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EXECUTIVE SUMMARY

Acoustic Agglomeration of Fly Ash

The twenty-five month long research and development program produced
important results which will add considerably to our understanding of the
processes of sonically induced agglomeration of submicron and micron sized
fly ash particles. The work has also shown that acoustic agglomeration at
practical acoustic intensities and frequencies is technically and most likely
economically viable. The following studies were performed with the listed
results: ’ '

The physics of acoustic agglomeration is indeed complex particularly at
the needed high acoustic intensities in the range of 150 to 160 dB and
frequencies in the 2500 Hz range. The analytical madel which we developed,
although not including nonlinear acoustic efforts, agreed with the trends
observed.

. We concentrated our efforts on clarifying the impact of high acoustic
intensities on the generation of turbulence. Our results from a. special set
of tests show that although some acoustically generated turbulence of -sorts
exists in the 150-170 dB range with acoustic streaming present, such turbulence
will not be a significant factor in acoustic -agglomeration compared to the
dominant effect of the acoustic veloc1t1es at the fundamental frequency and
its harmonics. : .

Our studies of the robustness of the agglomerated particles using -the
Anderson Mark III impactor as the source of the shear stresses on the particles
show that the agglomerates should be able to withstand the rigors of flow
through commercial cyclones without significant break-up.

We designed and developed a 700°F tubular agglomerator of 8" internal
diameter. The electrically heated system functioned well and provided very
encouraging agglomeration results at acoustic levels in the 150-160 dB and
2000-3000 Hz ranges. We confirmed earlier results that an optimum frequency
exists at about 2500 Hz and that larger dust loadings will give better results.

Studies of the absorption of acoustic energy by various common gases
as a function of temperature and humidity showed the need' to pursue such an
investigation for flue gas constituents in order to provide necessary data for
the design of agglomerators.

The report ends with a set of conclusions and recommendatlons for future
work 1n a follow-on program. .



I. INTRODUCTION'AND STATEMENT OF PROBLEM

The projections for energy of the future as reported in: the _1981
Annual Report to Congress by the'Energy Information Agency of the U.é.
Department of Energf show increasing use of coal as a fuel as given in |
Table 1 [1]. AiSo ehe percentage of coal used relatine to donestic energy
supplies increases gradnally from an actual 28.8%.in 1980 to.a projected
39.3% in 1995. dil and natural gas'consumption actually show a slight
decrease over tnese years with nuclear energy prOJected to take up about
10% of domest1c productlon in 1995 compared to 4.2% in 1980. | |

The hlstory and prOJectlons of coal by end use to the year 1995 are
' given in Flgure 1 [1], show1ng dramat1c increase in the use of coal by |
the electrlc ut111t1es V These prOJect1ons reflect the reallty of the
abundance of coal-reserves in the United States. At these consumptlon
levels, coal deposits in the United States are estlmated to last at least
for 300 years. Since the U.S. coal reserves are estlmated to be 475 billion
tons with an average annual usage of 1500 nillion tons’ovez the years,
this estimate is certainly not unreasonable. |

However, coal fired power plants do emif large amounts of pareiculatee
and noxious gases, the removal of which presents major technicai,enailenges
andvlarge capital outlays to meet the present stringent envifonmeneal
protection requirements. |

The fine particulate enissions from fossitl fueledvcombustion eqnipment
without any controls have been estimated for typical eleetric utility
boilers on bofh a.number and a mass basis and are given in Figure 2 [2].

Although the data was reported in 1969, power generation has only increased



Table 1. Balance Between Energy Supply and Demand Projectioms by Type of Energy
and Sector, Midprice Case
(Quadrillion Btu per Year)

History Projections
1980 1985 ~ 1990 1995
World Oil Price .
(1980 dollars per barrel) ...... 33.89 33.00 49.00 67.00
Domestic Energy Supply
Oil ® 0 5 6 0 5 0 2 0 8 06500 8500880000 s 20-6 19.3 20‘0 21-2
Gas R EE R R N N Ay S A A I B Y B B ] l9g8 1806 18.2 18-7
anl Cll.ll.l!l‘.-"tbl.l.'.l.. 18-7 2109 27!1 33-7
Nuclear OOOQCQ‘......"......‘. 2.7 b.a 7.6l 8.6
Other (hydropnwer, solar,
and geothermal)® ............. 3.0 3.3 3.8 3.6
Subtotal sisecrrreccraccanas 64.8 . 68.5 76.4 85.8
Net Imports -
0il cecasseccsressesssesasnos 13.3 14.7 12.0 10.6
Gas ® 6 8 8 6 8 6605 0 00 00 LSO N eSS 1.0 0.9 0.7 0.7
Coal teerieensnsssceiosansonnns -2.5 -2.7 -3.5 -4.2
Subtotal® ... ecnctnsocnnn 12.1 12.8 9.2 7.1
Total Energy Supply .eccceccecse 76.8 81.3 85.7 93.0
Domestic Energy Demand
Residential ....ciccecccscannans 9.4 9.0 8.9 9.2
Commercial seceesvecccncsnnanse 6.8 7.0 7.3 8.0
Industriald .....ovieeeniiean. 2302 26.4 28.3 30.4
Transportation® ....ceeveececes 19.0 18.9 18.2 18.3
Total End-Use Demand ....... 58.5 61.3 62.7 65.9
Stock Changes, Accounting
Errors, and Generating and
Transmission Losses ..eeesseesss 18.3 20.0 - 23.0 27.0
Total Energy Demandf ........... 76.8 81.3 85.7 93.0

81ncludes gaina from electricity generation, synthetics production, and
petroleum cracking. Historical data excludes solar. ' .

bFigure for 1980 includes imports for additions to the Strategic Petroleum
Reserve. :

CIncludes 0.2 quadrillion Btu electricity imported in 1980.

dIncludes refinery consumption of refined petroleum products and natural gas.

€Includes gas transmission losses.

fTotal supply and consumption estimates include the use of wood to generate
electrical power. All other fuel use of wood is at approximately 2 quadrillion
Btu. ) :
Sources: Historical data: U.S. Department of Energy, Energy Information
Administration, Monthly Energy Review, November 1981, and NaturaL.and-Synthetic
Gas, 1980 (an Energy Data Report). Estimates of energy end-use consumption were
based on the State Energy Data System.: T




Figute 1. Coal Consumption ﬁy End Use, History and Projections, Hidptiée Scenario
(Million Short Tons)
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by about 10% since then so that the data is still representati&e. Although
90% of the mass is above 0.3 um, we note that better than 90% of the number
of particles remain below 0.3 um. This becomes an important factor when we
consider the particle removal efficiency as a function of.particle size of
various cleaning devices later. Of interest is the fact that particles pro-
duced by fuel oil and natural gas are smaller with most of them being smaller
than S um. In additioh, the mass of particles produced in tons/year is much
less for oil and gas as shown in Table 2. These figures are based on average
emissions of 17 1b/ton for an 8% ash coal, 10 1b/1000 gallons of oil and

15 1b/million ft® of natural gas. Using the predicted coal consumption
estimates given in Table 1, we can expect a 41% increase in particulate
emissions.on a mags basis between 1982 and 1995.

A further concern related to particulate emissions is their impact on
the acid rain problem caused by the generation of SOx and NOx gases in the
coal combustion process. These gases and the particulates generated are sent
into the atmosphere in the smoke stack effluents and return to earth in
the form of various sulfur based and nitrogen based acids.  Much research
effort has been, and is being devoted to this SOx and NOx problem. One of
the more promising methuds is to catalize the 502 and NO components to
SO3 and-NO2 in atmospheric. fluidized bed coal combustors (AFBC). Ammonija
(NHs) gas is then injected into the AFBC thereby neutralizing the sulfuric
and nitric acids which are formed as a result of their strong hygroscopic
qualities by forming ammonium sulfates and nitrates as the gases cool. Below
513°C, at atmospheric pressures, the gaseous constituents of ammoniums sul-
fate form very fine, probably submicrqn sized particulates, The ammonium

nitrate constituents similarly form very fine particulates below their



Table 2. Tlarticulate LEmissicus frow Cuulivlled Puwer
Plants in the United States (Tons/Year).

Measured . Predicted
1974 _ 2000

. S :5

Coal 2.66 X 10 6.40 X 10
) 2 . . 1

Gas 2.50 X 10 7.36 X 10
3 i3

011 1.16 X 10 1.50 X 10




decomposition temperature of 210°C. Both the (NH SO4 and the NH4 NO

4)2

particulates then join the other fine flue gas solids, primarily silica

3

and alumina particles, the so-called fly ash effluents.

We also note from discussions with Dr. Rosa Pena, Professor of
Meteorology at Penn'State and world renowned expert on acid rain, that much
of the acid rain comes from such particulates of ammonium sulfate, ammonium
nitrate and sulfuric acid droplets. In fact, Dr. Pena's research on sulfate
aerosol production and growth. in coal operated power plant plumes [Sj has
shown that 60% to 70% of the atmospheric acidity correlates with sulfates
and 20% §§ }Q% with nitrates. Thus, a method for the removal of the sub-
micron si;éa‘sulfate and nitrate particles ffom the power plant effluents
would certainly promise to provide substantial gains in the feduction of
acid rain causes and respirable dust. As Dr. Pena pointed out to us:

"It is much easier to remove the particulates than it is to remove such
gases as)soz, 503:,N0 and NOZ". As will be poinfed_out later, conventional
particle removal methods do not provide efficient entrapment of submicron
particles.

Another area of concern is the adsorption of 802, SOS’ and NOZ gases
on the surfaces of the escaping fly ash particles. As Dr. Robert Kabel,
Professor of Chemical Engineering at Penn State and well known authority
on gas adsorption on particles and environmental chemical processes, pointed
out to us in several discussions, the remaining submicron particles after
clean-up with conventional cleaning methods are the most efficicnt adsorbers
because of their high area to volume ratio. Since SO3 and NOZ gases adsorbed
on the particle surfaces are highly hygroscopic, they will absorb water

vapor as they rise in the atmosphere into inversion layers. These particles
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will.inerease in size and'become'acidic aerosols which will either fall
out or be scrubbed.out by rain forming acidicpprecipitations.

Thus, iflwe4remoue<these.submicron particles from the stack.effluents,
the'ammonium‘sulfates:and tne ammonium nitrates and the acid bearing fl&‘.
ash, we also reduce tne acid rain problem and also the to be discussed
injurious aspects to the human pulmonary system.

Current tcchniquee to Temove particnlates in coal fired power plant
flues are based on electrostatic preeipitators,,bag houses and wet scrubbers._
Typical collection eéfficiencies of such devices and the far less efficient
cyclones are shown in Figure 3. Of interest is the fact that.beiow 1 um
' the efficiencies drop off rather precipitously. Work presented by Davies [3],
Figure 4, has shown that the human lower pulmonary system-is unfortunately
most efficient in absorbing and reta1n1ng particles in the 1 um range. |
These part1cles are the pr1mary cause of such resplratory a11ments as
bronchltls, emphasema and lung cancer, | ‘ |

Observatlons 1nd1cate that currently, approx1mate1y 50% of the
partlcles suspended in an urban atmosphere are smaller than 1 um [2]

This fact appears to be 1n_part the result of the low efficiency of particle
collection devices‘for the removal of these small partielesa‘ Therefore,
legislation nas-been under consideration at the Federal levellwhich will
include recognitién of particle size rather than justomass removal uhich
is the sole criterion in current Federal iegrslation; California and Maryland
have already legislation'in effect uhich, as a result of a '"no visible
emission" statement, provides some control of submicron particulates.

. Based on statements recently made by John Neal, Chief, Control Technology
Division, U S. Department of . Energy at Morgantown Energy Technology Center

at the 2nd Annual Contractors Meeting on gas stream clean- up, February 17
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1982 [4], most of the gmphasis atvthe-Federal level has been on ''the simul-
taneous removal of SOX, NOx, constituents and particles based on longer -
range concerns of acid rain, health effects and visibility probléms possibly
assdciatéd with.NOx in the atmosphere along with SOx and éarticulates"._

Over the iast several years, research has been supported by the U.S.
Enyironmental Protection Agency at Air Pollution Technology, Inc; under Drf
Seymour Calvert's direction to develop much improved wet scrubber
technologies (incidentally, Dr. Calvert is former Director for Penn State's
Center For Air Environment Studies), .with.some success reportedi

Yeh, Lee and Liu at the University of Minnesota, have perfofmed
promising research on the migration of small particulates through
various fabrics with the aim of developing much improved fabrics‘for bag
house type cleaning devices. |

Other techniques which are being investigated are condensation scrubbers,
charged droplet systems;velectrified;filters and foam'scrubbers.

The agglqmeratioﬂ or growth of the submicronfaha low micron sized
particles into 5. to 20 micron s;zedgaggiomérétés for subsequent,efficiént
removal by conventionalxpaffielé'removal devices, such as those,mentioned'
earlier, is oﬁe of the most attractive alternatives and the subject-of this
proposal. ﬁ

Accelerated agglémé}éfion éf péfticleg'in‘sound:fields is not a new
idea. William Ostwald first suégéétéd:thé u§§,§f:ac6§stié agglomeration
to collect liquid particles although as early as 1866 Kundt (7] had performed
experiments which demonstrated the aggregation of dry dust particles to study
the speed of sound in a standing wave tube. Since then numerous experiments
providiﬁg positive results have been conducted. Notable among the early

studies is the work of Smoluchowski [8], in Germany in 1915; Andrade [18];
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Brandt, Freund and Hiedeman in Germany [6,9] in 1936; St. Clair [10] in.the
United States between 1938 and 1950; Stokes [11] in the United States

in 1950. Of much interest is the work of Neumann, Danser and Soderberg

and Fowle [24-29], at Ultrasonic Corporation in Cambridge, Massachusetts
during the early 1950's, who developed commercially available acoustic
coagulators for such diverse applications as cement plants, open hearth gas
dust removal, calcinated soda removal, molybdenum disulfate, ammonium chlofide,_
carbon black and other dust as wéll as liquid aerosol agglomeration. The“
sound snurce was a sirven with outputs in the IOth of kilowatt ranges. The
company did not prosper apparently becaﬁse of the lack of interest in
environméntal pollution control and ecbnomic conditions of the time.
However, much valuable experience was obtained providing important background
to todays revival of the field. The most thorough and often quoted work

-was &one by Mednikov [12], and others in Russia in the 1960's. Mure

receﬁt and very thorough work by Volk [13 § 14] in the United States at

Penn State Uni&ersity has shown significant agglomefation of carbon black,
white lead, kaolin clay and fly ash dusts at rather modest acoustic leveis,
between 100 and 120 dB with frequencies in the 1000 to 6000 Hz range,b
representative dust loadings between U.5> to Z gm/m?, and exposure times
varying from 10 to 40 secondS. The acoustic agglomeration theory developed

by Volk is based on the work of Mednikov [12], Levich [15] and Black [16]

and Fuchs [17]. Scott [19], in Canada performed very inleresting aud important
studiés on the effect of nonlinear acoustic effects on agglomeration.

Shaw [20] through [22], and his associates at the State University of New

York at Buffalo have performed research of both a theoretical and experi-
mental nature on acoustic agglomeration with special emphasis on the

phenomena of acoustically induced turbulence at very high levels of acoustic
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intensities and also the effects of acoustically induced shock waves. Dr.
Shaw claims that at levels above 160 dB, much enhanced agglomeration
occurs for further small increases in sound intensity and that agglomeration
rates become largely independent of frequency permitting the use of lower
frequencies, i.e. = 800 Hz, than are needed at lower acoustic levels to
obtain best acoustic agglomeration pefformance. In fact, it is suggested
that with acoustic turbulence, exposure durations of only a second or two, at
é:equencies of = 800 Hz and 161 dB are needed to obtain satisfactory agglo-
meration. Research at Penn State over the last two years under the principal
investigat?rs direction, ha§ not been able Fo identify such high acoustically
generated turbulence levels under similar conditions. This important
subject will be discussed in consiaerable detail in this réport.
On thg other hand, very effective agglomeration of submicron sized particles
of fly ash at flue temperatures was obtained by us with similar acoustic
levels of 155-165 dB but at frequencies in the 2500 Hz range and exposure
times of about 10 seconds. The details of these experimenfs and the
theoretical foundation will be discussed in the several sections of this
report.

~ We must also mention the acoﬁstic agglomeration experiments conducted
by the Braxton Corporation [23] in 1974 which did not give good results.
In fact, essentially no agglomeration was experienced in this rather large
scale facility. These tests which were supported by EPA, were performed at
a frequency of 366 Hz and intensities of 165 dB. Redispersed cupola dust of
about 4 um mean size and fly ash of about 6 um mean size were used as dusts,
The results of our research and Dr. Shaw's work clearly show that for the
type and size of dust used, frequencies of the order of 2500 Hz and 3000 H:
provide optimum agglomeration. Tt is, therefore, not surprising that very

poor results were obtained by the Braxton experiments.
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From these introductory remarks it is apparenf that much work has been
done on both the theoretical and the practical aspects of ac:ousti‘c'a'gglo—~
meration.

The research results to date at Penn State University show conclusively
that acoustic agglomeration of fly ash can be accomplished yet further
research is reqﬁired on sevérél important acoustic and coagufation phenomena
before large scale demonstrations of the techniéal and economic viability

of the process can be accomplished.
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II. PRESENTATION OF RESULTS

2.1 INTRODUCTION

The just completed research grant entitled 'Acoustic Agglomeration of
Power Plant Fly Ash' was a two year and one month program. The program was
administered by_the Morgantown Energy Tgchnology Center,.Morgantown,‘West
Virginia_with Mr.-William_F, Lawson as the Technical Monitor and Mr. Raymon&
Hill the Contract Administrator. The work was performed under Grant No.
DE-AC21-81MC16359.

The knowledgeable support and strong encouragement of the Technical
Monitor, Mr. Lawson, and also the appreciation of the technical significance of
our work by Dr. Jack Halow, Chief, Gas Clean-up Branch, as well as Mr.

Kenneth Markel, Project Manager, Coal Projects are most certainly appreciated.

The work statement for this program is given in Appendix A. This
section of the final report will address the items 0f the work statement in
the given order. The reader will note that we have concentrated our effbrts
in the following areas: 1) Research on acoustically generated turbulence;

2) The design, construction, development and use of the 700°F new agglomerator;
3) The room temperature fragility study and 4) the absorption of acoustic energy
by flue gas constituents at the expected conditions in flue gas clean-up

systems. We believe that we can state without reservation that good and

significant progress has been made.

2.2 ACOQOUSTIC MODELING OF THE AGGLOMERATION PROCESSES. (TASK I)
The work on a theoretical model of acoustic agglomeration, started under
the previous one year contract and was continued under the present research

contract. The development of a refined model was completed and the model
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was Tufi successfully over a wide range of operating conditions* such as
sound inteénsitiés, frequencies, particle sizes and gases. This complete
phase of the work was published as a Master's Thesis in Mechanical Engineering
by Mr. Hsu-Chiang Miao in August of 1981.- In this section we present the’
highlights of the agglomeration model without the mathematical details =~
yet explaining the physical principles upon which ouf theory is based.
After a quite complete review and analysis of the literature, we pro-
ceeded to develop an analytical model from fufidamental physicul principles.
The processes'to'be described result in:
1) Particle oscillation; -
2) Particle drift;
3)  Particle collisions;
4) Particle adhesion.
In deriving the relationships for the particle kinetics we have ‘to develop:
equatiohs for the individual forces acting on the aerosol particles. We
considered the following phenomena:
a) Viscous drag forces (Stokesian forces) due to local verCity
fluctuations and convection flows. These forces are caused by:
A--acousﬁHc velocities,
--hydrodynamic turbulencc due to convection flows,
--turbulcnce caused by high intehSity aconstic field,
--acoustic streaming velocities from the nonlinear acoustic
effects at high intensity levels.
In our model we included acoustic velocities as the primary'stokesian
mechanism. We formulated an acoustically induced turbulent diffusion -
coefficient on the basis of Kolmogorov's theory of local isotropic turbulence [30]

and Z. A. Goldberg's formulation of a maximum value of energy dissipation [31].



The resulting turbulence.scales at the acoustic levels and-frequgncieS'under
consideration in Miao's work are about 3 ordershof-magnitude‘largér than
the particles..

.. Acoustic. streaming was not included in the model and appears- not to
have been significant at the acoustic levels so fat.conside:ed. Yet
futureimodels must_.include this factor as higher.acoustic levels are con-
sidered.

.There is no provision for hydrodynamic turbulence due to convection
flows in the present model. We feel that this factor should also be
included in future models to more realistically represent the expected
turbulent flows in practical agglomeration chambers.

b) Forces due to Brownian motion are included in a Brownian diffu;ion
coefficient which is added to the turbulenp<diffusion_cqgfficient_
previously diséussed.

c) .R;diaiion»Pressure Forces. If a soundwave enqouﬁte:s a body in its .
path of propagation, the wave is scattered as it strikes'the.body.. The
radiation_pfessure is the difference between thé momentum transferred to
the stricken body by the incident wave and thelmomentum of thg wave scaftefed
by the body. .Since the wavelength of the fundamental is much larger
than the size of the particle, these forces'are‘quite small for.t;ave;liqg
waves, .but can become significant for the harmonic components of gon;inear
standing waves with forces directed toward antinodes.

d) Average Viscous Forces. Because of the acou§;ic pressures existing
in the sound field, the density variations will result in not insignificant
temperature fluctuations. Since the viscosity is roughly proportiona1~to

the square root of the temperature, the product of the sinusoidal velocity
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fluctuation times the viscosity variation will not vanish and result in a
net viscous drag force toward the sound source for travelling waves. This
drift velocity is proportional to the average acoustic energy density and
inversely pfoportional to the characferistic acoustic impedance of the gas.
e) Average Oseen Forces. Stoke's viscous drag force expression can
be expanded to the second order in relative gas - particle velocity. using
a Taylor series expansion. This second order term results from the wave
shape distortion associated with the large acoustic amplitudes in travelling
waves. The coefficient associated with the second order term
was derived by Oseen and results in a drift velocity term which is pro-
portional to the mean acoustic energy density, the relative magnitude of
the second harmonic, the size of the éhase angle between fundamental and
second harmonic, the size of the parficle and inversely proportional to the
gas viscosity. Depending on the phase angle, the drift may be either toward
or away from the sound source.
f) Hydrodynamic Forces. If we consider two oscillating particles
that are separated by distances of the same order as the particle sizes and
if furthermore, an ideal incompressible fluid flows between them sucﬁ that
the mean and oscillating fluid velocity vector is essentially perpendicular
to the line seperating the particles, an attractive force will result from
the narrowing of the stream and the ensuing increase in local velocity.
The attractive force is proportional to the gas density, the syuare of "Lhe
gas vibratory velocity, the velocity amplitudes of each pérticle relative
to the medium, the cube of the size of each particle and inversely proportional
to ‘the fourth power of the distance between the particles. The phase angle
between the direction of the oscillations and the particles centerline also

enters the equation.
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This "Bernoulli' attractive force will become important for particles
in close proximity during the final stage of agglomeration.

g) Hydrodynamically and Acoustically Induced Turbulence. The role
of turbulence in enhancing agglomeration of submicron particles has been
discussed by Mednikov [12], Levich [15] and more recently by Shaw [20-22]
and his researchers. Turbulence is described by its intensity which is the
root mean square of the velocity fluctuation and the. '"scale'" in time and
space. Only if the turbulence is sufficiently intense and of sufficiently
small space and time scales relative to the other causes of particle motion
discussed earlier can we expect it to be a significant factor in the
collision processes. On the basis of Kolmogorov's [30] theory of local
isotropic turbulence and Z. A. Goldberg's [31] development of the turbulent

diffusion coefficient for sound intensities of 150 dB in the 1 KHz range

we calculate a turbulence space scale of about 100 um and local velocities.

which are much smaller than the acoustic velocities at the high intensities

considered. We shall discuss this very important topic in Section 2.3 in
detail showing that acoustically generéted turbulence does not appear to be
a significant factor except for acoustic streaming effects.

From the previous discussion it is clear that a complete model of the
agglomeration processes will be very complex. Fo;lowing the work of
Mednikov and Levich we have constructed a model which incorporates two
mechanisms: the diffusional mechanism which recognizes the coming together
of particles from purely random relative motions and the orthokinetic
mechanism which results in collisions from the different translationgl
or drift velocities between particles of different sizes. In this sense
since relatively large particles are much less affected by the acoustic
phenomena than small particles, we can visualize the process as having the

large particles sweep out regions where small particles oscillate.
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The relationships for diffusional and orthokinetic activities are
of necessity very complex and will not be given here. The numerical
procedure is formulated to include mass conservation and considerations for
the increasing porosity of the agglomerates based on the assumption of
partiﬁle sphericity. Also it was assumed that all collisions result in
adhesion.

The model was only exercised for sound pressure levels up to 140 dB
which is a relatively modest level in terms of the impact of nonlinear
acoustic effects such as acoustically generated wave steepening and shocks
as well as acoustically generated turbulence and acoustic streaming. The
résu}ts are quite encouraging in that good agreement is shown between pre-
dicted agglomeration and test results from our old test facility using the
siren sound source. Figure 5 is typical of the results showing significant
size increases and agreeing quitQ well with earlier results by Vulk (13 § 14].
of ihportance is the fact that we again find an optimum frequenqy of
about 3000 Hz for the fly ash dust with a log normal size distribution; that
increasing sound pressure levels should give markéd increases in agglomeration;
that -increased particle density and increased particle sizes will result in
lower optimum frequencies.

- The spacial characteristics of the sound field resulting from standing
wave phenomena in rectangular and circular crossection agglomerator ducts
wiil.be discussed in the next section of this report. We now believe that
because of the relatively .large spatial scale of such standing waves
relative to the agglomeration scales, we can estimate the effect of standing
waves by dividing the chambers into finite sized rectangular parallelepipeds

or annular segments. Each segment is treated as a small agglomerator with
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time exposure determined by the respective size and convection velocity.
Sound pressure levels for each volume will be approximated by the average
value for the particular location and extent. Sincé the wave length of
the sound wave is given by the ratio of the speed of sound to the
frequency, we find for 700°F gas at 2000 Hz a waveylength of 10.0 inches.
We have at last partially accounted for the nonlinear effects by including
wave distortion in the form of the second harmonic térm into the model

for the forces onAthe pafticle. Much still remains to be done to arrive at
a fully satisfactory modél for the high acoustic levels which are clearly
necessary for satisfactory agglomerator performance.

The theoretical and experimental investigation into the potential of
using the parametric acoustic effect to generate both sonic and ultrasonie
acoustic energy show that indeed the nonlinear interaction of-two ultra-
sonic acoustic sources operating at a trequency difference in ihe desired
sonic frequency range does provide high levels of sonic frequency energy -
as a result of the ‘high degree of energy exchange. We realize, however,
that the high absorption of acoustic‘energy By the gases at the témperatures and
frequencies does not maké the concept economically viable. OQur recent
studies onrthe topics of acoustic energy absorption of gases have led to
this conclusion. The important preliminary work on this topic is reported
-elsewhere.in this report. |

We must note that we did not continue the development of the agglo-
meration ‘model beyond the work of Miao which was completed in June of 1981
because of theAmuch increased interest expressed by the sponsor in the
topics of particle fr#gility and the very important question of the signifi-

cance of acoustically generated turbulence on the agglomeration process.
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2.3 BASIC ACOUSTIC INVESTIGATIONS

2.3.1 INTRODUCTION TO ACOUSTIC TURBULENCE STUDIES

Our mdjor emphasis in th1s task was to study theoretically and experl-

mentally the acoustic and hydrodynamxc velocity field in two model chambers
at high sound intensities and at frequencies which we expected to encounter
in acoustic agglomerators. The motivation was to study further the very
important findings reoorted by Dr; David Shaw and his group of researchers
at The State University of‘New York at Buffalo, New York. There is no
question that if indeed acoustically generated turbulence of significanf
turbulence intensity and sufficiently small scale existe inla high intensiiy
acoustic field the acoustic agglomeratlon rates can be much enhanced
Mednikov [12] and Levich [15] have shown that both turbulent dlffu51onal and
turbulent inertial effects if significant compared to the effects of acoustic
velocities will result in the domlnance of the turbulence generated
kinetic effects. Turbulence of the klnd dlscussed here is a spectrally
random phenomenon meanlng that much enhanced agglomeratlon can be obtalned
at lower trequenc1es than the hitherto con51dered dlffu51onal orthoklnetlc
and other effects due to acoustic velocities which peak at frequencies of
200U to 3U00 Hz for typical fly ash aerosols. This aspect is very 1mportanf'

as absorptlon of the acoustic energy by the gases increase typ1ca11y as the
frequency squared as a result of molecular relaxation phenomenon Thus,
lower acoustic powers would be needed if the frequenc1es could be in the 800‘
Hertz range rather than 2000 Hz whlch in turn, would decrease the energy |
costs of the agglomerator. Furthermore, the much reduced exposure times
needed will result in smaller agglomeration volumes reducing the power.

demands even further. The importance of establishing the existence of



"Acoustic - Hydrodynamic Turbuience - Turbulence Interacti&n" as.;erméd Sy
Shaw, is an aspect of-paramount importgpce to our understanding of agglo-.
meration processes and the design éf agglomerato;s.‘. - |
The process whereby particles collide in a velocity field is.primariiy
a diffﬁsion process des;ribed by the diffusion differential équatioﬁ whi;h
contains the all importaﬁt diffusion cpeffic;ent D. The portion resulting
froq turbulence, the turbulent diffusion coefficient Dturb is givepAbx [12];
e 1/2 | |
Dyyrp = 025 =1 &°
o ... 8 ' ‘
on the basis of dimeqsional analysis considerations whefe £ is ;h§ en§rgy
dissipation from gnf and all'spurcesAot turbulence. For acuustlu ve19c1tx
sources it is given.b}: —
V- R
e
(Pgly) G

£ is a constant depending on gas properties;
I is the sound intensity;

p_ is the gas density;
C_ is the speed of sound ‘in the gas;
f is the sound _freque‘ncy;
v_ is the gas kinematic viscosity;
9. 'is the effective collision radius.
The felationship holds for 2% < 10 where QO is the turbulence @ic:ogcalc._
It is apparent that the'higher the energy dissipatipn.due to turbulencé,
.the higher will be ‘the agglomeration rate. | | '
Arsoicontained in the acpustic.in;ensity term is, of. course, the r.m.s.
‘acoustic velocity u which. in terms of the acoustic intensity is given by:

(fbr plane waves)
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We note that the above relationships do not consider acoustic turbulence -

hydrodynamic turbulence interaction effects in a catalytic sense as noted

by Shaw in acoustic agglomeration and to a lesser degree by Morris in

acoustically excited small jets [32]. Our intensive research into the

nature and magnitude of acoustically generated turbulence in the presence

of acoustic streaming caused steady convection velocities showed rather

conclusively that acoustically generated turbulence in such a velocity

field at acoustic levels up to 165 dB is not a significant factor in acoustic

agglomeration. Our approach and results are discussed next.

2.3.2 EXPERIMENTAL FACILITY

The experiments were performed in a rectangular chamber with dimensions
of 0.3 x 0.6 x 0.025 meters. The chamber sides were made of 1/2" thick
steel plates with 1/4" glass plates at the top and bottom for easy location
of measurement positions and for future research using optical methods.
Since the lowest frequency in the 0.025 meter direction is about 6900 Hz
the chamber can be treated as a two-dimensional chamber with a lowest mode
cut-off frequency of 290 Hz. All the experiments were done in the range
of 1000 - 3500 Hz so that higher order modes would be excited resulting in
standing wave patterns throughout the chamber. As seen in Figure 6, the
two JBL series M2470 sound drivers were mounted at opposing locations at
one end of the chamber., Six additional small openings were provided for
acoustic and velocity probes. When not in use, the openings were closed
by flush mounted plugs to prevent leakage and maintain identical boundary

conditions from run to run.



Pressure Transducer

Hot Wire Probe

Figure 6. Experimental Chamber to Study
Acousticully Generated Turbulence
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As can be expected certain predictable modes were strongly excited
resulting in very high sound pressure levels at the nodes. The highest
aéoustic pressures existed at the 4 corners of the chamber. As a result
of the standing waves the sound pressure ievels varied sinusoidally along
the wave paths for the higher order modes. It was possible to excite
some plane wave conditions with the resulting wave steepening at certain
frequéﬁcies;

The resonant frequencies for the chamber are given by:

C n, n 1/2
£=52 (D @D

n
X

where n, and ny are modal integers. The sound pressure in the chamber's

standing wave field is then given by:

m™_X My e L
= A cOs X cos
pn ’n 2 £
Xy , e

where A 1s.the wave ampliﬁude Wthh 1s determlned by the acoustlc power

developed by the drivers and thc absorptlon of the walls and the axr; X

and y are the distances from the origin at the center of the chamber.

Typcial sound fields are illustrated in Figure 7 showing nodes and léops.
We observe, and this is very important, that” higher order modes are

dispersive meaning that they will not exhibit wave steepening in either

progressive or standing waves as will be shown in wave form figures.

Earlier research at Penn State has demonstrated this fact for, particularly,

circular ducts excited at very high acoustic intensities,



Figure 7.

Mooen2,1,0)

Sound Pressure Contour Plots in a Rectangular Chamber For
Some Simple Acoustic Modes, Modes Are Specified as

(nx, ny, nz).
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As a result of these high acoustic levels in the chamber and the
opposing location of the acoustic drivers, a nonlinear phenomenon‘called
acoustic streaming was present. AThis second order effect resulted in a
steady velocity circulation in the chamber with magnitudes which assured
turbulent flow circulation. The acoustic streaming velocities represented
a steady velocity component which changed from one mode to the next upon
which was superposed the local acoustic velocity and the acoustic turbulence
velocity. Both the latter velocities have zero mean components.

A Spectral Dynamics Model SD 104-5 sweep oscillatér was used to
produce the pure’tone electrical signal and a Biamp Model 2500 power
amplifier provided the input to the sound drivers. High pass filters were"
used to eliminate any 60 Hz line c;used s;gnals.

The sound pressure signals were measured by a Celesco Model LD-25 and
a Massa Model M-213 microphones. The vibration isolated Celesco pickup
was usgd for wall pressure fluctuations and the Massa unit Qas used as 5
movable probe to measure acoustic pressure distribution patterns inside the chamber.
Both microphones were calibrated with a B § K Model 4220 piston phone.
Preamplifiers were used before the signal was senf to B § K Model 2604 micro-
phone amplifiers and sound level meters.

The fluid velocity was measured with 5 micron Tungsten hot wire
anemometers. The hot wire.anemometer was mounted on a 1/8'" stainless steel
probe tube to permit traversing the chamber. Both probes were isolated from
the steel side plates by soft plastic tube sleccves to prevent solid born
transmission to the probes. The DISA Model 55 DOl constant temperature
anemometer and DISA Model 55 D10 linearizer were used to process the hot
wire signal. Frequgncy response of the system was up to 100 KHz., The

hot wire anemometers were carefully calibrated before and after each run
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using a TSI Model 1125 calibrator. The hot wi?e signals.céuld be further
filtered by Ithaca Model 450 P11 band pass filters.

The microphone and hot wire signals were §nalyzed with a Nicolet
Scientific Model 660 A Dual Channel FFT analyzef:to obtain in§tant spectra,
r.m.s. spectra, power spectra, autocorrelation, cross correlation, coherence
amplitude, probability density etc. Thebsignal was also displayed on a
Nicolet Scientific Model 206 digital oscilloscope. The sigpals were’
-stored for further computer analysis on floppy disks either on the FFT
analyzer or the digital scope. A photograph of the sfstem is shown in
Figure 6 and a shematic diagram is shown in Figufe é{

The velocity signal was the sum‘of three vélocities: the essentiglly ]
steady acoustic streaming velocity, the acoustic velocity occurring at the
excitation frequency and its harmonics and the rather (although not completely
so) random turbulent velocity caused by the acoustic streaming. We
considered the streaming velocity a d.c. component which was easily
separated by high pass filtering. The acoustic velocities were separated
by using digital notch filtering at the fundamental and the harmonic
frequencies. An example of this process is shown in Figure 9. In Figure
10, we show turbulent and non turbulent spectra of the vélbcity signal
taken at the same frequency of excitation but at different locations
in the chamber. The random signal in the "non turbulené” spectrum is the

noise threshold of the instrumentation.

2.3.3 CALCULATION OF TURBULENT PARAMETERS
Levich [15], and Staffman and Turner [33]; have related turbulent
parameters to the rate of agglomeration. The experiments confirming the results

were done in the absence of sound and it is expected that the results would
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Figure 8. Schematic Diagram of the Experimental
Arrangement for the Rectangular Chamber
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hold also for the situation where the turbulence is generated by sound.
Since the derivation of the equation does not assume the source of turbulence,
this seems to be a reasonable assumption. The equations ;elate the agglo-
meration rate to the turbulence levels by a turbulence pafameter called
the energy dissipation rate. Higher energy dissipation rates give rise
to highér agglomeration rates. Hence, to determine the effect 6f ;urbulence
on the agglomeration rate, the energy dlssipaLiOii rate needs to bé
measured.. |

The energy dissipation rate is a very difficult parameter fo‘measure.
The correét measurement requires triple correlation measurements of
turbulent velocities. To do that at least a double hot wire neédé fo bg
used and very extensive experiments are needed. Even éfter all that tﬁe
results would not.necessarily be very accurate, since quite a few éveraged
values need to be summed and hence, errors propagate fasf. éec#usé of this
reason researchers have shied away from calculating energy dissipation
rate and whatever valueg are available, are given as estimates;.ANevertheless,
estimates of energy dissipation rate can be made if somé assumptions are
taken. The first assumption is that the turbulence is isotropic. This -
assumption is not strictly correct since the sound field, which gives risé
to the turbulence, is non isotropic and hence the turbulence produced can
not be isotropic. However, since the hot wire measuies turbulence in av
very small space, the scalés involved in the measurements are very”small
and the turbuience may be considered to be approximately isotropic. Tﬁe
second assumption is that Taylor's Prozen Turbulence Appfoximation
hplds. This approximation is true if the ratio of turbulent velocities to
the hean velocity is very small. This assumption is justified heré sinceu
the turbulent velocities are at least an order of magnitude iower thén the

mean acoustic streaming velocities.



‘The first step is to calculate the averaged value of the square of the

rate‘of change of the turbulent velocity, that is:

2

u

—_— _ d_u
t .(dt)

where u is the turﬁulent velocity and t is time. The average is to be taken
over a sufficiently large sample length at small time inteivals, so that

a correct value is gbtained. To ensure caiculatidn of a correct value,

the above quantity was calculated by two methods. The first method was

to fit a cubic spliné to the digital values of the turbulent velocity.

This gave a curve which was differéntiated at a large number of points and

u,? was calcuiated by averaging the square of the first derivatives. The

t

second method used the properties of the autocorrelation coefficient. The
autocorrelation coefficient of the digital values was calculated at one and
two time differences. Then a curve was fitted for the autocorrelation

coefficient near the origin (time = 0). The curve was differentiated twice

at the origin and the second derivative related to utz by:

du. > — d?
@@ " -

u? is the averaged value of the square of turbulent velocity, p is

where
the normalized autocorrelation coefficient and Tt is the time difference in
the calculation of the autocorrelation coefficient. The value of u? was
simply calculated by averaging the square of tufbulent velocities.

It was found fhat for the typé of turbulence being investigated, a

sampling time (for velocity) of 5 microseconds was a good compromise to get

the best value of utz. If a slower sampling rate was used, the curve of
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velocity against time was too discontinuous and hence the values caiculatgd
by the two methods were quite different. When a higher sampling rate was
used, the information in lower frequencies, where most of the turbulent
energy was contained was suppressed. This happens because only a finite
number of values can be digitized in a waveform at a time. The Nicolet
digital oscilloscope, which was used to digitize the data, stores 4096 points
in a waveform. It was found that the two values of ;:T, when caiculated o
from the waveform sampled at S microseconds, were within 10% of each other,
which is sufficiently accurate for this type of measurement.

In short, the method of calculation was this: The values of the.
turbulent velocity, from the hot wire, were sampled at the rate of S5 micro-
seconds. For each calculation 8 or 16 such waveforms, of 4096 points each,
were taken one after another, digitized, and stored on floppy disks. The
data from these floppy disks was transferred to the main computer (IBM 370)
of the University. The acoustic velocity levels at various harmonics were"
determined and subtracted from the waveform by digital notch filtering.

The filtered waveform was the turbulent velocity, and for each turbulent
waveform 323 was calculated by the two methods. Then the averaged value
of the quantity was calculated. The spectrum, mean value, mean turbulent
velocity and the value of Tf? for each waveform was compared with the
average value to make sure that conditions in the chamber had not c¢hanged
while the measurements were being made. | |

From Taylor's Frozen Turbulence Approximation:

X . .. .
t = i} where x i3 a characteristic distance

hence

du.2 _ 2 .du.>
@ = VR

where U is the mean velocity which in our case is the streaming velocity.



Assuming isotropic turbulence, the value of energy dissipation rate

€ is given by:

€ =-15 v(92)2 = 15V (Q!Qz where v is the kinematic viscosity
dx U2 dt

Several well known measures of turbulence scale can be calculated from
the following relationships:

Taylor's microscale A:

-2 = . T2

X = u = 15: u = U u‘
4y’ , du?

dx dt

Kolmogorov's length scale n:

3 1/4
= (Y-
n= ()
Kolmogorov's velocity 'scale: v
1/4 .
v = (Vve)

Values for each of the three écales were calculated from the filtered time-

histories of the hot wire signals using the University's computer.

2.3.4 EXPERIMENTAL RESULTS

Test were run at a numbef of frequencies and various pressure levels
up to 170 dB in oné of tﬁelcdrnefs of éhe chamber. In Figure 1lla ﬁhrougﬁ lle
we show a typical set_oflresults taken at 2800 Hz with a level at the corner
of 170 dB, The ﬁlots aré narrow band spectra with a 25 Hz bandwidth of the
hot wire anemometer signal taken at several locations in the chamber to
illustrate the appearance and nafure of acoustically generated turbulence.
The high pressure spectra are taken at pressure loops (a and d) and the loQ

pressure spectra at nodes (b, ¢, and e). It is clear that only Figure lle
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shows an onset of turbulence. From other results we noted that turbulence
was prominent at pressure nodes, but not all pressure nodes. The pressure
loops were non turbulent. We must recognize that a pressure loop corresponds
to a velocity node thus the pressure node spectrums show the- higher velo-
cities.

v o

We must show in Eigure 12 a series of velocity spectra at the same
location in the chamber and of course ;t the same frequéncy of 2262 Hz but .
at increasing sound levels starting with 153 dB at the point at which the
velocity was measured. We note that at 153 dB no thickening of the baée at
the pure tone frequenci'es occured inc;icat,ing that no £urbqlence was generated.
We then increased the power to the dfiveré obtaining levels of 155, 158 and
160 dB. It is clearly evident that for vé:y small “increases’ in acdhstic‘>'
pressure sucb as 3 dB variations we obtained aboﬁt 10 dB increases in tﬁe
"turbulent" component at the pure tone velocities with only the last increase
showing a sigﬁificant risé'inhiheviﬁgbétﬁéeh levels. We‘a1§6 dréw‘affepti;n
to the changes in the spectra iﬁ the Qﬁto 1000 Hz frequency range. We have
established that this portion of the spectrum is.caused by the turbulence
generated by the acoustic streaming.

We belie§e1tﬁa£ fh}gvfathéf;uhé$beé;§dj3p§tprgl charagteristiéxé?“the
velocity is theifgsgl; of honliﬁeaf acqustig'bhénomena whiéh cause the acoustic
streaming and tbé;;ich‘hafménic,cbntéqt of the spectra. The interaction of
the low frequency speﬁtrum of the acoustic streaming velocity with harmonics
causes a phenomenon akin to intermodulation distortion in electric circuits,
known to acousticians as the parametric effect, with the resulting thiékening

and rise of the random signal at the harmonic frequencies.



In Figures 13 through 18 we give a set of acoustic pressure and local
velocity measurements for a point in the_model chamber where the acoustic
pressure was 150 dB and the frequency 1815 Hz.‘ The wave form plots of
pressure and velocity do tell us much about the processes. The velocity.
wave form is reasonably linear‘showing some high frequéncy components and
the frequency doubling due to the hot wire anemometer. The spectrum is
reflecting this character. The spectrum alsé shows some of the parametric
effects. The pressure spectri and wave [furin show much more high frequency
content. | )

Of interest ié the observation that even at the highéSt levels of
excitation (170 dB) these very iow levels of turbulence were found to be

present over less than 20% of the area.

2.3.5 DISCUSSION OF RESULTS- OF ACOUSTIC TUﬁBULENCE STUDIES

It was found that the flow did become turbuiént when the écouétic
pressure levels become very high. The énset of this, strietly spéaking,
not truly random velocity started at local acoustic levels of about 150 dB
yet in some instances not until much higher levels were reached.

The evidence started as a broadening at the ''base'" of the éure tone
elements in the spectrum which then rose and broadened for relativelyf
small increases i sound;pressure level. A typical example of this facet
was given in Figure 12. It is clearly evident from these results that the
average broadband levels are several orders of magnitude below the acoustic
velocity levels at the excitation frequency and its harmonic.

Table 3 summarizes the results using only the examples of highest
energy dissipation rates for the turbulent velocity component. The last

column of the table gives the most impoftant and conclusive result. The

|
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TABLE 3

EXPERIMENTAL CONDITICNS IN RECTANGULAR CHAMBEF ANL TURBULENT PARAMETERS FOR POSITIONS WHERE
THE HICHEST VALUES OF ENERGY DISSIPATLON RATE WERZ CALCULATED

REQUENCY ACOUSTIC PRESSURE MEAN VELOCITY r RMS TURBULENT ENERGY DISSI1PATION l%%) TAYLOR'S ] XOLMOGOROV'S SCALES RATIO OF TURBULENT ENERGY]
Hz dB als H VELOCITY RATE (1) NIZROSCALE TO ACOUSTIC ENERGY
s/s n?/s? a?/s? () -
Measurement Corner Of o Velocity (v) Length
Position Chumber n/s n
1815 161 170 S.7¢ 0.127 50.3 £.54x10° 3.59x:07" 0.344 3.79x10" 1.54x10°°
2050 159 107 4.30 0- 088 35.1 2.93x10" 2.20x:07° . 0.151 9.85x10" Y 1.03x1073
2202 155 167 3.82 o100 29.6 1.88x10° i.89x:07" 0.141 1.07x10-" 1.06x10°?
2800 153 167 4.717 f o109 © 87,0 3.88x1G® 2.26x107" 0.:69 8.83x10" " 3.53x107?
; '
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ratio of turbulent energy to acoustic'énergy was obtained by integrating the
energy narrow band spectral data ovef the frequency band from 500 to 100,000
Hz and taking the ratio of total turbulent energy to total acoustic ehergy
(energy in the excitation frequency and harmonics Bands). It is quite
clear that the turbulent component is 3 orders of magnitude lower than the
acoustic component. We also note that thé r.m.s. turbulent velocity
is better than an order of magnitude less than the mean velocity due to
acoustic streaming. The indication is that we have fully turbulent steady
flows over most of the chamber as a result ofv;he acoustic streaming. The
steady velocities are quite comparable-to the convection velocities we
expect to see in an agglomerator.

It is only in the lasﬁ few weeks that we have obtained a satisfying

understanding of the cause of the thickening of the base of the pure tone

components of the velocity spectra and the general rising of the broad band -

levels as shown in, for example, Figure 12. The phenomenon ;s the result

of an intermodulation distortion due to the simultaneous presence of a

low frequency turbulence from acoustic streaming and the pure tone components
and harmonics. We haye actually simulated the process electronically with

quite conclusive results.

2.3.6 CONCLUSIONS

The acoustically generated turbulence in disperse acoustic fields
alfhough observed was on the order of 3 order of magnitude less than
the acoustic velocity generated energy even at the highest acoustic levels
of about 170 dB at the corners of the chamber. Such acoustic levels do
not appear to be practical for use in agglomerators because of the require-

ment for immense energy to provide the acoustic power to fill the large



54

agglomeration chambers. Also for clean-ﬁp of power plant flues the agglo-
meration chamber sizes will be so large that the acoustic field will alwéys
be dispersive. For dispersive acoustic.fields we will not experience a
sigﬁificant fraction of plane wave energy so that the wave steepening and
acoustic shocks will be essentially non existent.

We must conclude, therefore, on the basis of this study that acoustically
generated turbulence is not a significant mechanism -in the agglomeration

process for the conditions expected in coal fired power plants.
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2.4 ROOM TEMPERATURE FRAGILITY STUDIES (TASK III)

The scanning electron microscope photo-micrographs of the agglo- -
merates as captured by an electro-static precipitator type device showed
very lacy, fragile looking agglomerates in our €arlier studies. These
observations gave rise .to questions by EPRI and DOE personnel about the
ability of the agglomerated particles to withstand the rigors of flow
through, particularly, cyclones without breaking up into much smaller
particles, thereby undoing the acoustic agglomerators work.

We were, therefore, asked to develop a method to establish ‘the robust-
ness of the agglomerates and relate such a méasure to the conditions existing
in cyclones. We investigated many possible methods such as subjecting the
particles to known fluid shear forces or impacting the particles at known
velocities on flat plates or actually flowing the agglomerated aerosols
through simple cyclones. In each case the before and after exposure measure-
ment appeared to present formidable if not impossible difficulties.

Since we were using Anderson Mark III impactors for particle size
distribution determination in our research, we decided to investigate the
shear forces that particles would be subjected to in these inertial
separation devices. In fact, there is a certain similarity between the
inertial separation principles in impactors and cyclones. If we could
establish that the velocity gradients and resulting shear forces on the
particles in the impactor were of the same order of magnitude or larger than
* the shear forces in cyclones, we would be able to prove that the agglomerates
would be able to withstand the rigors the agglomerates are subjected to in

typical cyclones.
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A literature search and subsequent analysis of the kinétics of the
Anderson Mark. III impactor flows and the flqws in cyclones was undertaken.
The results are reported in our report entitled: '"Fragility of Acoustically
Agglomerated Submicron Fly Ash Particles' authored by Wallace George and
submitted as CAES/NCL Report No. 655-82 dated August 28, 1982 [34].

‘The results show clearly that the representative shear forces
agglomerates are subjected to are considerably larger in impactors than
in cyclones. Thus, for example, the particles iu stage zcro of the
impactor with a "cu;-off" diameter uf 7.23 um arc subjected ta shear stresses of
6.7 N/m? whereas the shear stresses on equivalent size particles in
typical cyclones are of the order of 2 N/mz. For smaller particies the
relative velocity in cyclones decrease whereas the impaction velocities .
and velocity gradients in impactor increase markedly.

. Since we have used the impactor to establish agglomerator performauce
the agglomerates that survive impaction in the impactor can be expected
not to be broken up in cyclunes. In fact, we believe that vur agglomcrator
performance measures are rather conservative.

As a further means to provide us with a ''feel' for the nature of the
agglomerates and sume indication of the bonds we studied a large number
of photomicrographs of the sound agglomerated particles and the non
sound exposed particles from the scven stages of the Anderson Mark III
impactor. The results were indeed revealing. For the samples which came
from runs without sound, we observed jagged rock-like type of single
particulates with very little bridging. On the other hand, we observed
very complex particles made up of many clearly '"stuck-together'" tiny particles

from the aerosols which had been exposed to sound at 130 dB at 3000 Hz.
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In several cases we were able to identify bonds between particleé. SuchA:i
agglomerates were clearly identifyable down to the stage 5 (1.1 um)
photomicrographs.

As a result of these studies, we believe that the agglomerates are
quite robust and should be able to survive the rigors of travel through
cyclones. We are, at the time of this writing; combleting the high tempera-
ture tests up to-700°F and will report on thesé results later. Based .
on ear}ier studies by us and others, we do expect to see a deleterious .
effect as a result of the increased temperature as van der Waal's forces .
of attraction are inversely proportional to absolute temperature and increased
viscosity will increase drag forces on the particles. The issue is, -by

no means resolved and further study is necessary.




2.5. MODERATE TEMPERATURE.AGGLOMERATION TESTS (TASK IV)
2.5.1 MINTRODﬁCTION:.~

The agglomeration facility.designed, develbped and used.by“br. Michael
Volk [14] in 1973 permitted tests at room,temper;ture and acoustic sound
pressure-levels up to 120 dB. The acoustic frequencies ranged from 1000 Hz }
to 6000‘Hz. | | |

Hnwever, the temperatures existing in typical céal fired bdwer~plant
flues range from 700°F withoul air prehcaters down to‘ahout 300°F if aar
preheaters arelinsialled. Although substantial. agglomeration was reported
by Volk for the typical fly ash and other aerosols, the exposure times of
40 seconds are unrealistically long. Volk's results éhOW,'ab was to bo
expected, a sharp drop-off in agglomeration to the more realistic exposurc
times.of-lo‘to 20 seconds. We, therefore, decided to design and build a
new acoustic agglomeration facility to provide for higher acoustic
intensities and aerosol temperatures up to 700°F for further exploration of
the acoustic agglomer&tion processes. 8ince we learned many uséful Lésson;
from. the experience with our first agglomerator, the new facility should
incorporate several important new features such;a; an.improved aerosol'
genefa;ion system, a better sampling system based Qn,impactor technology
rathef than maﬁual countiug and sizing of partic]es from ‘many transmissioh
microscope photomicrographs, an improved siren and much higher power Sound.
source and ‘a modern data acquisition, pfoceésing and display system. |

The specifications for the system were as follows: |

Sound PréSsure Levels: - 130 - 160 dB -

Sound Frequencjés: 1000 - 4bOOsz

Aerosol Flow Rates: 0.1 - 1 ft/sec. -

Aerosol Loading: 2 gr/m® - 20 gr/maA'

Agglomeration Section: 8" ID x .8' Long
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Temperature: Controllable to 700°F
Sound Source: Electric Motor Driven Siren Produc1ng up to 600 ACOUSth

Watts. ) oo :

2.5.2 DESCRlPTION.OF_AGGLOMERATOR DESIGN

A detailed description of the new P.S.U. 700°F aéglomerator]facility
is given in keference [36]'which is published both as'a Penn State Universlty
Master of Sc1ence in Mechan1ca1 Englneerlng Thesis by Peter An Lu, November ’
1982 and as a report to D.O.E. |

The descrxptlon presented here 1ncorporates several 1mprovements wh1ch
have been 1ncorporated as a result of our experlence w1th the system .
cover1ng about 500 hours of testlng We can say without reservation that
the system has been functlonlng rellably and predlctably w1th only the
usual developmental problems. All the original performance spec1f1cat10ns
have been met or exceeded (CAES Report #649- 82) -

The agglomerator is shown in the part1a1 sectlonal view 1n Flgure 19.and
the system is shown in Figure 20 Startlng from the left we have the 600
acoustic watt siren deszgned by Dr. G Reethof and Mr. S .'I. Shane ['57 '58]
Compressed air is prOV1ded by a Roots type blower. Pressure to the siren is
controlled by means of a bypass valve Because of its importance,.the sirenl
de51gn w111 be dlscussed in more deta1l later. We note that the siren 15‘ :
acoustlcally coupled to the 8 1nch 1nternal d1ameter agglomerator chamber by |
an exponent1a1 area 1ncrease.acoust1c coupler. The coupllng starts at the 40
circular holes.in the siren stator expanding to an annulus through\the“415; long
hard wood flanged section continuing through.the exponential wooden conical
section to the full 8" opening. The 9.25" long tubular section has l6-; 0.5"

diameter exhaust holes for the siren air. The acoustically transparent

barrier prevents the cold siren air from flowing into the heater section.
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The sheet of felted, woven and sintered stainless steel has a flow resis-
tance of 110 MKS rayls giving an acoustic transmission loss of only 4 dB.
By automatically controlling the pressure drop across the barrier to about
1 inch of water, we are able to minimize cold siren air flow into the
agglomeration chamber. Control is obtained by an automatically controiled
damper valve in the final exhaust section of the system. We sense the
‘pressure drop by means of a Valedyne differentiai pressure sensbr which

in turn, through appropriate electronics, controls the stepping motor

- activated damper valve. A sluice type ga;e;vélve is installed as noted

to prevent hot air backflow during the many hours of heater-only time to
reach the desired system temperature.

The 7.25 inch jacketed, water cooled section prevents heat conduction
to the siren system thus protecting the wooden horn and siren from over-
temperature. The heater section consists of a 14" schedule 40 pipe wilh
150 1b flanges welded to each end. Six Chromolox Model KSEF- Koilfin
electric heating elements generate 18.6 KW of heating powcr which is trans-
ferred to the airflow by\convection. Power to the heaters was obtained
‘from the solid state Silicon Controlled Rectifier (SCR) Chromolox Model 4231
.poyer source and control system. The on-oft.cbntrOL includes oVertemperaLure
sensors mounted on the heating coil fins and an operating temperature
thermocouple sensor mounted in the agglomeration section. The system can
: se cycled at 3 Hz holding the temperature within just a few deygrees. Air

velocity over the heaters is 10 ft/sec. to maintain proper heating element
',temperaturés. System schematic diagram Figure 20 shows the Roots type

blower with bypass flow control and orifice meter flow sensor providing:
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the heating air to the system. Only about 10% to 20% of the heated air
actually enters the agglomerator through 24 - 1/8" diameter angled holes.
An adjustable sleeve valve controls the exposure of these holes. The
excess hot air is then passed through the bypass controi valve (shown in
Figure 20) into the aerosol distribution section to heat the aerosol to
the gas temperature. Finally the hot air is exhausted to the out of doors.
We note on Figure 19 that the finned heating elements are tightly enclosed
on their inner and outer surfaces to assure maximum heat transfer to the
air. The flow rate through the heater is about 63 cfm. The aerosol
concentrate distribution system is attached to the heater flange as shown
in Figure 19. Four equai length copper tubes from the aerosol manifold

are connected to the four 90° spaced holes.on the 8'" diameter tube.

The aerosol‘generator is shown schematically in Figure 21. Carrier
air, introduced from the main air supply, is cleaned by passing through
three separate filters, each serving a particular purpose. A condensate
filter removes oil and moisture from the air stream. Next is a primary
filter which removes larye sulid impurities such as rust, scale, and dirt.
The third filter removes submigron particles, ensuring a clean, uncontaminated
air supply.

The aspirator shown in the figure is a simple plated standard aspirator
of the type used in laboratories to obtain a vacuum source from a water
supply. It is modified by removing the original vacuum line attachment and
is connected to a cylindrical glass tube as the reservoir for the dust. A
pulse of air traveling through the aspirator creates a short time duration
low pressure which causes a controlled amount of dust from the reservoir to be

sucked down the pipe line and into the agglomeration chamber. The pulsed
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air is produced by passing the compressed air through a solenoid valve.
The pulsed air then passes through heaters. Therefore, the temperature
inside the agglomeration chamber will not drop when the pulsed air goes into
the chamber. The time that the air is permitted to flow through the aspirator
(pulse time) and the pulse frequency are controlled by a Pulse/Lapse Timer
connected to the solenoid valve.

Agglomeration takes place in the 8 foot long 8" schedule 40 pipe. A
1/2" gooseneck sampling probe is located in the end of the section. Iso-
kinetic samples were drawn by the RAC Staksampler into an Anderson Mark III
particle-sizing stack impactor shown in Figure 22 which is designed for use
up to 1500°F. The impactor consists of a series of plates with a number
of holes arranged as shown in Figure 23. The holes are displaced on
successive plates so that a gas stream, after going through the holes in a
plate, impacts a surface and must make a sharp turn to enter the holes in the
next plate. The impactor operates on the theory that at each stage
smaller particles flow with the air stream during the sharp turn; larger
particles, due to their greater inertia, will go straight and deposit on to
the plate. As shown in Figure 23 each plate has holes smaller than those
in the previous plate and, therefore, the velocity increases at each stage,
depositing particles of given size ranges at each level. A final filter
collects any particles which remain after the last plate. A glass fiber
substrate with properly located cutouts is placed on each stage as the
collection medium. Each substrate is weighed before and after exposure to
determine the mass of particles of each size collected; and it is dehydrated
before weighing to eliminate the factor of the weight of moisture. The
range of particle diameters that will collect on a plate at each stage is

determined by the aerosol flow rate through the impactor.
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The impactors are preheated in a small furnace to the temperature of the
aerosol being tested.

Because of the large mass of steel that has to be heated to the desired
operating temperature, a heating period of as long as four hours is
required to reach 700°F. Once reached, the system temperature is quite stable
providing a rather small temperature gradient in the 8 foot agglomerator
of about 30°F. During this long heating period the sluice gate valve is
shut tightly preventing backflow of hot air into the upstream siren system.
The water jacketed cooling section prevents conduction heating of the
upstream system which is housed on acoustically treated wooden enclosure.
The enclosure was designed to assure acceptable levels in the work area,

The siren air is exhausted through an acoustically lined long duct into the
work space again to assure acceptable sound levels. The sound level in the
work space reaches a value of about 105 dBA with 168 dB in the agglomerator
necessitating the wearing of high quality muff type ear protectors by the
operating personnel.

The piping from the upstream heater flange to the end of the 8 foot
agglomerator tube is covered completely with 2 inch thick thermal insulation
(calcium silicate or Epytherm) and aluminum sheeting to reduce heat loss,
increase acoustic transmission loss and reduce temperature gradients in the
test section.

The acoustic pressure sensors were attached to small water jacketed
coolers which were screwed into the hot agglomeration chamber pipe wall to
provide protection from the high temperatures.

In order to prevent overtemperature of the siren from a combination of
internal heating by the high powerful electric motor and the very hot air

from the Roots blower, we installed a one foot long water cuvled coil of



Figure 24.

View of

700°F Agglomerator

Figure:25.

View of Computer Controlled Area
For P.S.U. 700°F Agglomerator

68



69

copper wire into the 3" PVC pipe from blower to the siren to cool the air

to the siren. Figures 24 and 25 are photographs of the facility.

2.5.3 THE SIREN

Because of the importance of the sound éource in terms of its overall
efficiency, reliability and cost, we shall describe the siren design in
somewhat greater detail. Before deciding on the siren as a very promising
sound source, we investigated several other potential high acoustic sound
pressure sources. Hartmann Whistles (generators) provide efficiencies of
about 5%. Air powered, electrically driven osciilating sleeve valve type
drivers are on the markei with acoustic outputs in the 2 KW to 40 KW range.
Their efficiencies are in the 8% to 10% range. These latter sound sources
can provide the broad band sound required in the acoustic fatigue test
installations for which they were designed. Generally, they are not
designed for long life applications. These sources work at considerably
lower-freqﬁenciés than needed for acoustic agglomeration. Another well
knownlhigh power source is the St. Clair generator which 1s basicually a
resonant gylinder vibrating in an axial mode. Kilowatt range powers in
the 1 to lS_KHz range have been produced with overall efficiencies in Lhe
vicinity of 6%. Sirens have been shown to be the only sound source which
propises to provide the high overall efficiencies required for economically
viable acoustic agglomerators in power plant applications. Also, properly
designed sirens offer the promise of the rquired long life, high reliability,
low operating costé and relatively low initial cost compared to other systems.

Almost all commercial sirens are used for fire and air raid warning
systems. They have frequencies in the 250-500 Hz range and produce acoustic

powers in the 1UU-1000 watt range.
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The most definitive early work on the design of high power sirens was
done at Bell Telephone Laboratories‘by Jones [39] under Defense Department
auspices during the second world war and published in 1946. The siren
produced 37,000 watts at a frequency of about 500 Hz and an acoustic
efficiency of about 70%. The siren, output exponential horn and comﬁresséd
air source are represented as lumped parameter electric circuits. Stator
and rotor port shapes are related to acoustic éfficiency and design
criteria for optimum efficiency are established. Allen and Rudnick [40],
used much of the theory of Jones to develop a siren with outputs up to 2000
watts of acoustic power at frequencies in the 50 to 2,000 Hi range and
acoustic efficiencies of about 35 to 45%. Several of the features 6f this
successful work were incorporated into our design.' CqmmerCial high power
sirens for acoustic agglomeration applications were developed by bltrasonic
Corporation in the 1950's [41]. A siren with several independently driven
rotors was developed by the Air Force to produce broad band sound for
sonic fatigue testing of aircratt and missile structures [42] in 1962,
but efficiencies were very low.

Mednikov [12], in a chapter in his text on acoustic agglomeration in
1965, pulls together the work of the aboVe authors. Some very interesting
work was published recently by researchers in Poland relating to the effect
of port shape on siren efficiency [43]. Similar to Jones, they found that
rectangular shaped ports, which produce much shorter opening and.closing
times than round ports, provided higher efficiencies although Puch's
efficiencies were very low. In 1978, Puch [44], published a fOur‘terminai
electric network analogy of the siren with encouraging agreemeht with

experiment as long as plane wave conditions existed.
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The literature on siren design and experience applicable to acoustic
agglomerafion gives a very encouraging picture:

1) Thé‘la:ge acousfic'powers needed can be produced.

2) Over311 efficiencies in excess of 50% are achievable with good
aerodynamic and acoustic design.

.3) fhe siren is primarily a pure tone with higher harmonics-type
sound sourée.

The siren was to be used askthe sound source in our acoustic aggldmera-
tion research facility. Although we were not léoking for highest efficiencies
at the expense of high complexity, we were hoping to learn from this
experience how to predict siren performance; to verify scaling laws, and
to obtain gxperience'fdr the design of more efficient sirens,

Power: 600 acoustic watts, maximum.

Frequency: Controllable from 1000 to 4000 Hz.

Acoustics: Pure tone and warble tones with 2nd harmonic at least
10 dB below fundamental. ’

Pressure Drop: 7Apsi, maximum,
Overall Efficiéncy: In the 25% range.

Physical Features: Small size, reliable service fur 2000 hours,
‘ easy maintenance.

The relatively low overall efficiency of 25% for this research type
siren was accepted first of all, to meet the pure tone requirment for the
agglomeration studies, to perform over a wide frequency band, and to assure
a reliable sound source for our agglomerator obtainable in a short time at
low cost and minimum risk.

The siren h;s to be treated as a system as shown in Figure 26.‘ We
recognize the compressor as a pressure-flow source, the upstream chamber

complex impedance, the time varying flow resistance of the rotor-stator,
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Pressure Source (Compressor)

Complex Impedance of Siren Chamber

Rotor-Stator Time Varying Impedance

" Rotor Leakage Resistance

Stator Port Impedance

Horn Coupler Impedance |,

Agglomerator Resistance

a s

FIGURE 27

Equivalent Circuit uf Siren System
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stator with a lgakage ;hunt, the compleﬁ impedgnce of the acoustic coupler
toA;he“aggIQmeyftor. We shall use the lumped electric analqu first éro-
posed by Jones as shqwn in F§gure 271 | |

The purpose of ;his analysis is to proper;y size the.varioqslcomponents
so that high acoustic poﬁer output can be achieved at the desired frequency and
at a high acoustic efficiency. o 2

Acoustig,éfficiéncy is here defined as the r;tio of sOuﬁd power'
radi#tedvdiVided by the poﬁer of the eompressed air floy.‘ The acoustic

power 1s given Ly the produet of valume velocity, U, into the horn squared

I
times the horn resistance RH. The power to provide the mass airflow at

pressure AP, by isentropic compression assuming small pressure ratios is given by
(i.e. 1.3) the product of volume velocity through the siren opening times the

'pressd&e drop so that the acoustic efficiency is given by:

.
_.wac. Y Ry

An?cif W:- =‘ﬁ;_35
‘;here.po is the average volume veiqcity through the time varying flow
Aieﬁistance of the rotor-stator. |

We can draw two rather important conclusions from this simple rela-
tionship: -

1). The lowerlthe.prgssufe diftference acruss the cutf§ff po:ts'qf
thé siren, the higher. the écoustic efficiency. But, experience has shown
that there appears to be an optimum pressure ratio PC/Po of 0.35 beyound |
which the &issipation of energy by turbulence becomes excessive.

2) Ii comparing average volume velocities through the rotor-stator
‘flow resistance for sinusoidal area variation (to‘obtaiﬂ-a-sinusoidal

output with minimum distortion) and the square wave .case we find that the
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square wave case passes a higher volume velocity. Jones estabiiéhed that
the maximum acoustic efficiency for sine waves (AP = 0) is 50% whereas it
is 100% for square waves. Or realistically, we can expect a two to one
ratio between acoustic efficiencies from square wave relative to sine.wave
- outputs. .o - N o

The impedance relationships for the various circuit elements are as.
follows: -

a) Agglomerat1on chamber re51stance R

R. pc

A SA

where SA is the Cross- sectlonal area of the agglomerat1on chamber, pc is the
characterlstlc 1mpedance of the gas. Also the agglomeration chamber is treated

as an infinitely leng pipe (anechoically termlnated).

b) Stator port and horn impedance as seen at horn,

7 = pc cos(bl + 6) + j(sin bl)
SH S j(sin bl) + cos(bl - ©)

whoere SH is the horn's thitvat area

1 is the length of the horn
1/2 :
be -2- (4k2 - m?)

m is the horn's expansion coefficient
. w

k 1is the wave number = <
. -1
6 1is tan 2b

IB

¢) The impedance as.seen at the throat of the stator port including
the horn and the agglomeration chamber is given by:

Zh S1 ZSH (cos k 1 ) +j Pc sin k1l

C
SA © ’s's)(rs Ig (51nk1)+pccosk1 b - &S

A

where 11 is the length of the stator ports and S1 is the stator ports cross-

sectional area.
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d) We can now combine the equations and determine the
expressions:for the resistance and inductance for the stator-horn combinations.
The lengthy gxpéessions are not given here. One point of interest is that
both RSA anq LSA are functions of f?squency.and have been de;ermined by
means of oug computer for the particular siren design. A b?ief discussion
is given léter;

e) The impedance of the siren chapber was derived considering the
entrance to the rotor (the cha@ber exit port) as a hole radiating into é'
free field which considers the hole to be a vibrating piston. We have
thus, assumed that‘the chémber walls are fully absorptive'so~ghat the chamber
dynamics have no effect on the bulk flow through thé siren.

The impedance for such a hole with 2ka < 1, is:

2
7. - Be (Ua),  ska

) ] ‘ , .
C mal “ 3n L. . . .

where a is the ‘radiu$ of the exit port. "The ‘real and imdgiﬁary'éomponeﬁté
will form the'registance and reactance.

f) The term for the rotor flow resistance must be determined using
actual dimensions of a proposed deéign. The configuration is illustrated
in Figure 26. The change in resistance with rotation will determine the
wave form produced. We have assumed a sine wave. formulation:

Rg = ﬁs + R sin wt
The calculation of flow resistance treats the fluw by a combination of -
empirical flow orifice relations and isentropic recovery in the expanding
stator section.

The analysis was programmed on Penn State University's digital com-

puter to provide at least better qualitative understanding. The results
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are discussed in the section on the méchanicai design where specific
physical quantities are determined for a particular design configurafion
and analytical trials were run. The equivalenf circuit mddéi presented
is an essentially untried model ‘and containérﬁény'simplifying assumptions.
Thus, we shall take recourse to some eﬁpiricisms based on the experience
with similar sirens.

The performénce'Speéificétidh calls for an acoﬁs#ic‘power of 600
watts. We have to determiné the air fléﬁ and pressures needed to prdvidé
this power. ' -

The aéousticlpower developed by a siren is expressed by the following

relationship:
wac =T Qm'Lad Nac

Where T is fhe siren flow coefficient which combines the flow orifice
céefficient and the 1¢akag€ in the spacgtbetﬁeen stator and rotor radially
inward. It is the reduction in the theoretical volume flow rate, Qm* at
sirgn chamber pressurg,-Ps.. Using test data from [40] and correcting for
differences'in_configuration, we estimated I' to be about_b,34.

Lad is ihe adiabat;; wqu term pér gn%t,of mass with w being the

isentropic velocity from the stator ports resulting from a pressure drop

PS/Po
L, = l-p‘ w?
ad 2 "¢
and | Cy-l
2 . e Pe 1 Po. ¥
WG G - G T

where Y is the ratio of specific heats.
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The acoustic efficiency of a siren is a complicated function of the
shape of the rotor teeth and ports, chamber pressurc Pc, the frequency, the
type of horn and various engineering features such as leakage gap and
rotor wobble.

For the case of square wave modulation, which is shown to be the most
efficient system, Jones [39], suggested simplifying the circuit of Figure
27 by letting LC = 0 and RH = 0, thus 4arriving at an idecalized siren efficiency

expression given by:

4. 2v 1/2 - T
n. = @ ’3, LI viy)
4 Pe= P
where y = —Y- (_T—)
(o]

For a suggested optimum pressure drop ratio of 0.35, the value of y for
Y = 1.4 becumes one and the acoustic efficiency becomes 73.2%.

A suggested correction to the above relationship is given by [45]:

4AP

v G5

n = a
ac 1+ 0.5 (ka?2) + 1.68 ma

where a is the width of the port opening in theé stator, m is the exponential
horn's expansion coefficient, and y designates a function.

.For sirens with relatively small stator ports and an exponential horn
with appropriately low cut-off frequency, the last two terms in the
denominator will become small compared to one so that we return to the
earlier relationship.

For the round stator ports, (giving sinusoidal output) and a pressure
drop ratio of 0.3, the acoustic efficiency should be expected to be appro-

ximately nac ~ 0.379.
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We can now calculate the required flow rate. L_, is found to be 33,296

ad
N-m . K 3 AP _
o for the pressure drop ratio of 0.3. Thus Q, =0.14m /sec at p- = 0.3.
4 : c

The air supply source requirements are specified.

The rotor-statér design and the specification for the siren drive power
are done concurrently. = The rotor operating speed is determined by the number
of rotor slots and stator ports to provide the required frequency. kThe number
of rotor slots and stator ports define the rotor diameter which in
turn, defines thé torques rgquired to overcome drag and fluid accelerétion.

The flqw area S1 intg the ;fator ;s g;vgﬁ by the flow reqpirement Qm,

P_ /v ’

G = 5,0 G)
where € gives the fraction of the rotation, the stator ports are cut-off by
the rstor. We shéll use wider slots in the rotor than the diameter of the
stator holes such that € ~ 0.34 following the results of [40]. The area, S1
can thus be calculated.

The rotor was given 40 slots and the stator 40 holes so that we would
obtain 4000 H:z at 6000 r.p.m. The rotor design can be seen in Figure. 28.
The exponential thickness will make the rotor a constant stress design. We
chose stainless steel to minimize‘gxial tooth deflections under pressure so
that we could reduce rotor-stator axial clearance td a minimum. The axial
operating clearance of 0.001" required a true ruﬁning and well balanced
rotor. The axial location is fixed by two preloaded ball bearings which
are located as close to the rotor as possible. The bearing at the other end
is, of course, floating. |

The electric motor was chosen to ovérbome the frictional drag forces

and to provide sufficient torque to permit warbling at up to 4 Hz. The
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drag torque results from skin friction drag and the acceleration of the air
mass as it enters the rotor. In Figure 26 we have identified three rotor
regions 1, 2, and 3 where drag calculations have been performed. .The skin
friction was calculated using an eﬁpirical relationship due to Daily>and
Nece [46], for enclosed rotating disks.. Mosfvof the dragﬁcomes'from the
close spacing (0.001") between stator-rotor at the cut-off ports. The
total drag power was about 30 watts. The'puwer to accelerate the air mass
was 256 watls. Thus, a tntal steady staté.pbwgr of about 300 watts is called
for. | |

We are using a 2 horse power 120 volt Dumore Universal motor which pro-
vides adequate excess torque for an effective warble tone generativn,

The motor is cooled by passing the compressed and céoléd.air fhrough
the field coils and over the armature into the.siren,e In order to obtain
a warble tone, we altérnately turned the motor on and .off at a‘ratg of 4 HZT

2'and the available torquo at

From the mass moment of inertia of 10 lbm-in
a particular speed, we calculated the band width of the warble. For exgmple,
at 4000 Hz center frequency and a warble rate of 4 Hz, we calculated a
band width of 125 Hz. The purpose of the warble iune was to substantially
rcduce tﬁe very large amplitude variatioﬁsiin.the hard walled rectangular
cross-section agglomeration chamber.

The expnnentiél horn was fébricated in three pieces. The throat of
the horn was made of a 4.510 iuch long, 10.5 inches in diameter, piece of
hard maple with 40 holes circumferentially arranged of the exact size and
location of the stator exit peaks shown on Figure 19. The 40 holes were
circumferentially enlarged so asrto smoothiy’merge into a circumferential

annulus. The change in area with axial distance conformed to the horn

equation,
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A hardwood exponential cone was attached to the throat section to form
the inner surface of the horn. The outer surface was made of molded fiber-
glass forming a smooth transition from circular to the rectangular cross-
section of the agglomeration chamber. A photograph of this siren under
test is shown in Figure 29..

The testing was performeo in the renerberant,room‘of The Pennsylvania
State University's Noise Control Laboratory Tne room Qas.calibrated using
standard methods. Acoustic measuremeuts were made with 5 m1crophuues. The
signals from the microphoneyamplificrs'were analyzed w1th,a Nlcoletf
Scientific Model 660 A Fast Eourier Trancform Analyzer (FFT).'TTwenty
frequency domain signalsvwere taken at each microphone position;.;Tne
frequency spectrum of 106 arerages was recorded~on'a»digital piotter. The
wave forms were also analyzed by plac1ng one m1crophone in’ front of ‘the horn
exit. Siren mcchanical performance was mon1tored with an acceierometer
mounted on the siren case. The flow rate into the siren was measured by
means of an A.S.M.E. orifice meter. Electric power to the siren was
mcasured as were the necessary air pressures and temperatures.

The siren met both the acoustic power output and acoustic efficiency
requirements. Figure 30 gives a plot of acoustic power as a function of
air flow for the four frequencies tested. We noted, however, that the out-
put was very frequency dependent which is attributable to the exponential
horn characteristics. The analytical model of the siren system was pro-
grammed on Penn State University's digital computer. The predicted dependency
of acoustic puwer on frequency is given in Figure 31. The wide fluctuations
in output are indeed present. Interesting in this regard, is the computer
solution of the normalized impedance of the horn and stator port combination
as shown in Figure 32. The normalized impedance is found to be largely
resistive, which is to be expected for all frequencies above the horn's cut-

off frequency.



Figure 29.

P.S.U. 600 Acoustic Watt Siren Under
Test in the Reverberant Room
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The normalized inductive portidh is oscillating and decreasiné,toward‘
zero, typical of an exponential horn. The sharp predicted output drops at
2500, 3000, 3500 and 4000 Hz, occqf whenever the reactive portions become
negative, thus capaéitive at these frequencies beéause of a term containing
the length of the exit port. Thus, phase differences between inlet and
outlet of the stator exit port interfere with sound propagation. We do not
believe that this effect is as pronounced in the real siren because of .the
idealizations in the model.

The computér results also predict a drop in airflow rate withvdrops
in acoustic power which is verified by the siren measurements.

Figure 33, is a typical plot of siren acoustic power outpﬁt as a
function of chamber pressure. The agreement is indeed encouraginé with
the trends comparing very well, |

NoteAmust be taken of the fact that the acoustic levels which were
generated were in the 160 to 180 dB range resulting in significant non-
linear effects which, of course, were not included in the analytical model.

A study of the wave forms measured 20 inches from the exit plané and
the narrow band spectra shows that the second harmonic is typically 10 to
20 dB below the fundamental showing that essentially all of the acoustic
power is in the fundamental, which was anticipated és a result of the circular
stator port design. Figure 34 gives such a typical narrow band spectrum of
the siren output.

We also studied the effect of rotor-stator axial clearance on siren
power output. As expected, the leakage flow rate increased with increasing
clearance, meaning of course, that siren efficiency would drop as clearance
increases. Thus, for an axial clearance of 0,006", the static leakage flow

rate became a significant fraction of ‘the modulated air flow. This leakage
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flow is of course not modulated and will not produce sound'at,thébsiren
frequency. Decreasing tﬁe;ciearance from 0.006 inchesitowo.ooé'in;hes for
the same chamber pressure,-resulted in a‘3-fqld-increas§'in sauhé!ﬁower
produced. Our latest build-up of the siren wi;h true rgnniﬂg,rbfoxs
(< 0.001" wobble) and 2 preloaded -bearings to assure,minimum'axiéijseparation
under chamber pressure has‘pérmitted us to opérate consistentlyf@ifh
clearances of 0,001 and obtain power nntpﬂts in excess of 806 ééouStic watts
at 6 psig chambei pressufe. | |

The measured acoustic efficiencies ranged from a low of 5% up to a high
of 27.8% at 1.1 atm and our lowest test frequency of lOOb Hz. -We did not
observe the theoretically predicted increase in efficiency with decreasing
chamber pressure. The highest efficiencies generally occured in the 1.25 to

1.35 atmosphere chamber pressure range as predicted. On the other hand,

from the analytical relationships, we may expect to see a decrease in

efficiency with increasing frequency as is also predicted by the model.

With the improved siren we are using today as compared to the results
presented here, we are obtaining considerably higher acoustic power levels
and, therefore, should expect efficiencies closer to our prediction of 37.9%
for a pressure of 1.3 atmospheres.

The siren which we have developed for our acoustic agglomerator has
performed reliably and predictably over close to 1000 hours. We have built
two qnits and both show the same strong dependency of output acoustic power
with frequency which wé have predicted. The wave form of.the round ported

siren shows that ‘the fundamental frequency is. dominant. -. .

‘The power output of the.siren is essentially identical to the design

value. - The rather complex analytical model of the siren system'pfedicts siren
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have developed confidence in our ability to scale siren designs and operation -

in different environments.

The design was not optimized with regard to rotor-stator flow passages,

clearances and chamber impedances. Much higher output powerS'thuS“écoustic
efficiencies can be obtained by the use of rectangular stator ports and
circumferentially long rotor openings thereby generating square wave flow
patterns with twice the efficiencies thus twice the powers that are obtain-
able with sinusoidal modulation. Although it is recognized that substantial
portions of the acoustic power are shifted into the higher harmonics for

the sharp cut-off conditions existing with the rectangular ports.

2.5.4. ﬁEASUREMENT, CONTROL AND COMPUTATION

The operation of the 700°F agglomerator system‘required the frequen;
monitoring‘of many measurements and the operation of several valves gnd
controls. | | | | N

The following parameters are measured as shown in Figure 20 during each

Siren Pressure (Valedyﬁe Presspre Sensor);

Siren Temperature (Iron - Constantan Thermgcoup}e);
Barrier Pressure Drop (Valedyne Differentia} Pressure Sensor);
Heater Blower Pressure (Pressure Gauge);

Heater Line Flow - A Pressure Differential (Valedyne leferentlal
" Préssure Sensor);

Heater Blower Air Temperature (Iron - Constantan Thermocouple);
Dust Gensrator Air Pressure (Pressure Gauge);
Dust Generator Pulse Rate; - : , oo

- Dust Generator Reservoir Level (Visual);



Heater Fin Temperature (Chromel-Alumel Thermocouple);

Agglomerator Air Temperature Upstream;

- Agglomerator Air Temperature Downstream;

Sound Pressure Level in Agglomerator Upstream;

Sound Pressure Level in Agglomerator Downstream;

. Frequency of Sound (Digital Counter);

Wave Form of Sound Wave (FFT Analyzer);

Stak Sampler Flow Rate (Indicator);

Stak Sampler Flow Temperature (Indicator);

Stak Sampler Sampling Time.
The following controls have to be activated, monitored and changed during
each run: ‘ '

Siren By-pass Valve;

Siren Blower Switch;

Siren ﬁrequency Control;

Cooling Water Valve to Main Jacket;

Cooling Water Valve to Sensor Jackets;

Cooling Water Valve to Siren Air Coolér;

Heater Blower Switch;

Heater Controls;

Dust Generator Air Pressure Regulator;

Dust Generator Pulse Rate Control;

Heater Air Blcwer By-pass Valve;

Heater By-pass.Valve;

Staksampler Controls; ‘ !

Attach and Remove the Heated Impactor and the Necessary Connections.
(Details are discussed in a following section).

92
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A microcomputer based data acquisition system was chosen in ordef_to
assure that operations are performed in the proper sequence and that all
parameters are at their desired values and are recorded. A Commodore
Model 4016 microcomputer with 16 K of random access memory is used for this
system. Important-parameters are computed and displayed on the computer
screen and updated periodically. Analog DC signals from thermocouples
and pressure transducers are signal conditioned to nominal maximum 5 volt
levels and applied to a PSU modified Connecticut Microcomputer AIM 16
digitizing system. This system consists of a 16 channel multiplexer and
an 8-bit successive apprqximatipn_analpg to digital converter. Input and
output functions are controlled through the IEEE-488 bus and user port of
the Commodore Computer. The digital data are then converted to engineering
units with software and stored in memory. The AC analog signals from
two microphones are digitized using Keithley Model 179 digital multimeters,
also controlled from the computer's IEEE-488 bus. These data are converted
to sound pressure level with software and stored in memory.

Any desired quantities can be displayed on the computer screen and
can be updated at a maximum rate of once every three seconds. The digital
data can be recorded on cassette tape when a permanent record is desired.
The data acquisition system can be readily modified.with simple software
changes in BASIC language from the computer keyboard. Programs written
to control the system are stored on cassette tape and can be rapidly -loaded
into computer memory prior to the beginning of tests. (See Figure 25).

Without a doubt, one of the most important operations in the program is
the determination of the particle size and size distribution before and

after agglomeration at various temperatures.
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We used only Anderson Mark III high temperature in stack impactors.
The technology of the sampling procedures which involves the careful pre-
paration of the impactor, the proper use of the Staksampler made by
Research Appliance Companyl in drawing the sample, the proper disassembly
of the impactor followed by the careful procedures of cleaning all the dust
on to the impactor substrate, weighing the container and the careful weighing
of the packet are well developed. In the data processing and procedures
we have followed the instructions contained in EPA report number CPA-600/
2-77-004 January 1977 titled: "Procadures fur Cascade Impactor Calibration
and Operation in Process Streams'.

Several details of our procedures are, however, worthy of discussion.
In order to permit valid comparisons of particle size data from different
agglomeration tests, it is important to follow a standardized procedure,
for the preparation, handling and disassembly of thc fly ash impactors. The
importance of careful handling to prevent loss of dust particles or
pieces of the substrate cannét be over-stated; on the lower stages, Lotal
mass loading per stage may be és little as 10 or 20 micrograms. The loss of
even a small aﬁount of dust or part of the substrate paper it;eif can cause
errors that are larger ih magnitude than the actual mass loadings. The
purpose oflthis write-up is to summarize the procedures which have been

established to date.

Glass Fibre Substrate and [ilter Papers. Substrate and Filter Types:
There are nine stages using ten perforatéd blates in each impactor: .plate
numbers '0' through '8' plus a final 'F! platé ét the bottom of each impactor.
The '0' plate does not require a substrate. | |

Two different glass'fibre shbstrate types are used eaéh time the
impactors are assembled for‘a test; they diffef in geomet?y and correspond

to different stages of the impactor:
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1. Perforated Substrates with large outer ring (4 required); This
type of substrate is used in the even numbered stages of the impactor to
collect the impacted dust particles.

2. Perforated substrates with narrow outer ring (4 required); This
type of substrate is'installed in the odd numbered stages of the impactor
to collect the impacted dust particles.

3. Solid (non-perforated) glass fibre filter (1 required); This is the
back-up filter which is installed in the final 'F' stage of each impactor.
The word '"'filter paper' will be henceforth used to refer both to
the glass fibre substrates.(decribed in (1) and (2)), and the glass fibre
filter papef (described in (3)). Strictly speaking, however, the glass
fibre substrates used in Stages '0' to 'F' act as éollectors of impacted

dust, rather than as ''filters'".

Filter Preparation: To reduce the mass effects of absorbed moisture,

the filter papers are stored in a sealed container which contains fresh
dessicant. When the indicator dessicant changes color, it is replaced.

If the impactors arehtg be used for high temperature tests, further
conditioning of the filter papers is necessary. The filters contain a
chemical binder which is volatile at the temperatures encountered during
high tempe}ature tests. The mass of the binder which is lost from the
filters during the impactor preheat procedure, may be in excess of 1.5
milligrams, an amount which is significant relative to the typical mass
loadings encountered. To minimize this effect, the filter papers must be
baked before thef are pre-weighed. Baking the filters for 6 to 8 hours at
the intended test temperature has Been found to ensure that the majority of
the volatile filter constituents are remdved; this minimizes any hass loss
from the filters during the actual test and prevents negative biasing of the

mass loadings.



96

. "Filter Weights: After the filters have been baked and properly
dessicated, their initial weights must be recorded. Since loose dust will
be:weighed along with the filters after the test, each filter is pre-weighed
along with a numbered aluminium foil packet to contain the dust. The
packet numbering system identifies the test numﬁer, impactor nﬁmber and
Athe individual filter stage. When each filter is removed from the impactor
after the -test, it is repiaced in tﬁe propér'foil paéket to be re-weighed.
Since the packet and filter are weighed together; gréét care is taken not
to d&mage or lose portions of tlie paukeLé' ' ". . -

'The balance used is capable of a resolutiqh of 0.01 milligram. To
ensure accuracy, the 'zero' or. 'tare' of the balance is before weighing each
filter. It is time consuming gnd_tedious,vbut»absolutély necessary.

The preweights are recordé@ in an orderly fashion in a lab notebook with
all hecessary identification information. The technician signs and dates
the page under the wgights, so that discrepancies may be more easily résolved
by the person who. weighed the samples.

Impactor Assembly. Stagé Components:J There are nine stages in each

impactor, lowest number on top. Each stage has a number of parts which are
repeated throughout. A description of these parts follows:
-Spacer Ring - Installed between the orifice plate and filter retainer

to maintain proper spacing between stages.

Filter Retainer - This is the thin sheel-metal piece which 15 shaped

like a cross. It serves to keep the‘filter flat and in place.

Orifice Plate - These are the numbered, perforated disks against which
the substrates lie. These are numbered '0' through '8' plus one

stamped 'F'.



Stage Assembly: The top, or '0' plate is assembled slightly different

than the lower plates. The plates are arranged as follows, from the top of -

the impactor:
Stage 0O Substrate retainer
(No Filter) Orifice Plate '0'
Spacer Ring
Stage 1 Substrate Retainer '
Perforated Substrate (large outer ring)
Orifice Plate '1'
Spacer Ring
Stage 2 Substrate Retainer
Perforated Substrate (narrow outer ring)
" Orifice Plate '2'
Spacer Ring
Stages 'l' through 'F' are assembled identically, with care taken to use the
appropriate type of substrate as outlined earlier. Note that stage 'F' uses
a solid ‘type of filter and also has a spacer ring beneath the orifice plate.
In pfactice, the stages are loaded in reverse order into the impactor
base, beginning with the spacer ring below the final stage 'F'. When the
orifice plates are inserted in the impactor base, they must be aligned
correctly. Each plate has a notch in its outer edge, which is aligned‘With
one of the vertical edges of the impactor base. The paper filter is piacéd'
on top of the orifice plate and‘aligned so that none of the holes in the
orifiée'plate are covered. Finally, the filter rétainer is placed on the

filter, again aligned so that the holes are unobstructed.

Impactor Disassembly. General Information: Disassembly is not quite

as simple as just taking the pieces out. ' The filter papérs must be replaced

in the propér~foil packets, along with the loosé dust that has been collected

on the metal pafts of that étage. Disassembly is accomplished from the top
of the impactor down. Extreme care must be taken to prevent dust loss,

carefully brushing the loose dust into the foil packets. Overly aggressive

97



98

brushing will result in airborne dust . . . which is very hard to weigh
accuratelyﬁ Work is done on a clean piece.bf white papér, so that small
dust spills may be caught and placed in the foil packets. The contents of
the stage packets are described below.

Stage Packet Contents: As in assembly, the top stage is treated

differently than the lower stages; in this case, the dust from plates '(Q'
and 'l' are placed together in the foil packet marked '1'. This corresponds
to stage '0'. |

The stage 'Q' packet should.contain.dust that is }éosened from the
thread area and interior of the diffuser portion of ;he.impactor. Care-
fully brush the dust from these regions into the foil packets. Also brush
off the dust from the plate '0Q' filter retainer and the stage '0' orifice
plate (tap the dust from within the holes of the orifice plate). Con;inue
with the same packet by brushing the dust from the spacer fing and filter
retainer otf stage *‘1'., (Carefully place the stage 'l' filte? into' the
packet and then bursh the contents of the stage 'l' orifice plaﬁe into the
packet. Carefully fold the foil packet shut and seal the edges.

The stage '1' packet should contain the.dust from the spacer riné
above plate 2, the filter fetainer, the filter, and the lbose dust collected
on orifice plate marked '2z' (including the dust in the holes).

Stages '2' through 'F' are disassembled and cleaned with identical
procedures. In general, the packet for each stage contains dust from the
parts down to and including the orifice plate for that stage. This pattern
is continued until all of the stages have been cleaned. There is no need

to brush the spacer ring that fits beneath:stage 'F',
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Cleaning and Re-assembly' After all of the filters have been removed

and placed in packets, the 1mpactors are prepared for the next set of
filters. Alljparts of the 1mpactor diffuser, base and stage.componehts are
cleaned with compressed air. Care is taken to ensure that all loose dust.has‘
been removed from the holes of the orifice plates. |
| After cleanlng,(the 1mpactor is re- assembled with clean f1lters accordlng
to the procedures outlined earller.
Next we have developed a computer program for‘the'determihation of
the many measures of the particle size distribution that we feel are
important, The program uses'the following.inputs:
Test section‘temperature,
Temperatmre of gas as it goes through the dry gas'meter (meter .temperature);
Ambient temperature; | | | .
Static Pressure in agglomerator.test chamber (static pressure) ;
Calculated tested section absolute pressure (Test Sectlon Pressure),
Barometrlc pressure,
Average pump vacuum;

Average pressure dlfferentlal across meter orifice in stak sampler
(Average Nelta H);

Sampling nozzle diameter (nozzle diameter);

Volume as measured by dry gas meter (meter volume);
Test section inside diameter;

Number of points sampled;

Sample t1me,

Staksampler flow ca11brat10n (meter delta H);

Total welght collected (total mass)

(Note: thls is calculated from the 1nd1v1dua1 stage weights).



The computer calculates the volume of gas sampled at standard con-
ditions; the mass loading in milligrams per normal cubic meter and grams
per standard cubic foot.

Furthermore, the computer calculates several different measures of
the size distribution such as:

The threc cut point diameters. Namely: the Stokes arithmetic mean
diameter (D-50-S) is calculated using ‘the actual particle density and '

the Cunningham correction factor in an interactive manner where: -

"
18 ¥ u D, 1/2
D = (v
c V.
fp
C=1+ 1—2)-& [1.23 + 0.41 exp (- 23]
D = diameter of particle impacting on the stage for the 50% cut-off
condition.

Y = 0.1 - 0.3 (empirical constant for particular iﬁpactdr type);
The aerodynamic méan diameter (D50-A) is calculated usinglthe acﬁual
Cunningham correction factor with a particle density of 1.0. The aerodynamic
impaction diameter (D50-AI) is calculated with both the Cunningham correction
factor and the particle density as 1. The percent mass inleach:stége'
(pc Mass) -and the cumulative percent mass for the impactor (CUM pc).“‘

Also the diffcrential particle size distribution (a probability density
function of the size) is calculated using Stokes diameter. Thus, we show
a column marked D50-S (50% cut-off of each stage) followed by the ﬁidpdint'
diameter. |

(MID DIAM) which is the arithmetic mean of the range. Then follows.

the measure which have chosen to plot for results. The D%M/D LOG D column
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gives the ratio of the percent mass in each stage divided by the difference
of the logarithm to the base 10 of the upper and lower diameters'for.the
particulér stage. The resﬁlts of such cdmputations in a computer print out
sample is given in Fiéure 35 followed by the plot of D%M/D LOG D versus

midpoint diameter in Figure 36.

2.5.5 TEST RESULTS

The 700° agglomerator appears to meet the desién objectives which we
had set although we have not as yet completed a full study of its behavior.

Sound pressure levels as high as 168 dB were achieved at certain
frequencies. Most of the runs were performed in the 145 té 165 dB range.

Frequency control and stability over the désired range of 1000 to 4000
Hz was attained after some of the developmental problems in the solid state
frequency controller were solved.

The aerosol generator worked well in the range from 2 gm/m3® to 20Agm/m3
loading although repeatability presented some problems particularly at
high temperatures. Repeatébilitx of about * 20% for the same pressures
and-pu}se rates was noted. We do, however, believe that this variability
is serious enough té warrant further development.

The 18 KW heating system generélly functioned well, We experienced
several instances of internal short ﬁircuits which caused the fuses to open
in the controller. We believe tha; this problem has been solved by careful
atteﬁtion to detail in the assembly of the heating unit connections. 1In a
follow-on program, we would do well to incorporate several improvements
to increase the reliability of the heater. The impactor results at room
temperature are quite repeatable for similar conditions in the agglomerator.
Typiga{ samples are given in the following Figures and are discussed in

detail in the accompanying treatment.
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FILE NAME:
TITLE

TEST DATE:
TEST TIME:

INPUT TEST DATA

Test Section Temp=

Meter Temp
Ambient Temp

Average Delta H

Nozzle Diameter

Test Section ID
Number Of Points
Sample Time

Meter Delta H

Total Mass

DOE130.IMP

RUN#2 2530HZ 158D8 AMB TEMP

8/16/82

MON NIGHT

77.5 Deg F Static Pressure
= 82.4 Deg F Test Section Press.
= 77.5 Deg F Baraomerric Pressure
Average Pump Vacuum
= 1.0000 In H20

= 0.5000 In

Sampled

Meter Volume

o

In

(oIS |
e &
wow

Min

1.700 In H20

115.24 Milligrams

FIGURE 35
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+2.800 In H20
29.08 In Hg
28.87 In Hg
0.000 In Hg

0.208 Cu Ft



FILE NAME: DOEL130.IMP
TITLE  : RUN#2 2530HZ

TEST DATE: 8/16/82
TEST TIME: MON NIGHT

TEST RESULTS

158DB AMB

Volume Of Dry Gas Sampled'At STP;

21 Deg C ( 68 Deg F )
760 Mm Hg ( 29.92 In Hg)

Test -Section Temp
Static Pressure
Sample Time

Molecular Weight Of Stack Gas,

Total Mass

Concentration, Dry Basis At STP

Dry Basis
28.8

103

TEMP.

= 0.197 SCF
- 25.3 Deg C
= +2.80 In H20
- 0.3 Min

Cm/Gm-Mole (Lb/Lb-Mole)

» 115.24 Milligrams

= 20,715.90 Mg/NCM
- 9.03 Grains/SCF



STACE

OrFHrPNNLWHF IO mMm -

FILE NAME:
TITLE

TEST DATE:
TEST TIME:

DOE130.IMP
RUN#2 2530HZ 158DB AMB TEMP

8/16/82
MON NIGHT

Andersen Instack 9 Stage Impactor Analysis

Cumulative Particle Size Distribution

CATCH DIST MAS
(Mg) (Mg)
0.240 0.240
0.400 0.400
0.770 0.770
0,570 0.570
0.150 0.150
0.310 0.310
0.430 - 0.430
21.010 21.010
91.360 91.360 5

D50-S

0.296
0:.459
0.769
1.574
2.470
3.642
5.388
8.672
0.000

D5S0-A

0.492
0.739
1.210
2,431
3.792
5.569
8.217
13.198
50.000

Differential Particle Size Distribution

TAGE

Or-poWHUnoNm

Total
Total
Plate

.Front-
Assumed Density Of Particles
Arbitrary Smallest Diameter
Arbitrary Largest Diameter

D50-A

0.492
0.739
1.210
2.431
3.792
5.569
8.217
13.198
50.000

Volume Samp
Mass Collec
Wash

End Wash

Sample Flow Rate
Impactor Vacuum

MID DIAM

0.251
0.615
0.974
1.821
3.111
4.680
A.R9%
10.707
31.599

led (Dry STP)
ted

D ZM/DLOGD

0.123E+00
0.197E+01
0.312E+01
0.163E+01
0.675E+00
0.161E+01
0.221E+01
0.886E+02
0.137E+03

0.006
115.24
0.000
0.000
2.300
0.010
50.000
290.685
16.608

All Diameters Reporcted In Micrometecs

NS0-AI

0.579
0.826
1.298
2.5
3.882
5.659
8.307
13.288
50.000

PC MASS

0.208
0.347
0.668
0.495
0.130
0.269
0.373
18.232
79.278

DC/DLOGD

MG/NCM/DLOGD

0.255E+02
0.407E+03
0.646E+03
0.338E+03
0.140E+03
0.334E+03
0.458E+03
0.184E+05
0.284E+05

DNCM
Milligrams
Milligrams
Milligrams
Graams/CC
Micrometers
Micrometers
Actual CC/Sec
Millimeters Hg

CUM PC

0.208
0,355
1.224
1.718
1.848
2.117
2.490
20.722
‘100.000
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The pldtsupreSent the percent mass collected in each stage as a
functiﬁn of thelétages midpoint aerodynamic diameters. The data from the
nine stégeé are thus plotéed on a semi-logarithmic particle size scale
on the abscissa and a linear % differential mass scale on the ordinate.

For each figure we show the no sound particle size distribution which was
measured beforé‘and after the particular series of runs. During each

series, we varied one or more parameters such as frequency, loading and

sound pressure levels. In somé cases -we attempted to hold ali the |

variables constant to test for tﬁe repeatability. All the runs.wefe per-
formed with a residence time of 10 seconds which means that we had a ?oﬁQection
velocity of about.(.8 ft/sec. | -

We are présenting samples for our very extensive aﬁbient temperature
runs in Figures 37.through 41 representing.a total. of 20 runs of a‘tofal..
experience weil ifi excess of LUU room température runs.  The results are indeed
encouraging.' In Figure 37 (rums 128 through 1505 we noté'thafrthe no soun&
particle distriﬁution ﬁas a mean aerodynamic diameter of about 8 microns. . -
{which would be abéut as mi;ron Stokesian diameter). With sound préssure
levels in the 150 to 160 dB range and frequencies of -2530 Hz and ‘4080 Hz,
and a raiher lafge loading of 13.1, 18.6 and 30.2 g/m?, we note very
substantial agglomeration. In fact, we appear to have agglomerated most
of the particles below about 8 microns. We also observe that the 4080 Hz
at 151 dB géve us somewhat less agglomeration thﬁn thc 2530 Hz at 158 dB
case. We note that the two 2530 Hz, 158 dB runs.are indeed very siﬁilar
attesting to the repeatability of the process. |

Figu?e.38'(runs 160 thrqugh 190) gives us some very interegting'resulﬁs.

We again, have the»no'sound curve with a loading of 2.39 g/m® as a reference.



vl 107

The two 2400 Hz curves at 164 and 156 dB show very substantlal agglomeratlon
at loadings of 8. 33 g/m The sllghtly reduced agglomerat1on at 164 dB
based on other data, may actually show some de-agglomeration although thlS
is not’ conclus1ve The con51derab1y lower agglomeratlon at 1290 Hz and .
166 dB is most 11ke1y due to the lower frequency rather than the smaller
loading of 2. 73 g/m3.

Figure 39 (runs 200 through 230) shows almost the 1dent1ca1 agglomerat1on
at 1290 Hz, 166 dB and a larger loading of 4.03 g/m than we saw in Flgure>
The other two curves at 2500 Hz and 3050 Hz show that in this frequency range
both frequency and loadlng effects appear to be small. Agglomeration
theory predicts an optimum frequency of about 2800 Hz for fly ash dust in
the 5 micron range. The 1290 Hz results, therefcre, are most likely due to
freduency effects. The effect of frequency on agglomeration here agree
wellfwith earlier findings by us as reported in the works of Volk [14],

Miao '[47], and Dwyer [4§]. ‘ .

Figure 40 (runs 470.through-500)‘shows the rather significant improve-
ments in agglomeration due to higher sound pressure level at representative
loddings. 'Clearly a 150 dB level gives us much better results than 140 dB.

Figure 41 (runs 510 through 540) gives furfher substantiation for the
need to agglcmerate at sound pressure leﬁels of 150 dB or above and
frequencies in the 2500 to 3000 Hz range.

We can summarize these and many similar results from other tests at
ambient temperature conditions as follows:

| a) Best results are obtained at frequencies in the 2500 to 3000 Hz
range for fly ash dust with about a 5 micron mean size and a two population

logarithmic size distribution,
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b) - There is indication that higher loading gives better agglomeration
with experience ranging from 1 g/m® to 30 g/m?3.

c) Sound pressure levels in the 155 to 160 dB range appear to give
excellent results for the 10 second exposﬁre times.

d) There is some indication that at levels above 160 dB and 10 second

exposure tlmes, we may actually de- agglomerate the samples. |

We have actually only just begun to run high temperature tests and
do not feel that we have fully developed the test and sampling techniques.
The results have not been as repeatable as the ambient temperature runs.

We have encountered some rather disturbing inconsistencies which were not
resolved at the time of this report prepefation.

“We present two figures, Figure 42i(:uns 680 through 710) and Figure 43
(runs 720 through 740) for.conditioﬂs‘ﬁhere we have had reasonable acceptable'
repeetability'at temperatures of 270°F ‘and 350°F. As we would expect, the’
resﬁits genefally agree with the ambient condition results. Figure 42
_in barticuler, verifies our earlier experience that an optimum frequency
exiets at about 3000 Hz. Up to 350°F the agglomeration appears to be little
affected by 1ncreased temperatures. |

We have, unfortunately, not made as much progress with the high
teﬁperature testing as we had hoped. We have progressed with caution to be
sure that our results are repeatable andAof course, are in agreement with
our understanding of the processes.

We ha&e not as yet taken the time to explore the conditions existing in
the agglomeratien tube at both the ambient and elevated temperatures. We
should measure both the acoustic field, the convection flows, as well as
local velocity fluctuations eesulting from the siren sound source, the con-

vection flows from the flow through the barrier between siren and heater
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sections, and the f1§w$ from the heater as well as the aerosol generator.
We should explore the spatial distribution of the aerosol concentration
throughout the agglomerator by extensive radial and some axial sampling.
We have chosen not to conduct these rather time-consuming but necessary
efforts in order to gain some preliminary experience at high temperatures
to guide our further work.

We have encountered some tenacious difficulties with the aerosol
generation system at higher temperatures which have affected the consistency
" of the feed rates resulting in unacceptably wide dust loading variations
and predictability. We have learned that we must pressure balance the dust
feed contéiner with the agglomerator and other related matters.

The sampling of the agglomerated aerosols also requires further deve-.
lopment to assure consistency and reliability. Simply the problem of heating,
handling, attaching and removing the impactor and maintaining impactor
temperature during these runs while taking care of other idiosycracies
presented uncontrolled variables.

Thqs we can say that we have made good progress but that further
development in hardware and particularly techniqueé is required in the

continuing program.
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2.6 ACOUSTIC ABSORPTION CONSIDERATIONS IN THE SONIC AGGLOMERATION PROCESS.

In both the environmental and hot has ciean-up applications of sonic.
agglomeration to small particulate removal, significant amoungs of acous;ic
power must be generated. It is, therefore, important that any acoustic:
energy losses in the system be minimized. - Losses through the walls of
the agglomeration chamber can be minimized by proper mechanical design
to make the surfaces as reflective as possible to sound. The remaining
loss mechanism is acoustic.absorption. Acoustic absorption.results froﬁ
irreversable thermodynamic and chemical processes whereby a portion of the
acoustic energy is converted into heat.

In the usual textbook derivations of the equations governing the
behavior of sound waves, the thermodynamic process is assumed to be adiabatic
and in addition the acoustic wave is assumed to be an infinistesimal dis-
turbance of the medium. This results in a linear second order dissipationless

wave equation:

VZPuLa_ZR
¢? a?

where V2 is the Laplacian operator, p is the sound pressure, t is time and
.¢ 15 the sound speed. This wave eyuatioii can be used to solve a large
majority of the problems in acoustics. For a plane progressive sinusoidal ‘

wave, this equation has the solution of the form:

p = Pé e j (wt-kx)

where P is the wave peak amplitude, w is the angular frequency, k = w/c
and x is distance. The wave propagates at constant amplitude and the above
equation is a good approximation for a low frequency acoustic wave propagating

in a pipe.



It was, however, recognized many years ago by Stokes [59], that
viscosity effects could result in energy loss and by Kirchoff [e0], that
heat conduction should also be considered. When these effects are con-
sidered, the plane wave equation for a single component gas becomes:

3%p 32 1 33

._..2_ = 222 ., 5 [—(Yl)""‘ﬂ]—'P—

ot ox? p ax2at
where p is the density, K is the coefficient of heat conduction, p is the
specific heat at constant pressure, n is the shear viscosity, and Y is
the ratio of specific heats. For a sinusoidal wave this equation has the

J(wt-kx) o = @, X o that the wave is exponentially

solutien‘p = Po e
damped. The term A called the classical absorption coefficient is
given by: -
4 = 3 ‘:: USRS L
The classical coefficient was widely accepted as representing the
total loss mechanlsm in an acoustic medium although Stokes recognized the
p0551b111ty of an additional volume viscosity (see Reference 61 page 38).
The classical theory went unchallenged until instruments were developed
which were capable of measuring absorption coefficients. Measurements-
revealed that, with few exceptions, the acoustic absorption coefficients
in gases and liquids are in excess of values caiculated from this equation
and also.do not have the simple frequency squared behavior. Herzfeld and
Rice [62], first proposed that the additional absorption was due to relaxation

phenomena, that is, due to the finiteness of time required for energy

exchange between the translational and internal degrees of freedom of the
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molecules. Tigza [63],7has shown that the excess absofptioﬁ can beltréated
with the ihtroduction of a bulk or volume viscosity and Herzfeld and
Litovetz (reference 61, page 91) deﬁonstrate that tﬁis concept has physical
validity. |

The rotational and vibrational relaxation processes can be treated
separately [64] and for>the frequency range of inte;est in this study the

rotational absorption coefficient can be written as:

1w y(y-1R

o, = = — K Z
T 2 czp 1.25 éP T

where R is the gas constant and Zr is the number'of molecular collisions
required to establish rotational equilibrium [64] and is also refgrred to
as the De-excitation probability [65]. The above equation is approximate since
there is a relaxation frequency associated with rotational exci£ations;:
however, for the gasses considered in this study, it is several orders of
magnitude higher than the frequencies of interest. The pre&ious two equations
have the same frequency dependence and the rotational relaxation absorption -
can be considered as an additional term to the classical absorﬁtion.

For vibrational relaxation in a single component gas, the absorption

coefficient a, will have the general form:

a, = A(T) (wz/wr) / (1+(w/wr)2) and A(T) = R(y-1)

4meyc '
where A(T) is a function of temperature, where cp is the high frequency limit
of the specific heat at constant preésure ﬁsee reference (64]) and w, is
thesrélaxation frequency, also a function of temperature and of pressure,
For a constant temperature and pressure, this equation can be arranged

B

in normalized terms as:



Q,

KT¥T =wQ/ (1403

where ) = w/wr and since w = § W,

ACTy - Y 0/ (1+09)

Thig equation is plotted in Figure 44 for three values of w.. The
relaxation absorption coefficient increases as Q? for R sufficiently below
the relaxation frequency and becomes aAconstant value for‘Q sufficiently
above w, . This ié, of course; an oversimplified analysis since A(T) and
w, are usﬁally highly temperature dependent; however this formulation gives
physicél insight into the general behavior of the relaxation process as
it affecté the abSorption coefficient,

The term A(T) defined earlier can also be éxpresSed as:

A(T) = (R/c) (T /T) exp (-T,/T)

.where T is temperature and Tv is the characteristic vibrational temperature
of the gas.
The total absorption coefficient for a single component gas is the
sum of the equations lfor Aes O and Q- kearranging the equations for
o, and o in more convenient computational form (as in Reference {64]),

results in the total coefficient as follows:

_lw? K 4 o, x(y-1) '
0"1" 2 YpPC (E; (y-1) + 3 ne 1.25 cp K Zr) * [(R/cv) (TV/T) exp

(-T/D] W/w) / (A+(w/w)?)
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Most of the quantities involved in this equation are well known for the
gases involved in this study. The specific heat at constant pressure cp,
can be found from a polynominal expansion:

¢c_ = A + BT + CT?
P

where the constants, A, B and C are tabulated in several references and
textbooks (see for example Reference [66], page 332). The equation for Cp is:
accurate to within two percent from 300 to 2000°K.

The behavior of cP as a function of temperature for nitrogen and carbon
dioxide is given in Figures 45 and 46. The ratio of specific heats,

Y =‘cp/cv
can be obtained from the specific heat at constant volume. For monatomic
and diatomic gases, cp is independent of temperature, 5 R/2 and 7 R/2
respectively.

For polyatomic gasses {other than diatomic) <, is ‘given as follows:

For Linear Molecules

T, 2 T

c. =3R+I R(= sinh-z(—xj
v T 2T 2T

v

For.Nonlinear Molecules
Tv : -2 Tv
¢, = 5 R/2+ g R(z3) sinh  (37)
v
The number of values of T, for a given gas depend upon the number of
vibrational modes present in the specific type of molecule. The number
can range from 3 for the triatomic molecules to 9 for higher order poly-

atomic molecules such as methane. The characteristic vibrational temperatures,

Tv are also required in the equation for O however only one vibrational mode
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normally contributes to acoustic absorption and, therefore, only one value
of Tv is required in the equation for O In determining.cv; howevér, the
two equations for ¢, must be summed over all values of Tv'

The viscosity, n,‘has‘begn extensively measured and tabulated as a
function of temperature for most gases and these data are available in
reference books [67].' Likewise, the heat conduction coefficient is well
documented [68].

The major problem area for a single component gas is in the determination
of the relaxation frequénc}'@¥”aﬁd the collision parameter Zr‘ A number
of measurements of W, (usua;ly reported as the relaxation time T, = llwr)
and Zr have been made for many gases at a large number of temperéiures.

Most of these measurements were made at ultrasonic frequencies by measurihg
the absorption coefficient and working backwards to obtain T and Z.. A
plot of the natural logarithm of T for carbon dioxide (from Reference [61]),
as a function of absolute temperature to the minus one third power for a .
variety of temperatures is shown in Figure 47. These results are from

16 independent experiments using many different techniques. The data are
widely scattered but show a definite trend of decreasing T with temperature.
It has been found thg; the relaxatiqn time in CO, is highly sensitive to -
impurities, especially water vapor and Herzfeld'and Litovitz [61], ;uggest
that this is the cause of the scatfer. They‘s;ggegt that the longest

value of T, for each temperagﬁfé are moré repre#eniative of pure 602.

Similar measurements have been conducted for other gases of interest
in this 'study and in most cases the scatter problem of CO2 also exists for
these gases. In most cases the studies were conducted to determine the

molecular properties of the gases and the publications rarely are in the
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acoustics literature. An extensive literature search will be required to
collect all the data available.

The most extensive and carefuily conducted experiments to measure
relaxation tiﬁes in gases have been with nitrogen and oxygen, the major
components of air. This results from the considerable interest in absorption
of sound in the atmosphere.

The-fotal absorption coefficient p calculated for NZ’ using the
relaxation time ander data from Reference [64], is shown as a function
of frequency (f = w/2m) in Figure 48, fdr/five temperatures. The
contribution due fo reléxaﬁionv(;he third‘;erm in the equation for aT) is
shown in Figure 49. The relaxatiop frequency is below 100 Hz for all but
the two highest;tempe:ature. Relaxation effects are predominant except for the
300°K case above 1 KHz and the 400°K case above 10 KH?.

Up to this point we have only considéred the single component gas.

The tofél absorptidn can be readily determined provided that T and Z

are known. The problem becomes considerably more complicated for the case
where acoustically induced chemical reactions can occur. A typical reaction
is:

N + H,0 ¥ N, + H,0*
where * denotes the quantum change in the molecular vibrational excitation
and ¥ denotes that the reaction is oscillating back and forth at the
frequency of acoustic gxcitation. Figures 50 and 51 illustrate the
importance of this phenomenon.

Figure 50 presents the absorption coefficient in dry air as a function
of frequency for S temperatures using data from Reference [64]. These

curves are similar to the nitrogen curves of Figure 48, which is understandable
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since air is 78% nitrogen. Figure 52 illustrates the dras;ic change which
occurs when water vapor is added to a 0.5% absolute humidity. This chaﬁge
occurs because the relaxation frequencies of nitrogen (Nz) and oxygen (02)
are changed by the preéence‘of water vapor. This is illusffatedtin'ﬁiéﬁre\
51 which shows the dependence of the relaxation frequencies of N, and 02

on the water vapor content. This dependence for N, is shown over a widé
humidity range and at three temperatures in Figure 53. Figures 54, 55, and
56, present the absorption coefficients for air as a function of frequency

for absolute humidities of 0.0, 1.0 and 5.0 percent ?espectively, the

curves labled 0 and N are the oxygen and nitrogen relaxation contributions

to the total absorption. The curves labeled CR are the classical-rotational
contributions and the curves labeled T are the total absorption coefficient

O Air was chosen for this illustration of absorptionvin a gas mixture

since the most accurate data are available for air.

A considerable number of additional investigations have been conducted}
in gas mixtures and those up to 1962 are summarized in Table 4, which.is
from Reference [65].

We can only conclude from this study that although much work has been
done and reported on the acoustic energy absorption of gases, most of the
data and theory pertains to air at atmospheric conditiohs. Since the
aerosols from coal combustioﬁvcontain many other gés congtituent; and since the
temperatures are much higher we are convinced that additional theoretical

and experimental work remains to be done.
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TABLE 4

REFERENCES FOR INVESTIGATIONS CARRIED OUT ON (iaAS MIXTURES'

. Base gas )
Added gas =7 o, o, 0, COS R, N,0 o, cno e,
He — g h.i m.n.0o,p mno.p.q.r.at cc - o. ;11’(; Z;;‘r; — -- ¥id —
Ne — J _ Jom,n — - —_ — — _ —
Ar — i m.n,0,p. Mn,0.p,qut o — o, p, s, ee — — il —
H, a g.hk m,n,o0,p l,m,n,o,p,t ¥, cc y 0, Py, dd cc -~ fla9 —
v,w, ¥, y.2
D, — 3 — z - = Jdd -
N, _ a.k “n,o,p d.f,g.v.aa cc - ee - Kid id -
Uy h I —_ — a,f ce -- — s == —
CO — a.g,l n,’ o. p_ aa cc —_ o, p.dd — — — —_
H{'l — — M, M, 0 P Myn, 0. p - -— — —_ - —_ —
- CO, de.f a.d. f.g — — — bb — cc hly — —
CoS - — —~ - — - = - =
S, doef d.f.g — d,f, bb - — — — hh — S/
N0 e — - — — — — — — — —
H,0 k Jok.cc hh, i — d, f.j.m,n,p, ¥ y 0, p.8, Y. Ad, — — Pp. k,
s, 0,0, y, aa, 00 a9, 5,
Ji kk, U, mm, rr t
SU, e — — - - — _
NH, | — k.hh, u — — — — o, p,dd — —_ — —
0, - g - -_ — — —_ — — — —_
H,S — g. k —_ y — — — — — —_ _—
D,0 — — — Jrz, kk — - dd. oo — —_ — —
ACH.. — — m,n.0.p m, n, 0, pu i — 0, p, cc — — rp -
C,H,0 — _ bb _ — _ — - _— =
CH.OH - S - d.fowy y Y y - - - =
C,H,OH — d. f d.f,w,y Yy Y y _ - — .
C,H,OH — d.f.g. k- —_ d.f — — — — — — —
C.H,CH, . _ _ MV “ - v ypp - = pp -

¢ Henderson (1962a).

® Ener et al. (1952).

¢ Zartman (1949).

4 Alleman (1938).

t Fricke (1940).

/ Knudsen and Fricke (1938).

# Kneser and Knudsen (1934).
» Parker (1061).

‘ Holmes et al. (1962a).

i van Itterbeck and Mariens (1940).
* Knudsen (1933, 1935).

! Henderson and Klose (1959).
" Fucken and Becker (1933).

" Eucken and Becker (1934).

° Eucken and Kiichler {1038).

? Patat and Bartholomé (1938).

? Kneser and Roesler (1958b).
* Bauer and Liska (1962).
* Eucken and Niimann (1937).
¢ Kiichler (1938).
% Kneser and Roesler (1959a).
* Wallmann (1934).
v Knudsen and Fricke (1940).
# Pielemeier and Byvers (1943).
v Knudsen and Fricke (1940).
! van [tterbeck et al. (1939).
1 Metter (1937). .
®* Angona (1953).°
* Eucken and Aybar (1940).
49 Eucken and Jaaks (1935).
* Walker et al. (1954).

! Richards and Reid (1934):
% Richards (1936).

M Knétzel and Knotzel (194%),
v Knudsen and Obert (1936).
/i Pielemeier et nl. (1940).

kt Sette aned ITubbard (1953).
H Gutowski (1956).

. ™™ Widom and Bauer (1953).

nn MceCoubrey ef al. (1954).
°¢ Wight (1956).

2 Arnold et al. (1938).

29 MeCoubrey et al. (1954).

" McCirath and Ubbelohde (1954).

# Evans and Bazley (1936).
* Péhimann (1959).
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ITI. CONCLUSIONS ANb RECOMMENDATION§
3.1 INTRODUCTION |

The twenty five mqnths research and development program on acoustic
agglomeration of power plant fly ash produced important results which will
add considerably to our understanding of the processes of sonically induced
agglomeration of submicron and micron sized particles. The work has also
shown ihat the process is both teéhnicall} and most likely, economically
viable. As is so common with research at the cutting edge of technology,
therfesults havé pointed the way to several additional or continuing
investigations which should follow to further our understanding and to
develop much needed new insighp'and‘advanced technolégy such as the deve-

lopment of advanced more efficient sound generation technology.

3.2 ACOUSTIC MODELING OF THE AGGLOMERATION PROCESSES

The physics of agglomeration in high intensity sound fields at such
levels as 150 - 160 dB has been found to be very complex because of the
addifional effects of nonlinear acoustics phenomena on local velocity
fluctuations. The P.S.U. model was tested at 140 dB levels and found to
give fairly good results cbnsidering the limited features which are included.
At 140 dB we would not expect these nonlinear aspects of acoustic fields
to significantly affect the procesSeg. Qur currént computer code includes
Stokesian viscous drag forces, Browniah motion, radiation pressure, Oseen
forces, hydrddynamic (Bernoulli) fordés, and turbulent diffusion.

We investigated the potential éffect of turbulence on agglomeration
considering the hydrodynamically and aqoustically generated random motions.
A study of the work repoited by Dr. Shaw on turbulence at the State Uﬁiversity‘

of New York at Buffalo in several publications prompted us to start some
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independent investigations because of .several rather perplexing inconsis-
tencies. As a result of these uncertainties, we questioned the validity

of the turbulent diffusion model in our computer code and decided to post-
pone further runs until- clarification of the issues was obtained. Also, and
with the concurrence of the technical program monitor, we decided not to
continue the further development of the computer code in order to be able to
concentrate on the turbulence and fragility studies.

We recommend that the further develupment of ‘the computer code be made
an important aspect of the follow-on program with inclusion of the spatial
and spectral characteristics of the sound field from nonlinear. acoustic and
absorption phenomena. The nonlinear effects will include acoustic streaming,

and wave steepening or shocks due to plane wave components.

3.3 BASIC ACOUSfIC INVESTICATIONS

Oﬁr results of the parametric acoustic sﬁudies at high intensity leveis
showed that the parametric acoustic effect could be used tobprovidé both
ultrasonic and'séﬁic frequency ac&ﬁétic eﬁergy for a rather uniﬁ@e agglo-
meration system. ‘Hdwever, upbn cohsideiing the absorption of acoustic energy
at the high fréquencieé by the flue gases, we had to conclude that thé‘concept
is simply not economically viable. | | |

We concentrated our efforts in this phase on the investigation of the
quite controversial subject of acoustically generated turbulence. The
investigation was largely.experimental involving acoustic levels up to 170 dB
and frequencies--in the range of 1000-3500 Hz. We developed a rectangular
chamber test set-up.such that we dealt with an essentially two-dimensional
propagation situation. Since the lowest mode cut-off frequency was 290 Hz, -
we excited only higher order modes in the chamber. The location and direction-

of the two sound sources resulted in considerable acoustic streaming velocities
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of the order of 5 m/sec. The resulting high Reynolds nﬁmbers indicate th#ti‘
turbulent convection flows existed, similar to what we.expect to see in
Agglomerators. Should any significant hydrodynamic:turbulence - acoustic
turbulence interactions occur, our test results wouldfreflect fhese inter-
actions. |

We conclude from the extensive tests that s&me'acoustically generated
turbulence of sorts exists but that such turbulence energies are on the
order of 3 orders of magnitude lower than the acoustic energies at the
excitation frequencies and. harmonics. ~ Furthermore, the spectral character-
istics are not truly speaking random in -that they appear as a broadening
of the bases of the spectra at the acoustic frequencies. We have been
successful in modeling.this phenomenon electronically and believe it to be
akin to an intermodulation distortion due to the simultaneous presence of
the low- frequency turbulence due to the acoustiC‘streaminé-and thé multiple
pure tones components. . | |

We conclﬁde, therefore, that‘althéugh séme acoustically generated
turbulenée exists, it.will not Bé a éignificant factor in acoustic agglomer-
ation. The.results of this‘study are documented in our report to DOE/METC
numﬁer CAES No. 673-83 en£it1ed: ”Research on Acoustically Cénerated Turbu-

lence'".

3.4 FRAGILITY STUDIES

We used the predictable fluid shear phenomena  taking place in the
Anderson Mark III impactors to prove that the agglomerates formed are indeed
sufficiently robust to withstand the shear stresses that such agglomerates
would experience in typical cyclones. Based on our theoretical studies of
the flow phenomena in impactors compared to cyclones and observations
of the agglomerates. from scanning electron microscope phofo-micrographs,

we conclude that agglomerates are indeed sufficiently robust to withstand
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the less severe conditions in typical industrial cyclones. The results of
this study are documented in our report to DOE/METC number CAES No. 655-82
entitled: "Fragility of Acoustically Agglomerated Submicron Fly Ash Particles'.
3.5 DESIGN § DEVELOPMENT OF THE 700°F ACOUSTIC AGGLOMERATOR AND SOME

TEST RESULTS

An acoustic agglomerator was designed and developed which has a tubular
test section of 8" diameter and 8 feet length. The specification of the
system were as follows:

Sound Pressure Levels: 130-160 dB.

Sound Frequencies: 1000-4000 Hz.

Aerosol Flow Rates: 0.1 - 1 ft/sec.

Aerosol Loading: 2 gr/m® - 20 gr/m3.
Aerosol Temperature: Controllable to 700°F.

The Sound source was the Penn State University designed and developed
600 acoustic watt siren. Aerosol particle size measurement was performed
using Anderson Mark III impactors. The 18.6 KW electric heating system pro-
vided the energy to heat the aerosol to the desired temperatures. A Penn
State developed ejector type, pulsed aerosol generator provided the proper
particle size and loading to the agglomerator. The measurement of the required
physical qualities was performed by conventional methods. Data acquisition and
reduction was performed by a central microcomputer based system. The Commodore
PET Model 4016 microcomputer, the digitizers, multiplexers and displays all
functioned well. The design of the agglomerator is documented in a Master of
Science in Mechanical Engineering Thesis by Peter An Lu entitled: /"Design and
Analysis of a Moderate Temperature Acoustic Agglomeration Facility'", Nov. 1982.

The 700°F agglomerator met or exceeded all specifications and functioned
well. Several desirable improvements became apparent particularly in the
particle size measurement system and the siren sound source. Our studies on
siren technology have shown that siren efficiency could almost be doubled compared

to our current design by optimizing the aerodynamic, porting and acoustic design.
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The extensive results at rooh temperature at acoustic levels above
150 dB and frequencies near 2500 Hz were indeed most encouraging. It is
clearly evident that at these conditions the acoustic agglomerator
eliminates most of the submicron particles. Our tests also verified that an
optimum frequency exists even at these high acoustic levels. For the size
distributions and the fly ash density used a frequency of about 2500 Hz
appears’best. This result égrees with earlier studies at Penn State and
results from our current computer code. As previously noted, it appears
that increased loadings up to 30 g/m® give better agglomeration than lower
loadings which again agrees with theory.

We have only performed very few runs at elevated temperatures at the
time of this writing. Runs at temperatufes of 260°F and 350°F with acoustic
levels in the 145 dB range gave similar results to'equivalent room temperature
runs with an indication that there will be a small‘decrease in agglomeration
due to the increased gas viscosit} at the higher gas temperatures.

We conclude that we have a well funétioning, valuable test facility.
Furthermore, very significant agglomeration of submicron particles occurs at
practical levels, loadings and frequencies. We recommend that we first of all,
improve our existing facility from lessons learned, that we complete the
high temperature tests and that we perform much needed detailed performance
explorations of the agglomerator. We also recommend that we use the agglo-

merator for several basic investigations.

3.6 ACOUSTIC ABSORPTION CONSIDERATIONS IN THE SONIC AGGLOMERATION PROCESS
The literature on the absorption of acoustic energy by atmospheric gas
constituents was studied, the theoretical relationships were programmed,

considerable new insight was gained and a program for follow on research
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was developed. The design specification of acoustic agglomerators in terms
of frequency and acoustic level trade-offs depend on the in-depth knowledge
of the absorption processes of the flue gas constituents. From our study,

we conclude that a follow-on program should include such an investigation
involving oxides of nitrogen, carbon and sulfur at temperatures and pressures

expected in power plant flues.
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STATEMENT OF WORK
Acoustic Agglomeration of Power Plant Fly Ash

Scope

The proposed project is to further investigate some of the basic phbnomenas
associated with the acoustical treatment of aerosols, and in particular, fly
ash suspensions, to ascertain the behavior of these systems under a variety of
parameter variations. This project would be undertaken in order to better
develop and evaluate potential gas stream cleanup technologies encountered in

coal utilization schemes.

Objectiyes

The goals of the proposed work are to further the understanding of the agglom-
eration phenomena in both cool and hot particle-laden gas streams. Specifi-
cally, the effect of ultrasonic sound on collision frequency, the fluid dynamics
associated with acoustically generated turbulence and nonlinear acoustical
effects, the spatial and temporal aspects of sound fields and chambers, and

the fragility of agglomerated particles are to be investigated. Thus, so armed
with this knowledge, more sound developmental designs a2nd evaluations will be.

possible.

Work Statement

The proposed contractor is to provide the neccessary equipment and personnel
required for the accomplishment of the below listed tasks: :

Task I -- Acoustic Modeling

Modification and further development of the computer code is developed under
the current contract. Specifically, the existing model is to be extended to
include the effects of: (a) spatial and temporal characteristics of the sound
field on agglomeration, (b) nonlinear acoustic phenomenz generated at high
acoustic pressures, (c) using parametric acoustics to generate high sound
intensities, and (d) particle configuration on diffusional processes.

Deliverables for Task I =-- A documented computer program incorporating the modifi-
cations effected under Task I. The results obtained in running the program

over the parameter ranges attained in Tasks Il are to be included in the topical
reports required under Task II.

Task Il -- Basic Acoustic Investigations

Design and conduct tests to experimentally examine the phenomena of acoustic
streaming in the existing PSU test facility to ascertain the characteristics

of this phenomena related to agglomeration. Experimentally investigate the
mechanism by which turbulence is acoustically induced and compare the scale

and magnitude of that turbulence to hydrodynamically induced turbulence.
Fxperimentally investigate the nonlinear phenomena of wave-steepening in rever-
berant space. Characterize and investigate the spatial and temporal aspects

of the sound field in the existing PSU agglomeration chamber.
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Deliverables for Task II -- A design plan_for each type of experiment is to be
submitted to the TPO for approval prior to cxperimental execution. All results
oT—thesé tests are to be incorporated into a series of reports describing in
detail the results and conclusions and submitted as topical reports.

Task 111 -- Room Temperature Particle Fragility

Devise a methodology or technique for measuring particle agglomerate fragility
using velocity shear flows. Originate a test plan to produce fly ash agglom-
erates at room terperature in the existing PSU acoustic agglomerator and to
extract and classify the fragility of the agglomerates using the technique
developed above. Execute the test plan.

Deliverables for Task III -~ A test plan for testing the fragility of acoustie
agglomerated fly ash particles is to be submitted to the TPO for approval prior
to execution. A topical report describing the methodology for testing agglom-
erate fragility and describing the test results, and conclusions of room tem-
perature agglomerate fragility testing is to be sumbitted.

Task IV -- Moderate-Temperature Agglomeration Tests ‘

Design and construct an approximately 6-inch diameter acoustic agglomeration
chamber to be operated over a range of elevated temperatures from 300°F up to
700°F. Design and conduct tests of acoustic agglomeratlon of fly ash at ele-
vated temperatures. These tests are to include tests of agglomerate fragility
using the technique developed in Task III. Design a similar facility for opera-
tion at temperatures up to 1500°F.

Deliverables for Task IV -- Design of high-temperature agglomeration chamber

is to be submitted for approval prior to construction. Design of high-
temperature acoustic agglomeration of fly ash tests is to be submitted to the
TPO prior to execution. The results of all tests and a topical report describ-
ing in detail the high-temperature agglomeration experiment, results, conclu-
sions, and recommendations for. future work. Design of high-temperature acoustic
‘agglomeration facility.
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