
1.13
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Glyccrinc-Watcr-Po!ymcr Mixture Data (continued)

0.1551
0.1556
0.1559

- 0.1562

0.1569
0.1576
0.1582
0.1597
0.1619
0.1635
0.1637
0.1646
0.1652
0.1652
0.1658
0.1659
0.1660
0.1664
0.1664
0.1672

0.1675

0.1684
0.1693
0.1694
0.1719
0.1785
0.1848

0.2416

0.2427
0.2439
0.2450
0.2453
0.2461
0.2461
0.2467
0.2467
0.2467

- 0.2474

0.2474
0.2480
0.2490
0.2501
0.2502
0.2528
0.2532
0.2532
0.2542

0.2548

0.2557

1.6823
1.5720
1.7926
1.5720
1.6823
1.7926
1.2824
1.2824
1.2824
0.7860
1.4065
1.0342
1.4065
1.2962

1.1583°

1.4065

1.2962

1.0342
1.0342
0.8963
1.1583
1.2962
1.1583
0.7860
0.7860
0.8963
0.8963
1.1031
1.2272
1.4478
1.7926
1.4478
1.7926
1.7926
1.4478
1.6547
1.6547
1.2272
12272
1.6547
1.3237
1.5582
1.1031
1.5582
1.3237
0.9652
1.5582
1.3237
1.1031
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46.0

260

24.1
2717

240

25.7

274

21.9
21.7
21.4

144
229 -

17.8
22.7
21.2
19.5

22.6

" 211

93

17.6
17.6

15.8

19.3
20.8
19.1
13.9
13.7
14.8
14.3
14.5
15.7
17.7
211
17.6
21.0
21.0
17.5
19.8
19.8
15.4
15.4

19.7

16.2
18.4
14.0
18.2
16.1
12.7
18.1
16.0
13.7

4.03
3.75
432
3.75
4.03
4.32
3.47
3.47
3.47
2.36
3.75
2.93
3.75
3.50

3.23.

3.75
3.50

293
293
2.64

3.23
3.50
3.23
2.36
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400
400
400
400

400

400
400
400
400
400
400
400
400
400
400

400

400
400
400

400

400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400

400

420
420
420
420
420
420
420

0.85
0.85
0.85
0.85
0.85

0.85
- 0.85

0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85

0.85.

0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
0.85
085
0.85
0.85
0.85

090

0.90
0.90
0.90
0.90
0.90
0.90

Glyécrine-Watér-Polymer Mixture Data (continued)

0.2564
0.2569
0.2585
0.2636
0.2658
0.2712
0.2737
0.2737

- 0.3156

0.3185
0.3239
0.3239
0.3250
0.3250
0.3259
0.3265
0.3278
0.3278
0.3301
0.3305
0.3310

03315

0.3323
0.3323
0.3334
0.3335
0.3336
0.3345
0.3356
0.3358
0.3383
0.3397
0.3397
0.3401
0.3408
0.3434
0.3649
0.3727

0.0386
0.0386
0.0392
0.0408
0.0412
0.0417
0.0419

1.3237

1.3237

13237

0.9652

0.9652
0.8825.

0.8825
0.8825
13375
1.1307
1.1307
1.1307
13375
1.3375
1.8891
1.7374
1.8891
1.8891
1.5444
1.7374
1.4065
12272
1.5444

1.5444

1.4203
1.6133
1.0066
1.7374
1.6133
1.4065
1.4065
1.2272
1.2272
1.6133
1.4203
1.4203
1.0066
1.0066

0.7446
0.7446

10.7446

1.4065
1.4065
1.6823
0.4136

474

46.4
46.3
49.1
49.6
49.1
47.1
46.7
40.5
42.57
41.72
41.69
40.6
40.2

399
38.2
392
39.0
39.0
40.7
395
39.9
39.6
38.7
35.6

41.6

383
39.0
40.5
40.0
39.7
39.8
389
38.8
39.6
40.0
40.6

148.2
133.6
149.2
118.0
118.7
1219
160.8

0390

159

15.7

15.6
12.2
12.1
10.8
10.7
10.7

139

119
11.7

1.7

135

135

17.6

©16.7

17.5
17.5
14.8

16.5

13.9
12.3
14.7
14.7

13.8

15.5
10.5
16.3

154

137
13.6
12.0
12.0
15.2
135

134

9.6
94

28.6
28.6
28.2
439

435

94

49.8
17.8

4.08
4.03
4.03
3.22
3.22
2.93

293
293 . .

4.39

3.79

379
379
4.39

439

5.74
545
5.74
5.74
4.88
5.45

460

4.08
2.88
4.88

- 4.60

5.17
3.50

545
5.17

4.60
4.60
408
4.08
517
4.60
4.60
3.50
3.50

1.10
1.10
1.10
1.79
1.79
2.08
0.75
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420
1420
1420
, 420
420
420
- 420
420
420

420
420

420

420
420
420
420
420
420
- 420

420

- 420

420
420
420
420
420
420
420

420

420
420

420

- 420

420
420
420
420
420
420
420
420
420
420
420
420

0.50
0.90

0.90

0.90
0.90
0.90
0.90
0.90
0.90

0.50
0.90
G.90
0.90
0.90
0.90
0.90
0.90

- 090

0.90
0.90
0.90

090
090

0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.90

0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.90
0.90

Glycerine-Water-Polymer Mixture Data (coniinued)

0.0419
0.0421

0.0424

0.0447

0.0448

0.0454
0.0460

0.0462
0.0470

0.0825
0.0833

0.0835
0.0835
0.0844
0.0846
0.0846
0.0849
0.0851
0.0852

-0.0853

0.0853
0.0861
0.0870
0.0873

10.08%94

0.0894
0.0895
0.0900

0.0900

0.0903
0.0907

0.1592
0.1633
0.1633
0.1644
0.1650
0.1661
0.1663
0.1667
0.1669
0.1670

0.1673

0.1677
0.1679
0.1686

1.6823

1.4065

1.6823
1.0066
1.0066
1.0066
1.8340
1.8340
1.8340

1.7236
0.9928
1.7236
1.5582
1.5582

1.5582 ¢

1.8891
1.8891
0.9928
1.8891
0.9928
1.1445
1.1445
0.7722
0.6481
1.2962
0.7722
0.7722
1.2962
1.2962
1.1445

1.0617
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0.8273
1.4478

117.9
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113.4
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88.6
96.3
90.6
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81.7
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104.3
86.9
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89.6

65.0
709
62.1
74.4
61.5
583
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63.0
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7.8
739
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95

49.6
425
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Glycerine-Water-Polymer Mixturc Data (continued)
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0.1692
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0.1693

0.1693

0.1654
0.1702

0.1709
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0.2434
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02507
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0.2562
0.2566
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0.2586
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02767
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0.3299
0.3313
0.3322
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0.3324
0.3345
0.3349
0.3386
0.3401
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0.3438

1.6133
1.6133
0.9376
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1.3375
1.4478
1.6133
1.0617
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1.0342
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Glycerine-Water-Polymer Mixture Daia (continued)
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| Glycerine-Water-Polymer Mixture Data (continued)
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Glycerine~Watef-Polymcr Mixture Data (continued)
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Glycerine-Water- Polymer Mixture Data (continued)
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Glycerinc-Watcr-Polymcr Mixture Data (continued)

0.1757 1.1169 183 322

510 0.85 66.6 64
510 " 0.85 0.1764 0.9928 67.0 16.6 2.93 64
310 0.85 0.1808 0.9928 - 67.2 16.2 293 64
510 085 01914 1.1858  61.3 183 350 64
510 085 0.1990 1.1858 63.7 17.6 3.50 64
510 085 02383 1.0755  60.2 14.7 3.50 64
510 0.85 0.2411 1.4065 54.0 18.1 4.36 64
510 0.85 02429 11721 569 15.6 3.79 64
510 0.85 02445 1.1721 56.5 155 379 64
510 0.85 02484 1.0755 59.6  14.1 3.50 64
510 0.85 0.2508 1.4065 556 17.4 436 = 64
510  0.85 02510 1.1721 57.0 15.1 379 64
510 085 02514 14892 524 18.4 4.63 64
510 0.85 02514 1.4892 56.1 18.4 4.63 64
510 085 0.2517 0.8687  55.7 11.7 294 64
- 510 0.65 0.2528 1.4892 51.1 18.3 4.63 64
- 510 0.85 02532 12686 573 - 16 4,08 64
510 0.85 0.2532 09376 583 127 322 64
510 0.85 0.2557 1.0755 57.8 13.7 3.50 64
510 0.85 02592 0.7584  66.7 103 267 64
510 0.85 0.2592 0.7584 61.9 10.3 2.67 64
510 085 02670 0.7584 39.6 10.0.  2.67 64
510 0.85 02702 09376 57.3 11.9 3.22 64
510 085 0.2749 09376  59.0 11.7 322 64
Y 0.85 0.2752 0.8687 60.0 10.7 2.94 64
510 085 02755 12686 520 14.8 408 64
510 0.85 02804 0.8687 60.5 10.5 . 294 64
510 0.85 02851 12686 540 143 4.08 64
510 0.85 02981 1.4203 498 15.6 4.65 64
510 085 03060 14203 495 152 4.65 64
510 085 03164 14203  49.1 14.7 4.65 64
510 0.85 03212 10893 521 11.8 3.79 - 64
510 0.85 0.3231 09790 524 10.9 3.52 64
510 085 03268 15995 474 159 5.20 64
510 085 03270 1.4892 473 15.1 494 64
510 085 03292 14892  46. 15.0 4.94 64
510 0.85 0.3296 1.0893 50.1 11.5 3.79 64
510 0.85 03296 1.0893 52.2 11.5 3.79 64
510 085 03310 1.5995 48.8 15.7 5.20 64
510 0.85 03351 08963 52.66 9.7 3.25 64
510 085 0.3351 0.8963 5547 9.7 3.25 64
510 085 03351 0.8963 52.54 9.7 3.25 64
510 085 03353 1.5995 447 15.5 5.20 64
510 0.85 03354 09790 535 10.5 3.52 64
510 085 03357 12686 47.7 13,0 4.36 64
510 085 03359 14892 504 147 494 64
510 085 03397 1.1721 50.7 12.0 4.08 64
510 085 03397 1.1721 49.1 120 4.08 64
510 085 03419 09790 524 10.3 3.52 64
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Glycerine-Water-Polymer Mixture Data (continued)
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0.3491
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0.0429
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0.0445
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0.0826
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10.0843
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0.0844
0.0853
0.0854
0.0857
0.0864
0.0874
0.1061
0.1081
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0.1116
0.1123
0.1123

0.1624
0.1635
0.1644
0.1651
0.1651
0.1659
0.1684
0.1684
0.1685

0.1685

0.1692
0.1692
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1.2686
1.2686
0.7997
0.7997
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0.8411
0.8411
0.8411
1.4065
1.4065

1.4065 .

1.4203
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0.8687
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0.8687
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1.4065
1.4065
1.6961
1.6961
1.6961
1.4065
1.4065

47.4
46.1
458

156.3

154.1

158.0
146.8
144.6
147.5
116.7
118.8
125.7

1279 -

126.3

910

88.3
96.2
96.8
101.3
81.7
96.2
932
94.8
88.4
111.0
87.7
104.8
93.2
91.5
739
738
779
79.7
77.6
80.5

73.8
70.3

- 594

60.3
60.8
721
62.9
59.9
61.1
63.5
61.6
61.8
65.0
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24.2
24.1
20.7
20.8

4.08
4.36
4.36
1.10
1.10
1.10
1.10
1.10
1.10
1.78
178
1.78
1.79
1.79

2.36
2.36
1.78
1.78
1.79
2.93
2.37
2.37

- 237

2.93
1.79
2.93
1.79
294
2.94
3.50
3.50
3.50
3.50
3.50
3.50

2.36
2.36
4.08
4.08
4.08
2.36
3.50
3.50
4.08
4.08
4.08
3.50
3.52
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520
520
520
520
520
520
520
520

520
520

520
520
520
520
520
520
520
520
520
520

520

520
520
520
520
520
520
520
- 520
520
520
520

520

320
520

320
520
520
520
520
520
520
520
520
520
520
520

0.94

Glyceﬁne-Watcrdelymcr Mixture Data (continued)

0.1693
0.1701
0.1709
0.1712
0.1713
0.1713
0.1716
0.1722
0.1722
0.1741
0.1754

10.2482

0.2486
0.2498
0.2500
0.2501
0.2502
0.2502
0.2503
0.2503
0.2514
0.2514
0.2515
0.2515
0.2517
0.2520
0.2530
0.2538
0.2541
0.2546
0.2555
0.2555
0.2562
0.2583
0.2583

0.3274
0.3288
0.3315
0.3315
0.3322

10.3336

0.3336
0.3370
0.3370
0.3386
0.3388
0.3393
0.3393

1.1307
1.4065
1.4065

1.1307

1.1307
1.1307
0.8687
1.1307
1.1307
0.8687
0.8687

0.9652
1.4341
1.1996

- 1.6823

1.4341
1.1858
1.1858
0.9652
0.9652

1.6823

1.6823
1.1996
1.1996
1.4341
1.1858
1.4203
09514
1.6823
1.4203
1.6823
1.6823
1.4203
0.9514
09514

1.1031
1.3100

1.3100

1.3100
1.0893
1.1031
1.1031
1.5168
1.5168
1.0893
1.5168
1.7374

17512

638

65.8

- 66.4

67.1
64.7

64.1
764

73.2

169.7

73.0
74.9

585

51.4
57.0

49.1

52.1
539
574

591

58.2

49.1

49.7
59.8

55.3

51.7
53.8
533
61.1
49.2
51.6
50.1

500

53.3
61.8
60.6

50.1
47.5
46.0
49.5
51.0
50.6
48.2
449
45.8
51.7
46.6
43.5
448

103

17.3

20.7

20.6
17.2
17.1
17.1
13.8
17.1
17.1
13.6
13.5

11.8

16.4
14.1

186

16.3

140

14.0
11.7

117

18.5
18.5
14.0
14.0
16.2
13.9
16.2
11.6
18.3
16.1
18.2
18.2
16.0
114
114

10.7
12.4
12.3
123
10.6
10.5
10.5
13.8
13.8
10.4
13.8
15.4
154

293

3.52
3.52
2.94
2.93
2.93
2.37
2.94
2.94
2.37
237

2.93
4.08
3.52
4.65
4.08
3.50
3.50
2.93
2.93
4.65
4.65
3.52
3.52
4.08
3.50
4.10
2.94
4.65
4.10
4.65
4.65
4.10
2.94
2.94

3.50
4.08
408
4,08
3.52
3.50
3.50
4.65
4.65
3.52
4.68
5.22
5.22
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520
520
520
520
520
520
520
520
520
520
520

570
570
570
570
570
570
570
570
570
570
570
570
570
570

570
370
570
570
570
570
570
570
570
570
570
570
570
570
570
570
570
570
570
570
570
570

Glycerine-Water-Polymer Mixture Data (continued)

0.3393
0.3393

- 0.3395

0.3415
0.3415
0.3415
0.3419
0.3437

0.3438

0.3438
0.3444

0.0415
0.0416
0.0417
0.0417
0.0417

- 0.0417

0.0419
0.0419
0.0421
0.0422
0.0423
0.0428
0.0434
0.0437

0.0837

0.0837 -

0.0839
0.0841
0.0841
0.0842
0.0844
0.0844
0.0847
0.0850
0.0853
0.0857
0.0863
0.0866
0.0869
0.0869
0.0879

- 0.0905

0.0910
0.0915
0.1009
0.1029

1.7512

1.7512

1.5168
1.7374
1.3100
1.3100
1.0893
1.7374
1.5168
1.5168
1.3100

0.7170
1.1031
0.7176

1.3789

1.1031
1.1031
0.4136
0.4136
1.3789
0.4136
1.3789
1.6547
1.6547
1.6547

1.5857
1.7650
1.5857
1.4065
1.4065
1.7650
1.7650
1.4065
1.5857
1.1858
0.8273
0.8273
1.1858
1.1858
0.6756

0.6756

0.6756
1.8477
1.8477
1.8477
0.9101
0.9101
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728
713
728
69.1

104

15.4
154
13.7
15.3
12.0

120

10.3
15.2
13.6
13.6
11.9

26.6

359

26.5
427

. 358

35.8

177

17.7
423
17.6
42.1
48.3
4.7
473

350
384
349
314
314
38.2
38.1
313
34.6
21.7
210
209
273
27.2
17.2
17.2
17.0
387
38.5
38.3
20.5
20.1

5.22
5.22
4.65
5.22
4.10
4.10
3.52
5.22
4.68
4,68
4.10

1.10

1.49
1.10
1.78
1.49
1.49
0.74
0.74
1.78
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Glycerlne-Watcr-Polymer Mixture Data (continued)

0.1624 1.2548

0.2477 1.2962
0.2484 1.0893
0.2484 1.0893
0.2493  1.2962
0.2508 1.5030
0.2516 0.8273
0.2517 13927
0.2527 1.2962
0.2528 1.6271 42.5 184
0.2532 1.0342 460 12.7
0.2537 15030 42.1 17.2
0.2555 1.6271  42.5 18.2
0.2567 15030 423 17.0
0.2569 1.6271 417 181
02573 1.0342 449 12.5
0.2583 0.9238 482

0.2590 0.8273  48.7 10.2
0.2613 13927 409

0.2613 13927 412 15.6
0.2629 09238  47.5 11.2
0.2642 08273  47.3 10.0
0.2677 09238 458

1
0.3239 1.1721 39.1 1
0.3296 1.1721 39.0 1
0.3296 1.1721 39.7 1

523 19.8 22
0.1633 08549 604 14.5 37
0.1658 1.2548  50.8 19.4 22
0.1658 1.2548 51.7 194 22
0.1664 16409  53.7 24.5 08
0.1671 16409  51.2 244 08
0.1674 10893 543 17.5 93
0.1676 1.3513 530 20.9 50
0.1676 1.3513  50.8 209 50
0.1678 1.6409  53.7 24.3 08
0.1683 09652  52.3 15.7 - 64
0.1684 13513 508 20.8 50
0.1684 14892  50.2 22.5 19
0.1692 14892  49.6 224 79
0.1694 09652  53.8 15.6 64
0.1700 14892 534 22.3 79
0.1703 1.0893 - 53.0 17.2 93
0.1713 1.0893 512 171 93
0.1716 0.8549  56.5 13.8 37
0.1716 0.8549  58.9 13.8 37
0.1723 07032 553 12.0 07
0.1738 07032  56.2 119 07
0.1797 09652 523 147 64
0.2173 1.0342  45.2 14.8 2
0.2467 1.0893  44.6 14.2 5

427 7

45.5 5

44.6 5

437 7

424 3

49.8

434

43.5
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570

570
570
570
570

570

570
570
570

570

570
570
570
570
570

570
570
570
570
570
570
780
780
780
780
780
780

780

- 780

780
780
780
780

780

780
780
780
780
780

780

780
780
780
780
780
780

780

Glyccrinc-Watcr-Polymér Mixture Data (continued)

0.3322
0.3359
0.3371

- 0.3382

0.3383
0.3393
0.3395
0.3397
0.3405
0.3415
0.3419
0.3420

0.3421 .

0.3436
0.3455

0.3463 -

0.3484
0.3557
0.3573
0.3613
0.3707

0.0381
0.0385
0.0386
0.0458
0.0461
0.0465

0.0842

0.0842
0.0845
0.0849
0.0852
0.0853
0.0855
0.0857
0.0861
0.0896
0.0896
0.0901

0.0913

0.0922
0.0925
0.1027
0.1034
0.1037
0.1168
0.1172
0.1175

1.4754
1.5995
1.7098
1.5995
1.3927
1.7098
1.4754
1.2548
1.5995
1.7098
1.0342
1.4754
0.9652
1.3927
1.2548
1.3927
1.2548
1.0342
0.9652
0.9652
1.0342

0.9238
0.9238
0.9238
1.1721
1.1721
1.1721

1.1307
1.1307
1.1307
0.9376
1.2824

- 0.9376

1.2824
0.9376
1.2824
1.4754
1.4754
1.4754
1.4065
1.4065
1.4065
1.6547
1.6547
1.6547
1.6961
1.6961
1.6961
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96.9
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69.4
78.1
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729
68.8
72.3
67.3
65.9
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67.3
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31.0
30.0
29.9
29.8

4.65
494
5.22
494
4,36
5.22
4.65
4,08
494
522
3.52
4.65
322
4.36
4,08
4.36
4,08

- 3.52

322
3.22
3.52

1.10
1.10

110

1.50
1.50
1.50

2.08
2.08
2.08
1.79
237
1.79
2.37
1.79
2.37
293
293
293
2.66
2.66
2.66
3.22
3.22
3.22
3.50
3.50
3.50
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780

780
780

780

780
780
780
780
780
780
780
780
780
780
780
780
780
780
780
780
780

780
780
780
780
780
780
780
780
780
780
780
780
780
780
780
780
780
780

780
780
780
780
780
780
780

Glyécrinc-Watcr-Polymer Mixtufc Data (continued)

0.1617
0.1618
0.1625
0.1625
0.1627
0.1627
0.1660
0.1660
0.1660
0.1664
0.1668

0.1670

0.1671
0.1677
0.1677

0.1678

0.1691
0.1703
0.1714
0.1728
0.1736

0.2454
0.2474
0.2494
0.2495
0.2508
0.2515
0.2522
0.2523
0.2532
0.2533
0.2540
0.2540
0.2548
0.2548
0.2566
0.2570
0.2607
0.2628

0.3253
0.3313
0.3322
0.3322
0.3332
0.3346
0.3354

1.3375

1.1996
1.3375
1.3375
1.1996
1.1996
1.0204
1.4203

14203

1.7098
1.4203
1.5857

1.7098 -

1.5857
1.5857
1.7098
0.8963
0.8963

1.0204

0.8963
1.0204

0.9928
0.9928
1.5720
0.9928
1.5720
1.1858
1.5720
1.3375
1.4341
1.1858
1.3375
1.3375
1.4341
1.4341
1.0066
1.1858
1.0066

~ 1.0066

1.3100
1.0617
1.1031
1.1031
1.3100
1.5168
1.1031

509
494
517
54.1
54.0
519
533

317

49.9
55.1
52.0
520
55.8
51.6
534
57.2
52.7
50.5
49.5
51.2
51.5

46.5

44.5
44.1
45.1
454
42.6
442
43.0
433
46.4
42.1
442
459
43.1
454
439
41.8
43.8

395
413
40.3
384
394
37.6
39.0

20.0
18.2
19.9
19.9
18.1
18.1
16.0
21.1
211
24.5
21.0
22.7
244
22.6
22.6

243

14.0

139

15.5
137
15.3

12.0
11.9
17.5
11.8
17.4
14.0
17.3
15.1
16.1
139
15.0
15.0

160

107

16.0
12.6
137
124
12.3
12.6
11.5
10.6
10.6
12.3
13.9
10.5

3.23
294
3.23
3.23
294
294
2.66
3.50
3.50
4,08
3.50
379
4,08
3.79
379
4,08
237
237

2,66

2.37
2.66

2.94
294
4.36
294
4.36
3.52
4.36
3.81
4,08
3.52
3.81
3.81
4,08
4.08
3.23
3.52

3.23

3.23

4.10
3.81
3.52
3.52
4.10
4.65
3.52
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780
780
- 780
780
780
780
780
780
780
780
780

840

840
840
840
840
840
840
840
840
840

840
840
840
840
840

840
840
840
840
840
840
840
840
840
840
840

840
840
840
840
840
840
840

0.94
0.94
0.94
0954
0.94
094
0.94
094
0.94
0.94
0.94
0.94
094
0.94
0.94
0.94
0.94
0.94
094
0.94
0.94
0.94

Glycerine-Water-Polymer Mixture Data (continued)

0.3359

0.3370
0.3370
0.3372
0.3372
0.3405
0.3453
0.3477
0.3482
0.3510
0.3567

0.0427

0.0840
0.0840
0.0844

0.0869

0.0£72
0.0879

- 0.0892
. 0.1191

0.1231

0.1629
0.1660
0.1664
0.1668
0.1670
0.1674
0.1682
0.1682
0.1694
0.1703
0.1723
0.1969
0.1979
0.1989
0.1998
0.2008
0.2018

0.2487
0.2487
0.2500
0.2502
0.2502
0.2503
0.2503
0.2514

1.3100
1.5168
1.5168
1.0617
1.0617
1.6133
1.6133
1.6133
1.4065
1.4065
1.4065

0.8963

10.9928

0.9928
0.9928
1.3513
13513
13513
1.2686
1.434]
1.4341

1.5306
1.5306
1.1996
1.5306

0.9652

1.1996
0.9376
0.9652
0.9652
1.2272
1.2272
1.6133
1.6133
1.6133
1.6133
1.6133
1.6133

1.7374
1.7374
1.7374
1.2686
1.2686
1.0480
1.0480
1.7236

39.2
41.0
384
38.1
38.9

- 40.6

412
40.1
376
383
39.6

87.0

684

68.3
66.9
84.8
324
82.1
70.5
779
64.5

69.5
68.6
59.1
69.3
54.1
62.7
559
50.9
497
54.0
53.7
54.6
56.0
63.0
61.6
548
62.6

545

544
529
49.4
49.6
45,0
42.5
531

12.2
13.8
13.8
113
11.3
14.5
14.3
14.2
12.6
12.5
123

25.7

21.2
21.2
211

1271

108

2170

26.8
26.4
24.6
238

215

21.1
17.6
210
14.1
17.5
140
14.0
139
17.2
17.0
207
20.6
20.5
20.4
20.3
20.2

18.7
18.7
18.6
14.0
140
11.7
117
18.5

4.10
4.65

465

3.81

3.81

4,94
494
494
4.39
4.39
4.39

1.10

158
1.78
1.78
2.36
2.36
2.36

- 2.36

293
293

3.50
3.50
293
3.50
2.36

293

2.36
2.36
2.36
293
293
4.08
4.08
4.08
4.08
4.08
4.08
4.65
4.65
4.65
3.50
3.50
293
2.93
4.65
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840
840

840
840
840
840
840
840
840
840

840

840

840
840
840
840
840
840
840
840
840
840
840
840
840
840
840
840
840
840

840

930
930
930
930
930
030

930
930
930
930
930
- 930
930

094

0.94
0.94
0.94
0.94

0.94

0.94
0.94
094
0.94
0.94
094
0.94
0.94
0.94
0.94
0.94
0.94
0.94
0.94
0.94
0.94
0.94
0.94
0.94
0.94
094
0.94
0.94
0.94
0.94
0.94

- 094

0.94
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86

Glycerine-Water-Polymer Mixture Data (continued)

0.2520
0.2525
0.2525
0.2532
0.2541
0.2548
0.2548
0.2548
0.2557
0.2557
0.2569
0.2576
0.2584
0.2597

0.3245
0.3286
0.3307
0.3328
0.3328
0.3349

- 0.3368

0.3368
0.3369
0.3395
0.3397
0.3397
0.3397
0.3397
0.3397
0.3401
0.3420
0.3445
0.3503
0.3503

0.0365
0.0383
0.0388
0.0440
0.0445
0.0449

0.0788
0.0793
0.0821
0.0823
0.0837
0.0849
0.0854

1.2686
1.0204

1.0480
1.4892
1.7236
1.4892
1.4892
1.4892
1.2548

1.2548

1.0204
1.2548
1.7236
1.4892

1.8064
1.8064
1.8064
1.7926
1.7926
1.7926
1.1307
1.1307
1.3375
1.5582
1.2962
1.2962
1.2962
1.3375
1.3375
1.1307
1.5582
1.5582
1.1307
1.1307

09101
0.9101
09101
1.4616
1.4616
1.4616

1.2824
1.2824
1.2324
1.5995
1.5995
1.6133
1.5995

52.7
479
46.3
'55.7
55.2
56.4
46.7
539
46.0
45.6
48.3
45.2
549
46.7

49.8
47.8
49.6
49.1
50.3
470
404
40.1
429
493
40.7
40.8

403

43.8
42.6
414
49.3
48.3
4.8
428

137.4

- 136.1

140.1
107.1

109.5

109.7
87.6
90.3
92.0
71.7
74.7
82.7
15.5

109

139
11.6
11.6
16.1
18.3
16.0
16.0
16.0
13.7
13.7
11.4
13.6
18.0
15.7

16.1

159

15.8
15.7
15.7
15.6
10.4
10.4
12.1
13.7
12,0
12.0
12.0
12.0
12.0
10.3
13.6
13.5
10.0
10.0
30.1
28.7
28.3
40.5
40.0
39.7

299

29.7
28.7
356
35.0
345
343

3.50
293
293
4,08
4.65
4,08
4.08
4,08
3.50
3.50
293
3.50
4.65
4.08

5.22
5.22
5.22
522
5.22
5.22
3.50
3.50
4.08
4.65
4.05
4.08
4.08
4.08
4.08
3.50
4.65
4.65
3.50
3.50

1.10
1.10
1.10
1.78
1.78
1.78
2.36
2.36
2.36
293
293
293
293
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930
930
930
930
930
930
930
930
930

930
930
930
930
930

930

930
930
930
930
930
930
930

930 .

930
930
930
930
930

930
930
930
930
930
930
930
930
930
930
930
930
930
930
930
930

930
930
930

0.86

10.86

0.86

0.86

0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.86

Glycerine-Water-Polymer Mixture Data (continued)

0.0854
0.0856
0.0864
0.0877
0.0882
0.1001
0.1036
0.1043
0.1043

0.1674
0.1037
0.1644
0.1664
0.1664
0.1668
0.1668
0.1670
0.1670
0.1671
0.1676
0.1678
0.1678
0.1693
0.1703
0.1709
0.1719
0.1758
0.1798

0.2471
0.2474
0.2487
0.2525
0.2528
0.2541
0.2569
0.2569
0.2576
0.2580
0.2584
0.2597
0.2598
0.2614
0.2614
0.2663

0.3286

0.3286
0.3322

1.6133
0.8549
1.6133
0.8549
0.8549
1.7788
1.7512
1.7512

1.7512

0.8273

1.3789

1.6547
1.6547
1.1169
1.3789
1.3789
0.8273
0.8273
1.6547
1.3789
1.6547
1.6547
1.1169
1.1169
1.3789
0.8549
0.8549
0.8549

1.2824
1.6271
1.6271
0.9238
1.6271
1.5857
0.9238

0.9238

1.1445
1.2824
1.5857
1.2824
1.5857
1.1445
1.1445
0.9101

1.6685
1.6685
1.4341

82,9
96.4
80.2
100.8
934
76.2
67.9
72.7
70.6

719
67.3
54.8

64.7

69.3
58.1
63.2
75.1
80.0
59.1
67.1
59.5
55.0
67.2
71.6
58.8
84.3
78.8
81.2

52.1
54.5
54.1
66.4
55.4
46.7
64.5
68.4
53.5
53.2
46.5
55.6
46.7
58.9
58.0
58.4

412
42.5
48.1

343
20.8

339

20.3
20.2
350
33.8
336
33.6

14.5
214
24.8
24.5
17.6
21.0

210

110

14.1
14.1
244
209
243
243
17.3
17.2
20.5
13.7
13.4
13.1

16.5
18.8
18.7
11.6
184
18.3
114
114
13.6
15.8
180
15.7
17.9
134
134

110

159
159
140

293
1.78
293
1.78
1.78
3.50
3.50
3.50
3.50

2.36
3.50
4.08
408
293
3.50
3.50
2.36
2.36
4,08
3.50
4,08
4,08
293
393
3.50
2.36
2.36
2.36

4,08
4,65
4.65
293
4,65
4.65
293
293
3.50
408
4.65
408
4.65
3.50
3.50
293

3.22
5.22
4.65
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Glycerine-Water-Polymer Mixture Data (continued)

0.3336
0.3368
0.3401
0.3426
0.3434
0.3460
0.3460
0.3460
0.3471
0.3484
0.3497
0.3515
0.3633

1.0204
1.0204
1.0480
1.2272
1.0204
1.6547
1.6547
1.6547
1.4341
1.2272
1.4341
1.2272
1.4065

53.7
55.2

bm&m&i
N WO — O

Pl Pnsh Pt et Prrdh P pumd Sumed Dumd D Dmed P P
N—W—=Whnnnno—-O0OCO
B A i 10 0 G B
AAABRRANUUNLAWLWL
SRARBARNNRERSSE
RRXRLRTRRRERR

25
25
25
25

25

25
25
25
25
25
25
25
25

P fumd Puab Prond Prmd Punh P Pumh Puedh P Jomd Jumd  fud
WWWLWWLWLWWWWWW



‘.A

133
133
133

133
133
133
133
133
133
133
133
133
133
133
133

133
133
133
133
133
133
133
133
133
133
133
133

133
133
133
133
133
133
133
133
133
133
133
133

0.961
0.961
0.961

0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961

0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961

0.961

0.961

0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961
0.961

0.0210
0.0210
0.0211

0.0424
0.0424
0.0424
0.0424
0.0426
0.0426
0.0426

0.0426

0.0426
0.0433
0.0433
0.0433

0.0845
0.0845
0.0847
0.0849
0.0849
0.0849
0.0850
0.0850
0.0850
0.0851
0.0851
0.0853

0.1679
0.1683
0.1683
0.1700
0.1700
0.1700
0.1700
0.1700
0.1700
0.1827
0.1836

0.1836

Coal-Water Slurry Mixture Data

Pd
MPa

0.2748

0.2748
0.2748

0.2336
0.2748
0.2748
0.2748
0.2336
0.2336

0.3779

0.3779

0.3779

0.2199
0.2199
0.2199

0.4122
0.4122
0.4122
0.3779
0.3779
03779
0.5497
0.5497
0.5497
0.4466
0.4466
0.4466

0.5290
0.5290
0.5290
0.7214
0.7214
0.7214
0.7558
0.7558
0.7558
0.7352
0.7352
0.7352

SMD Liq.
Hwm  Mass
gls
11290 720
10670 719
110,60 71.7
80.70 425
70.20 493
68.60 493
7020 493
8490 423
83.60 423
64.30 62.7
63.60 62.7
64.20 62.7
87.60 41.6
84.00 416
82,70 41.6
4460 453
4460 45.3
45.00 45.2
47.10 417
4720 417
46.40 41.7
4230 553
40.80 55.3
43.00 553
43.60 484
43.60 484
4380 48.3
30.30 418
31.50 417
30,60 417
31.10 43.0
3040 43.0
30.30 43.0
31.10 447
3040 447
31.10 447
30.10 41.6
2950 414
2890 414

112

Air  Surface

Mass Tens.

gls dynicm
1.51 70
1.51 70
1.51 70
1.80 70

2.09 70

2.09 70

2.09 70
1.80 - 70
1.80 70

2.67 70

2.67 70

2.67 70
1.80 70
1.80 70
1.80 70

3.83 70

383 7 70

3.83 70

3.54 70

3.54 70

3.54 70

4.70 70

4.70 70

4.70 70

4.12 70
4.12 70
4.12 70

7.02 70
7.02 70
7.02 70
7.31 70
7.31 70
7.31 70
7.60 70
7.60 70
7.60 70
7.60 70
7.60 70
7.60 70

Ta
(o

23
23

23
23

23
23
23
23

23

23
23
23
23

- 23

23
23
23
23
23
23
23
23
23
23
23

23
23
23

23

23
23

23
23
23
23
23

Top Load Dens
Size ing ity
pm  wi-% glem®
15 49 1.2
15 49 12
15 49 1.2
15 49 12
15 49 1.2
15 49 1.2
15 49 12
15 49 1.2
15 49 12
15 49 12
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 1.2
15 49 12
15 49 1.2
15 49 12
15 49 1.2
15 49 12
15 49 12
15 49 1.2



180.9

180.9
180.9
180.9
180.9
180.9

1809

180.9
180.9
180.9
180.9
180.9
160.9
180.9
180.9
180.9
180.9
180.9

180.9
180.9
180.9
180.9
180.9
180.9
180.9
180.9
180.9
180.9
180.9
180.9

180.9
180.9
180.9
180.9
180.9
180.9
1809
180.9
180.9

1.033
1.033
1.033
1.033
1.033
1.033

1.033

1,033

1.033
1.033
1.033

'1.033

1.033
1.033
1.033
1.033
1.033
1.033

1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1.033
1033
1.033

1.033
1.033
1.033
1.033
1.033
1.033

1.033

1.033
1.033

0.0187
0.0187
0.0187
0.0205
0.0206
0.0207

0.0374
0.0374
0.0374
0.0422
0.0424
0.0424
0.0424
0.0425
0.0426
0.0426
0.0426
0.0426

0.0844
0.0846
0.0846
0.0848
0.0848
0.0849
0.0849
0.0849
0.0850
0.0861
0.0866
0.0868

0.1693
0.1696
0.1696
0.1696
0.1700
0.1700
0.1721
0.1725
0.1733

Coal-Water Slurry Mixture Data (continued)

0.2061
0.2061
0.2061
0.1924
- 0.1924
0.1924

0.2817
0.2817
0.2817
0.3435
0.4260
0.4260
0.4260
0.3435
0.3435
0.6184
0.6184
0.6184

0.6871
0.6871
0.6871
0.8039
0.8039
0.6321
0.6321
0.6321
0.8039
0.5497
0.5497
0.5497

0.9963
0.9619
0.9963
0.9963
0.9619
0.9619
0.9276
0.9276
0.9276

133.00
127.70
132,50
106.80
114,70
113.00

68.30
67.10
68.40
66.50
62.20
60.80
62.30
64.90
64.60
63.00
62.80

62.60

45.80
45.40
46.20
4470
44.20
46.90
46.10
47.00

- 44.00

46.90
47.10
41.10

31.90
32.00
31.90
31.70
32.00
31.90
32.00
32.10
32.20

40.2
40.2
40.2
409
40.7
40.6

40.4
40.4
40.4
42.1
49.3
49.3
49.3
424
423
62.7
62.7
62.7

488
487

- 487

554
554

45.1

45.1
45.1
55.3
41.1
409
40.8

449
43.1
448
448
43.0
430
40.8
40.7
40.5

113

0.75
0.75
0.75
0.84
0.84
0.84

1.51
1.51
1.51
1.80
2.09
2.09
2.09
1.80
1.80
2.67
2.67
2.67

4.i2
4.12
4.12
4.70
470
3.83
3.83
3.83
4.70
3.54
3.54
3.54

7.60

- 131

7.60
7.60
7.31
7.31
7.02
7.02
7.02

54
54
S4
54
54
54

54
54
54
54

54

54
54
54
54
54
54
54

54
54
54

54

54
54
54
54
54
54
54
54

54

54
54

54

54
54
54

54
54

24
24
24
24
24

- 24

24

24
24
24
24
24
24
24

24

24
24

24

24
24
24
24
24
24
24
24
24
24
24
24

24
24
24
24
24
24
24
24
24

45
45
45
45
45

45

45

45
45
45
45
45
45
45
45
45
45
45

45
45
45
45

45

45
45
45
45
45
45
45

45
45
45
45
45
45
45
45
45

65
65
65
65
65
65

65
65
65
65
65
65
65
65
65
65
65
65

65
65
65
65
65
65
65

65

65
65
65
65

65
65
65
65
65
65
65
65
65

1.2
1.2
1.2
1.2
13
12

1.2
1.2
1.2
1.2
1.2

1.2

1.2
1.2
1.2
1.2
1.2
1.2

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
12



639
639
. 639
639
- 639
- 639

639
639
639
639
639
639
639
639
639
639
639
639

639
639
639
639
63%
639
639
639

639

639
639
639

1777
1777
1777

1777
1777
1777
1777
1777
1777
171
171
171

0.878
0.878
0.878
0.878
0.878
0.878

0.878
0.878
0.878
0.878
0.878

0.878

0.878
0.878
0.878

0.878

0.878
0.878

0.878

0.878
0.878
0.878
0.878
0.878
0.878
0.878
0.878
0.878
0.878

0.878

0.617
0.617
0.617

0.617

10.617

0.617
0.617
0.617
0.617
0.617
0.617
0.617

0.0423
0.0423
0.0424
0.0425
0.0426
0.0427

0.0845
0.0847
0.0847
0.0847

0.0847

0.0848
0.0849
0.0849
0.0849
0.0849
0.0849
0.0849

0.1683
0.1683
0.1683
0.1700
0.1700
0.1704
0.1704
0.1704
0.1704
0.1827
0.1831
0.1854

0.0366
0.0369
0.0369

0.0424
0.0424
0.0424
0.0425
0.0425
0.0425
0.0425
0.0425
0.0426

Coal-Water Slurry Liixture Data (continued)

0.3092
0.3092
0.3092
0.2405
0.2405
0.2405

0.4466
0.5840
0.5840
0.5840
0.4466
0.4810
0.3916
0.3916
0.3916
0.4466
0.4810
0.4810

0.7214
0.7214
0.7214
0.7901
0.7901
0.7558
0.7558
0.7558
0.7901
0.7764
0.7764
0.7764

0.3435
0.3435
0.3435

0.3435
0.5703
0.5703
0.3435
0.3435
0.4191
0.4191
0.5703
0.4191

135.20
136.60
130.40
142.60
141.40
147.20

79.70
65.90
66.70
64.40
79.10
71.90
83.00

85.00

85.80
77.90
73.20
73.70

41.50
41.10
41.30
39.80
39.60
41.10
40.90
41.30
39.70
37.90
37.80
37.10

69.50

72.70
72.10

64.90
58.40
61.00
67.70
64.30
60.90
61.90
59.60
60.80

494
494
493
424
423
422

45.3
55.5
55.5
55.5
452
48.6
41.7
417
417

45.1

48.5
48.5

41.7
41.7
41.7
447
447
429
429
429
44.6
41.6
415
410

413
409
409

425
62.9
62.9
424
424
49.2
49.2
62.8
49.1

. v
114

2.09
2.09
2.09
1.80
1.80
1.80

3.83

4.70
470
4.70

383

412
3.54

3.54

3.54
3.83
4.12
4,12

7.02
7.02
7.02
7.60
7.60
7.31
7.31
7.31
7.60
7.60

7.60

7.60

1.51
1.51
1.51

1.80
2.67
2.67

1.80

1.80

209

2.09

2,67

2.09

71

71
71
71
71
71

71
71
71

71

71

71

71
71
71
71
71
71

71
71
71
71
71
71
71
71
71
71
71
B!

78
78
78

78
78

- 718

78
78
78
78
78
78

23
23
23
23

23
23

23

23
23
23
23
23
23
23
23
23
23
23

23
23
23

23

23
23

23
23

23

23

23
23
23

23
23
23
23
23
23
23
23
23

15
15

15

15
15

15

15
15
15
15
15
15
15
15
15
15
15
15

15
15
15
15
15
15
15
15
15
15
15
15

100
100
100

100
100
160
100
100
100
100
100
100

49
49
49
49
49
49

49
49

49
49

49
49
49
49
49
49

49

49
49

49
49

49
49
49
49
49
49
49
49
49

57
57
57

37
57
57

57
57
57
37
57
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-

171

1777
1777
1777

1777

1777

1M

1777
1777
1777
1777
1777
1777
1777
1777
1777
1777
1777
1777
1777
1777
1777

1777

1777

1777
1771
1777
1777
1777
17717
17717
17717
177

1
17

1777
1777
1777
1777
177
1777
1777
1717
1
1777
171
1777

1777

0.617

0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617

0.617

0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617
0.617

0.0708
0.0844

0.0845

0.0848
0.0848
0.0848
0.0849
0.0849
0.0849
0.0849
0.0851
0.0851
10.0851
0.0851
0.0851
0.0853
0.0853

0.0853

0.0853
0.0853
0.0853
0.0855
0.0855
0.0859

0.1687
0.1689
0.1692
0.1692
0.1692
0.1692
- 0.1693
0.1696
0.1696
0.1696
0.1696
0.1700
0.1700
0.1704
0.1704
0.1708
0.1712
0.1719
0.1858
0.1863
0.1867
0.1872
0.1872
0.1881

Coal-Water Slurry Mixture Data (continued)

0.5840
0.6527
0.6527
0.6527
0.7214

0.7214

0.5016
0.6321
0.6321
0.6321
0.5016
0.5497
0.5840
0.5840
0.5840
0.5840
0.5497
0.5497
0.5016
0.5290
0.5290
0.7214
0.5840
0.5290

0.8382
0.8932
0.7901
0.7901
0.8382
0.8382
0.8932
0.7901
0.8588
0.8588
0.8588
0.8245
0.8932
0.8245

0.8588.

0.8588
0.8245
0.8588
0.8932
0.8932
0.8932
0.8245
0.8245
0.8245

46.30
43.10
41.20
42.50
46.50
46.00

- 46.90

46.40

45.50

44,80
46.60
46.40
46.70
45.90
44,80

47.00

45.90
45.80
46.80
46.30
48.20
45.20
44.70
41.20

33.60
33.50
34.80
34.70
33.40
33.20
33.10
34.80
33.70
34.40
34.10
33.70
34.20
34.50
24.00
34.10
34.20
38.40
31.80
31.80
31.60
34.00
33.20
33.90
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1964
1964
1964

1964
1964
1964
1964
1964
1964
1964
1964
1964

1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964

1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964
1964

0.763
0.763
0.763

0.763
0.763
0.763
0.763
0.763

- 0.763

0.763
0.763
0.763

0.763
0.763
0.763
0.763
0.763
0.763
0.763
0.763
0.763
0.763
0.763
0.763

0.763
0.763
0.763
0.763
0.763
0.763
0.763
0.763
0.763
0.763
0.763

0.763

0.0368
0.0370
0.0372

0.0420
0.0422
0.0422
0.0422
0.0423
0.0424
0.0424
0.0425
0.0426

0.0841
0.0843
0.0845
0.0845
0.0847
0.0849
0.0849
0.0849
0.0849
0.0850
0.0850
0.0851

0.1704
0.1704
0.1708
0.1708
0.1708
0.1708
0.1716
0.1721
0.1725
0.1872
0.1872
0.1895

Coal-Water Slurry Mixture Data (continued)

0.2473
0.2473

0.2473

0.4122
0.4122
0.5153
0.5153
0.5153
0.4122
0.4466
0.4466
0.4466

0.5153
0.5153
0.5290
0.5290
0.5290
0.5153
0.5703
0.5703
0.5703
0.6596
0.6596
0.6596

0.8795
0.8795

09138

0.9138
0.9138
0.8795
0.8245
0.8245
0.8245
0.9069
0.9069
0.9069

58.30
56.30

37.70

51.60
53.20
50.70
51.20
49.10
53.40
51.30
51.20

51.60

39.70
39.50
39.50
40.20
39.60
39.50
39.20
38.80
38.50
38.20

38.60,

38.70

28.30
28.20
28.00
28.30
28.50
28.40
28.80
28.70
28.70
27.20
27.40

26.80
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