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TRANSPORT PHENOMENA AND INTERFACIAL KINETICS
IN MULTIPHASE COMBUSTION SYSTEMS

Principal Investigator: Prof. Daniel E. Rosner
1. INTRODUCTION

The performance of ramjets burning slurry fuels (leading to condensed oxide aerosols
and liquid film deposits), gas turbine engines in dusty or marine atmospheres, or when using
fuels from non-traditional sources, depends upon the formation and transport of small
particles across non-isothermal combustion gas boundary layers (BLs). Even airbreathing
engines burning "clean" hydrocarbon fuels can experience soot formation/deposition
problems (e.g., combustor liner burnout, accelerated turbine blade erosion and "hot"
corrosion). Moreover, particle formation and transport are important in many chemical
reactors used to synthesize or process aerospace materials (turbine blade coatings, optical
waveguides, ceramic precursor powders, fibers for composites,...). Accordingly, our
research is directed toward providing chemical propulsion systems engineers and materials-
oriented engineers with new techniques and quantitative information on important particle-
and vapor-mass transport mechanisms and rates.

The purpose of this report is to summarize our research methods and
accomplishments under AFOSR Grant 91-0170 (Technical Monitor: J.M. Tishkoff) during
the 3-year period: 15 February '91-14 February '94. Readers interested in greater detail
than contained in Section 2 are advised to consult the published papers explicitly cited in
Sections 2 and 5. Copies of any of these published papers (Section 5.2 and Appendix) or
preprints (Section 5.3) can be obtained by writing to the PI: Prof. Daniel E. Rosner, at the
Department of Chemical Engineering, Yale University, New Haven ,CT 06520-8286 USA.
Comments on, or examples of, the applications of our research (Section 3.4) will be
especially welcome.

An interactive experimental/theoretical approach has been used to gain
understanding of performance-limiting chemical-, and mass/energy transfer-phenomena at
or near interfaces. This included the development and exploitation of seeded laboratory
burners (Section 2.1), new optical diagnostic techniques (Section 2.2) and flow reactors
(Section 2.4). Resulting experimental rate data , together with the predictions of asymptotic
theories (Section 2), were used as the basis for proposing and verifying simple viewpoints
and effective engineering correlations wirth a rational basis for future design/optimization
studies.

2. RESEARCH ACCOMPLISHMENTS

Most of the results we have obtained under Grant AFOSR 91-0170 during '91-'94
can be divided into the subsections below:
2.1. TRANSPORT AND STABILITY OF AGGREGATED PARTICLES: THEORY

The ability to reliably predict the transport properties and stability of aggregated
flame-generated particles (carbonaceous soot, Al203, Si05,...) is important to many
technologies, including chemical propulsion and refractory materials fabrication. The
existence and character of such particles is also known to influence the "signature" of
chemical propulsion devices.




The Brownian diffusion-, inertial-, and optical-properties of aggregated particles, as
formed in sooting diffusion flames, are quite sensitive to size (e.g. number N of "primary"
particles; see Fig. 1) and morphology (geometrical arrangement of the primary particles). In
this program we developed methods to anticipate coagulation and deposition rates of
suspended populations of such particlesﬁn combustion systems. As one example, we have
recently developed improved and efficient methods for predicting the Stokes drag of large
'fractal' aggregates via a spatially variable porous sphere model (Tandon and Rosner,1994;
Figs. 1, 2 ). Using the Stokes-Einstein equation, the results of Fig. 2 have been used to
predict the Brownian diffusivity of such aggregates in the high pressure (near continuum-)
limit (proportional to the product of the reciprocal of the ordinate of Fig. 2 and N-1/Df), This
approach can be extended to predict the thermophoretic diffusivity of such aggregates, an
important quantity we have recently found to be much less sensitive to size and morphology
than the translational Brownian diffusivity (Rosner et.al. 1992). Indeed, this provides the
theoretical basis for the thermophoretic sampling technique being employed in our current
experimental studies (Section 2.2). These new methods/results, together with recent results
on the spread of aggregate sizes in coagulating populations, can be used to predict wall
capture rates by the mechanisms of convective-diffusion, turbulent eddy-impaction, and
thermophoresis. Also developed in this program were efficient pseudo-continuum methods
to predict chemical interactions between aggregates and their surrounding vapor
environment---interactions which can lead to primary particle growth, or burn-out. In
particular, we developed new and efficient methods to predict the "accessible surface area"
of aggregates (expressed as a fraction , 1, of the true surface area in Fig. 3), including its
dependence on size (N), structure (fractal dimension, Dy), probing molecule reaction
probability o, and pressure level (via Knudsen number based on primary particle
diameter)(Rosner and Tandon, 1994).

Initiated in this program were studies of the restructuring kinetics of aggregates —
ie. those factors which determine the observed size of the apparent "primary particles"
comprising soot particles, and the "collapse" of surface area observed in some high
temperature systems (Cohen and Rosner,1993). Toward this end, we developed new
methods to characterize the morphology of multi-particle aggregates (Fig. 5)
thermophoretically extracted from laminar CDFs in a new "slot" type burner (Fig. 4). One
such "fingerprint” is the pdf of angles formed by triplets of primary particles (Fig. 6 ).

2.2. FORMATION, TRANSPORT AND STABILITY OF COMBUSTION-GENERATED PARTICLES:
LAMINAR COUNTERFLOW DIFFUSION FLAME EXPERIMENTS

We have inferred the thermophoretic diffusivity of flame-generated submicron
"soot" particles using two-phase flame structure measurements on (TiCly(g)-)seeded low
strain-rate counterflow laminar diffusion flames (CDF-) (Gomez and Rosner, 1993). A
knowledge of the relative positions of the gas and particle stagnation planes and the
associated thermal and chemical environments can be used to control the composition and
morphology of flame-synthesized particles. These factors should also influence particle
production and radiation from turbulent non-premixed "sooting" flames, as discussed further
in Gomez and Rosner, 1993.

To obtain fundamental information on nucleation, growth and aggregate restructuring,
we developed an improved "slot-type" burner (Fig. 4 ) and introduced instruments to carry
out in situ measurements of particle Brownian motion (via "dynamic light scattering"). We
also developed a thermophoretic sampler to extract aggregates from various positions in the
seeded-CDF for morphological analysis using transmission electron microscope (TEM)
images (Fig. 5). Aggregate data obtained from CH4 flames seeded with titanium tetra-
isopropoxide (TTIP-) vapor are being being analyzed using new theoretical methods briefly
outlined in Sections 2.1, 2.3.




Fig.1 "Porous sphere" model of large fractal aggregate
suspended in a background gas; basis for the calcu}atloq of
translational an4  rotational Brownian 'dlffl..lSlOn
coefficients, thermophoretic diffusivity, "stopping time",
accessible area, and restructuring kinetics (after Rosner
and Tandon, 1993 Rosner, Cohen and Tandon, 1993,
Tandon and Rosner,1994)
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Fig. 3 Pressure dependence (via the Knudsen number based
on primary sphere diameter) of the accessible Surface
area of large "open" (D¢=1.8) aggregates; reaction

probability, o, of probing molecule 0.1; (after Rosner and
Tandon, 1994)
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Fig. 2 Drag reduction associated with effective
permeability for a quasi-spherical "fractal" aggregate
comprised of N primary spheres in the continuum regime
(a = Rmax= {(3/2) ‘[Df+2)/Df]}‘lz'ngration) (after
Tandon and Rosner, 1994)
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Fig. 5 Typical multiparticlebaggregate thermophoretically
extracted from laminar CDF seeded with TiO, precursor
TTIP vapor. TEM image (a) compared to 'touching sphere’
idealization (b) (after Albagli, Xing and Rosner,1994)
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Fig. 7 Axisymmetric impinging jet CVD-reactor with
inductively heated "pedestal” (after Rosner, Collins and
Castillo, 1993, Collins,1994) for systematic studies of
oxide film deposition from the vapor precursor TTIP
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Fig.8 TiOy(s) deposition rate data (reported as an apparent
first order heterogeneous rate constant) from TTIP/O2/N,
mainstream showing ‘best-fit’ deposition rates (after
Rosner, Collins and Castillo, 1993, Castillo and
Rosner,1994) predicted using chemical sublayer (CSL-)

theory, allowing for homogeneous consumption of TTIP
within thermal BL.




2.3. MULTIPHASE TRANSPORT THEORY: NUCLEATION, GROWTH, THERMOPHORESIS AND
INERTIA; AEROSOL SAMPLING IMPLICATIONS

In this program we have completed and submitted for IJ/JHMT publication a
comprehensive set of Seeded micro-combustor experiments, and ancillary theoretical
calculations on the interesting competition between particle inertia and particle
thermophoresis for the case of particle transport across laminar nonisothermal gaseous
boundary layers on surfaces with streamwise curvature (e.g., turbine blades).
(Konstandopoulos and Rosner, 1994). For inertial impaction we demonstrated that our
earlier idea of correlating impingement rates from compressible gas flows using an effective
Stokes number (Israel and Rosner, 1983) can be generalized to include the effects of
aerodynamically interacting targets, as in a 'cascade' of turbine blades (Konstandopoulos,
Labowsky and Rosner, 1993).

We also completed and published a computational study of the unusual population
dynamics of coagulating absorbing-emitting particles in strong radiation fields (Mackowski
et.al., 1994). (For a useful overview of our recent AFOSR-supported work on these and
other effects of energy transfer on suspended particle dynamics, see Rosner, et. al., 1992).

The systematic effects of particle size/morphology-dependent wall deposition and
coagulation on the sampling of aerosols have been predicted and discussed in 2 papers, one
(Rosner and Tassopoulos, 1992) which appeared during this period, and one now in
preparation (Rosner, Tandon and Konstandopoulos, 1994).

2.4. KINETICS AND MORPHOLOGY OF CVD-MATERIALS IN MULTI-PHASE ENVIRONMENTS

A small impinging jet (stagnation flow) reactor (Fig.7) has been developed and used
to study the chemical vapor deposition (CVD-)-rates of refractory layers on inductively
(over-)heated substrates (Collins, Rosner and Castillo,1992,1993; Collins, 1994). These
measurements, initiated with the co-sponsorship of NASA-Lewis Labs, have been used to
understand deposition rates and associated deposit microstructures observed in highly non-
isothermal, often particle-containing local CVD environments. Figure 8 shows (logarithmic
ordinate) our apparent deposition rate probabilities vs. reciprocal surface temperature for
TiO,(s) obtained from TTIP(g). The solid curve marked Dampom= 2x 10!4 (where this
parameter may be regarded as a dimensionless homogeneous rate constant) shows our
predicted CVD rate behavior including non-negligible Soret transport (Castillo and
Rosner,1993) allowing for TTIP decomposition within the boundary layer. Agreement with
the experimental data of Collins (1994) is encouraging indeed. Regarding deposit surface
morphoplogy , we completed a theoretical study of the morphological stability of deposits
growing by the mechanism of thermophoresis (or Soret transport for vapors) (chemical
sublayer (CSL-) theory of Castillo, Garcia-Ybarra and Rosner, 1992). On the subject of the
'grain' density of vapor deposits we proposed and successfully demonstrated a rational
correlation which relates the density of 7 materials (including SiC, BN and graphite) for
which data could be found in the literature to their fundamental properties (activation energy
for surface diffusion, lattice dimensions,...) and deposition conditions ( reactant pressure,
surface temperature, reaction probability) via a suitable Damkohler number which we call
the 'burial' parameter (Kho, Collins and Rosner,1994).

In this program we have also summarized our research on the high temperature
gasification kinetics of solid boron by B2O3(g), including the implications of our flow reactor
data for chemical propulsion applications (Gomez, Rosner, and Zvuloni, 1993).

e e sk 3k

In our OSR-sponsored Yale HTCRE Lab research during this program, briefly
reviewed here, we have shown that new methods for rapidly measuring particle transport
rates, combined with recent advances in boundary layer theory, provide useful means to
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identify and incorporate important, but often previously neglected, mass transport
phenomena in many multiphase propulsion engineering and materials engineering
design/optimization calculations.

Despite the formidable complexities to be overcome in the design and operation of
air-breathing propulsion power plants utilizing a broad spectrum energetic fuels these
particular techniques and results are indicative of the potentially useful simplifications and
generalizations which have emerged from this program's fundamental AFOSR-funded
research studies of combustion-generated particle transport mechanisms. It is hoped that
this Final Report and its supporting (cited) papers will facilitate the refinement and/or
incorporation of some of the present ideas into engineering design procedures of much
greater generality and reliability. This work has already helped identify new directions
where research results could have a significant impact on engineering practice in both the
defense and civilian sectors of the US economy (Section 3.4).

3. ADMINISTRATIVE INFORMATION:
PERSONNEL, PRESENTATIONS, APPLICATIONS,
"COUPLING' ACTIVITIES
The following sections summarize some pertinent 'non-technical’ facets of the
abovementioned Yale HTCRE Lab/AFOSR research program:

3.1 Personnel o
The present results (Sections 2 and 5) are due to the contributions of the individuals

listed in Table 3.1-1, which also indicates the role of each researcher and the relevant time
interval of the activity. It will be noted that, in addition to the results themselves, this
program has simultaneously contributed to the research training of a number of students and
3 recent PhDs, who will now be in an excellent position to make future contributions to
technologies oriented toward air-breathing chemical propulsion, and high-tech materials
processing.

Table 3.1-1 Summary of Research Participants® on AFOSR Grant :

TRANSPORT PHENOMENA AND INTERFACIAL KINETICS
IN MULTIPHASE COMBUSTION SYSTEMS

Name Statusa Date(s) Principal Research
Activityb
Albagli, D. PDRA 4/92-5/94 particle prod/char. in CDFs
Cohen, R. D. VS Spring'93 aggregate restructuring theory
Collins, J. GRA '92-'94 CVD of ceramic coatings
Gomez, A. Asst.Prof. '92 Ms. on particle transp. props.(CDFs)
Kho,T. GRA '92-'94 correl. of density of CVD coatings
Konstandopoulos, A GRA,PDRA '92,'93 combined inertia + thermophoresis
Labowsky, M. J. VS '91-'94 inertial impaction and erosion
Papadopoulos, D GRA '92-'94 boundary conditions at G/S interface
Rosner, D.E. PI '91-'94 program direction-dep. theory/exp
Silverman, I. PDRA '92-'93 spray evap/comb. at high pressures
Tandon, P. GRA '92-'94 transport phenom. in BLs and CDFs
Xing, Y. GRA '93-'94 particle prod/char. in CDFs
2 PDRA=Post-doctoral Research Asst GRA= Graduate Research Assistant

PI = Principal Investigator VS = Visiting Scholar

b See Section 5 for specific references cited in text (Section 2)
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3.2 Cooperation with US Industry

The research summarized here was supported by AFOSR under Grant 91-0170
(2/15/91-2/14/94). The Yale HTCRE Laboratory has also been the beneficiary of continuing
smaller grants from U.S. industrial corporations, including groups within GE, DuPont, Union
Carbide (now Advanced Ceramics Corp.) and Shell, as well as the feedback and advice of
principal scientists/engineers from each of these corporations and Combustion Engineering-
ABB and Textron. We appreciate this level of collaboration, and expect that it will
accelerate inevitable applications of our results in areas relevant to their technological
objectives (see, also, Section 3.4, below).

3.3 Presentations and Research Training

Apart from the publications itemized in Section 5 and our verbal presentation (of
progress) at the regular AFOSR Contractors Meetings , our results have also been
presented at some 30 seminars/conferences--including annual or topical conferences of the
following professional organizations:

Int. Fine Particle Res. Inst. (6/92, 6/93)

AIChE (11/91, 11/92, 11/93)

AAAR (10/93)

Electrochemical Soc. (CVD XI (5/91), XII; 5/20/93)
ASME-Engineering Foundation (3/91)

Materials Research Society

Combustion Inst.

In addition, during the period: 2/15/91-2/14/94, the PI presented seminars at the
following Universities:

U Manchester 5/28/92 Leeds 5/29/92 Penn State (7/28/92)
Northwestern 4/22/93 CUNY 10/18/93 KTH-Stockholm
Brown (9/22/92) Notre Dame (10/27/92) U. Paris-Nord.

U. Wisconsin U. Oslo U. Limoges
Trondheim U. Tolouse Technion-Haifa
Waterloo

This program involved completion of the PhD dissertation research of three Yale
graduate students (J. Collins , A.G. Konstandopoulos and M. Tassopoulos; ¢f. Table 3.1-1)
and will form the basis of the dissertation of P. Tandon (to be completed during '94-'95).
Also, T. Kho has received her Master's Degree based on work supported in this program.

3.4 Some Known Applications of Yale-HTCRE Lab Research Results
It has been particularly gratifying to see direct applications of some of this generic
AFOSR-supported particle and vapor mass transfer research in more applications-oriented




investigations reported in recent years. Indeed, the writer would appreciate it if further
examples known to the reader can be brought to his attention.

Our AFOSR supported research on soot deposition rates from flowing laminar or
turbulent combustion gases has been applied by Aerojet Corp. (D. Makel et.al.,1990) to
develop a model for application to rocket chambers and nozzles (with NASA support).
Extensions to jet engine nozzles are currently being made by M.T. Nys at Pratt and
Whitney Engine Business in W. Palm Beach FL

In the area of multicomponent vapor deposition in combustion systems applications
of our predictive methods (for "chemically frozen" (Rosner et.al., 1979) and LTCE
multicomponent laminar boundary layers) have been made by British Coal Corporation-
Power Generation Branch (I. Fantom, contact) in connection with their topping cycles which
run gas turbines on the products of fluidized bed coal combustors/gasifiers. Also, in
combustion research many groups (eg., Dobbins et.al. (Brown U.), Faeth et.al. (U. Mich.),
Katz et al. (J. Hopkins U.)) are now utilizing "thermophoretic sampling" techniques to
exploit the size- and morphology-insensitive capture efficiency characteristics that we have
proven in our AFOSR research (Section 2.1).

Our AFOSR and NASA fundamental research on chemical element segregation in
the CVD of refractory ceramics (eg., SiC and metal borides) (see, eg., Collins and Rosner,
1991, 1992) is evidently of use to AFML contractors synthesizing controlled stoichiometry
fibers for light weight/high strength composites (Americom, Textron).

For calculating suspended particle concentrations along trajectories outside of
aircraft (involved in atmospheric sampling), or inside of CVD reactors, A. S. Geller and D. J.
Rader of Sandia-Albuquerque have adopted a method developed in our earlier AFOSR
work (Fernandez de la Mora, 1981), and recently applied in our own studies of particle
motion in laminar boundary layers with streamwise curvature (Konstandopoulos and
Rosnert, 1994).

Ongoing work at MIT (Walsh er.al. 1992), PSI (J.J.Helble) and Sandia CRF (L.L.
Baxter) has incorporated our rational correlation of inertial particle impaction (e.g. a
cylinder in cross-flow) in terms of our effective Stokes number (Israel and Rosner, 1983,
and Konstandopoulos et. al. 1993). Recent applications of our AFOSR and DOE-supported
research (on the correlation of inertial impaction by cylinders in crossflow) have also been
made by the National Engineering Laboratory (NEL) of Glasgow Scotland (Contact: Dr. A.
Jenkins). NEL is apparently developing mass-transfer prediction methods applicable to
waste-heat recovery systems in incinerators, as well as pulverized coal-fired boilers. These
applications are somewhat similar to those reported by the Combustion R&D group at MIT
and Penn State U, and are now being taken up by VTT-Energy/Aerosol Technology Group,
in Finland.

Explicit use of our studies of self-regulated "capture” of incident impacting particles
(Rosner and Nagaragan, 1987) is being made in current work on impact separators and
ceramic heat exchangers for coal-fired turbine systems in high performance stationary power
plants. Other potential applications arise in connection with "candle filters" used to remove
fines (sorbent particles,...) upstream of the turbines. A useful summary of work in these
interrelated areas (Solar Turbines, Textron Defense Systems, Hague International,...) was




presented at the Engineering Foundation Conference Inorganic Transformations and Ash
Deposition During Combustion., the proceedings of which appeared in 1992.

Clearly, fruitful opportunities for the application of our recent "non-Brownian"
convective mass transfer research now exist in many of the programs currently supported by
the US Air Force, as well as civilian sector R&D.

4. CONCLUSIONS

In the OSR-sponsored Yale HTCRE Lab research during the period: 2/15/91-2/14/94,
briefly described above, we have shown that new methods for rapidly measuring particle-
mass transfer rates, combined with our recent advances in mass transport theory, provide
useful means to identify and incorporate important, but previously neglected, mass transport
phenomena in many chemical propulsion engineering and materials engineering
design/optimization calculations. One important class of examples involve our treatment of
aggregated particle transport phenomena (Section 2.1)

Despite formidable complexities to be overcome in the design and operation of mobile
and stationary power plants utilizing a broad spectrum of energetic fuels the
abovementioned techniques and results (Section 2) are indicative of the potentially useful
simplifications and generalizations emerging from our present fundamental AFOSR-funded
research studies of combustion-generated particle transport mechanisms and interfacial
reactions relevant to the synthesis of refractory materials. It is hoped that this Final Report
and its supporting papers (Section 5) will facilitate the incorporation of many of the present
ideas into design and test procedures of greater generality and reliability. This work has
also helped identify new directions where it is anticipated that research results from this
AFOSR program have a significant impact on future DOD and civilian sector engineering
practice.
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Walsh, P.M., Sarofim, A. F., and Beer, J.M., "Fouling of Convection Heat Exchangers by
Lignitic Coal Ash", Energy and Fuels (ACS) 6 (6) 709-715 (1992)
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Castillo, J.L., Garcia-Ybarra, P., and Rosner, D.E.,"Morphological Instability of a
Thermophoretically Growing Deposit", J. Crystal Growth 116, 105-126, (1992)

Collins, J., Rosner , D. E. and Castillo, J.L., "Onset Conditions for Gas Phase Reaction and
Nucleation in the CVD of Transition Metal Oxides", Materials Research Soc. Symposium
Proceedings Vol. 250, MRS (Pittsburgh PA) (1992), pp. 53-58

Collins, J., Effects of Homogeneous Reaction on the Chemical Vapor Deposition of
Titanium Dioxide, PhD Dissertation, Yale University-Graduate School, Dept. Chemical
Engineering, 1994

Rosner, D. E., Collins, J. and Castillo, J.L., "Onset Conditions for Gas Phase Reactions and
Particle Nucleation/Growth in CVD Boundary Layers", in Proc. Int. Conf. on CVD (XII),
1993, pp 41-47.

Gomez, A., and Rosner, D.E., "Thermophoretic Effects on Particles in Counterflow Laminar
Diffusion Flames " Combustion Science and Technology 89, 335-362 (1993)

Gomez, A., Rosner, D.E. and Zvuloni, R., "Recent Studies of the Kinetics of Solid Boron
Gasification by B203(g) and Their Chemical Propulsion Implications”, Proc. 2d Int.
Sympos.
on Special Topics in Chemical Propulsion: Combustion of Boron-Based Solid
Propellants and Solid Fuels, (1992), pp 113-132.
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Rosner, D.E., Konstandopoulos, A.G., Tassopoulos, M., and Mackowski, D.W, "Deposition
Dynamics of Combustion-Generated Particles: Summary of Recent Studies of Particle
Transport Mechanisms, Capture Rates, and Resulting Deposit
Microstructure/Properties”, Proc. Engineering Foundation Conference: Inorganic
Transformations and Ash Deposition During Combustion, Engrg. Foundation/ASME,
NYC (1992); pp. 585-606

Konstandopoulos, A.G., Labowsky, M J., and Rosner, D.E., "Inertial Deposition of Particles
From Potential Flows Past Cylinder Arrays", J. Aerosol Sci (Pergamon) 24 (4) 471-483
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Mackowski, D.W.', Tassopoulos, M. and Rosner, D.E.,"Effect of Radiative Heat Transfer
on the Coagulation Dynamics of Combustion-Generated Particles”, Aerosol Sci.
Technol.(AAAR) 20 (1) 83-99,(1993))

Rosner, D.E.and Tassopoulos, M.," Direct Solutions to the Canonical 'Inverse' Problem of
Aerosol Sampling Theory: Coagulation and Size-dependent Wall Loss Corrections for
Log-Normally Distributed Aerosols in Upstream Sampling Tubes", J. Aerosol Sci. 22 (7)
843-867 (1991).

Rosner, D.E., Mackowski, D.W,. Tassopoulos, M., Castillo, J.L., and Garcia-Ybarra, P.,
"Effects of Heat Transfer on the Dynamics and Transport of Small Particles in Gases",
I/EC -Research (ACS) 31,760-769 (1992)
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Albagli, D., Xing, Y. and Rosner, D.E., "Factors Governing the Accessible Surface Area
of Combustion-Generated Ultrafine Particles” (in preparation, 1994)
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Aggregates”
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Castillo, J. L. and Rosner, D.E., Role of High Activation Energy Homogeneous Chemical
Reactions in Affecting CVD-Rates and Deposit Quality for Heated Surfaces”, in
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Konstandopoulos, A.G. and Rosner, D.E.,"Inertial Effects on Thermophoretic Transport of
Small Particles to Walls With Streamwise Curvature---I. Experiment, II. Theory",
Accepted 1993 and in press, Int. J. Heat Mass Transfer (Pergamon)




Kho, T. , Collins, J. and Rosner, D. E., "Development, Preliminary Testing, and Future
Applications of a Rational Correlation for the Grain Densities of Vapor-Deposited
Materials"

(in preparation for submission to J. Materials Sci., 1994)

Kho, T., Rosner, D.E., and Tandon, P., "Simplified Erosion Rate Prediction Technique for
Cylindrical Targets in the High Speed Crossflow of Abrasive Suspensions”, (in
preparation, for submission to ASME Trans-J. Engrg. Gas Turbines and Power, 1994)

Park, H.M., and Rosner, D.E., "Thermophoretically Induced Phase Separation in Highly-
Loaded 'Dusty' Gas Mixtures" (Revised version of HTCRE #162, revision in preparation
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Rosner, D.E. and Tandon, P., "Diffusion and Heterogeneous Reaction in Large Multi-
particle Aggregates; Calculation and Correlation of 'Accessible' Surface Area", (accepted,
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Rosner, D.E., Tandon, P. and Konstandopoulos, A.G., "Rational Prediction of Inertially
Induced Particle Deposition Rates for a Cylindrical Target in Dust-Laden Streams”, (in
preparation, to be submitted to Chem. Eng. Sci., summer 1994); see, also: Proc. 1st Int.
Particle Technology Forum, AIChE (in press, 1994).

Rosner, D. E., Tandon, A.G., and Konstandopoulos, A.G., "Local Size Distributions of
Particles Deposited by Inertial Impaction on a Cylindrical Target in Dust-Laden
Streams", (in preparation, to be submitted to J. Aerosol Sci., 1994)

Rosner, D.E., Tassopoulos M., and Tandon, P. , "Sensitivity of Total Mass Deposition Rate
and Resulting Deposit Microstructure to Morphology of Coagulation-Aged Aerosol
Populations of Aggregated Primary Particles”, in preparation, 1994)

Zvuloni, R., Rosner, D.E., and Gomez, A., "High Temperature Kinetics of Solid Boron

Gasification By its Higher Oxide B203(g): Flow Reactor Techniques, Rate
Measurements and Their Chemical Implications”, J. Phys. Chem. (to be submitted, 1994)

LIST OF ABBREVIATIONS

BL  Boundary layer CDF Counterflow diffusion flame
CVD Chemical vapor deposition CRF Combustion Research Facility
Dam Damkohler number CSL Chemical sublayer

G/S  Gas/solid interface GRA  Graduate research Asst.

IJHMT Int. J. Heat/Mass Xfer PSD Particle size distribution

LDV  Laser Doppler Velocimetry LTCE local thermochemical equilibrium
MRS Materials Research Society TTIP Titanium tetra-isopropoxide
TEM  Transm. Electron p-scope pdf Probability density function

6. APPENDICES (Complete Papers Published During 2/15/93-2/14/94
Period; including Form 298 for each)

|12




REPORT DOCUMENTATION PAGE

torm Approved
OMB No. 0704-0108

N&m-ﬁ eCHOn §F Infermetson n FItmated 10 evetoge | howr B riperee,
,.o..n., ~|:- dod. uulwnm'wd the todlechon of miormation Jend commenty

M!Ml’”"

"mmnmmhum
nrrﬁv-' Burden eimate o1 oy Other 090eci of the
e ong Seneryl, 1213 Jeftersen

m w'!'m
Mu,'—w Saiip 104 Artngesn, VA 117824587, “nnnoﬁn

this Durdon, 19 Washington Mesgeuertery Jevvicm, m
wuomw

ntermetion Oneretors
Projoct 0 794-0 100, Wavhengron. DC 26D,

1. AGINCY USE ONLY (Leave blank) ]2. REPORT DATR /994_

3. REPORT TYPL AND DATES COVERED

Reprmt: feass] Sei. Te«:/a 20,83- 99

A it Effect of Radiative Heat Transfer on the

S. FUND®NG NUN! RS

Daniel W. Mackowski , Menelaos Tassopoulos and Daniel E. Rosner

Coagulation Dynamics of Combustion-Generated ;”ER - g;égZF
| Particles SA - BS
§. AUTHOR(S}

G - 91-0170 (AFOSR)

ERF ORMIENG ORGANLLATION NAME(S) AND ADDRESS{ES
HIGH TEMPERATURE CHEMICAL REACTION
ENGINEERING LABORATORY
YALE UNIVERSITY
BOX 208286 YALE STATION
NEW HAVEN, CONNECTICUT 06520 U.S.A.

8. PERFORMING DRGANIZATION
REPORT NUMSER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)
AFOSR/NA
Building 410
Bolling AFB DC 20332-6448

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

122. DISTRIBUTION / AVAILABILITY STATEMENT

unlimited

Approved for public release; distribution is

12b. DISTRBUTION COOE

13, ABSTRACT (Maxsmum 200 words)

We examine the influences of radiation heat transfer
on the size snd number density evolution of smail
coagulsting particles. On a microscopic level, radiative
emission and /or sbsorption by the particle will per-
turb the gas temperature field adjacent to each parti-

particle number density. Under certain cases these
effects can augment the acceierated coaguistion rates
that occur under radistive cooling conditions. We
also examine the particular situation of equillbrium
bemeu ylrlkle cioud radistive sbsorption and

cle. As » resuit of thermophoretic perticle transport,
the nencquilibrium coandition cam alter the collision
rates with neighboring particles. A simplified analysis
of the thermephoretic coagulation mechanism suggests
that net radiative cooling of the particles can lead to
an accelerated growth of um-sized particles, whereas
net radistive heating can act to essentially freeze coag-
uistion rates. On the macroscopic level, the addition or
removsi of heat in the gas through radiative absorption
/emission by the particle cioud can aiso significantly

ich results in ne net macroscopic effect

on the gas. Uuder conditions where the spectral distri-
bution of the incident radiation differs from that of the
emitted radistion, radistive equilibrium can lesd to
sccelerated growth of certsin particle sizes and re-
tarded growth of others. Using numerical solutions to
the general dynamic equation for particle growth, we
demonstrate the possibllity of using incident radistion
of controlled intensity and spectral distribution te nar-
row the particle size distribution function of coagulat-

alter, through thermophoretic transport, the local ing serosols.
14, SUNECT TERMS 15, NUMBER OF PAGES
: o
T Key words: Svot,aggregated pantiches, mass trismsport, thermophoresis, agplomerates; Brownian diffusion. 6. PRICE COOL

17 SECUNTY CLASSIFICATION
Of RIPOAT

10, SECURITY CLASSIICATION
OF THIS PAGE

Unclassified

Unclassified

NSN 7540-01-280-3500

19. SECURITY CLASSIFICATION | 20. UMITATION OF ABSTRACT

Of ARSTRACT
Unclassified

UL

Standard Form 298 (890104 Draty
m'ﬁd by AN 146 29918




el w lo

digsuoneps a wo snao) am ANUR sy

é6-

[ m MR 3§ et
(ERnE 0n 4007 Adinouya) pur 3veen ey

PINUPOS 2y PINOYS UDNUKSIIND Woym o

IPWIpZ JIWIpe|A pue Yijows 1111

uj ..mi._ “|eaa M._.;cm 0661 ..__._mzz_u._z. 14 SIUIWINSRIPN WY UOHBIPNN
sased ur papuadsas sopiued  (ews j0 .
uodsuen ay) uo sysuen ey aapanpuas  IMIUAWLIRdXD pur jedno10aY) o Junows snouadouioyy IEidifoiq jo siodep paiimesiadng Jo uopesuapuo)
e om son oo B e Sy fe34 10 o o el UOSINEI [ |2Eyd1py PuE uasIBaY Y sawer
PP 3m Spom snowaid up -pausopad ! "3 13U 3Y) 0} uoIssIwa ngm
uaaq aacy somweudp spnsed wo aajsues;  MEIpEr dptsed Jo uonnquiuod ap N 12pUnLD A3uis ® Jo xep 4 241ty vorsnia pus Jupii ey
I3y uonEIPeS JO 2dUINYUI IY) Jo suonedyy  SUOHENNS :o_.m.wﬁEoo Em.uoov:_ Siudw 01DV 'd Wekiim pue ‘Ayiesy ‘m Py ‘ueuniy uueyog uaapy uaydag
“SIAUL M3) A[PALIRI21 “PUBY 19Y10 ayi ug “UouAud  umeradwa Y3y w isjsuen WEU0I0IN Hus0qs Luuy RN
(LB61 ‘Sn8udpy pue eexsip “82  A319ua daneipes 193)5e Apunojosd e sapp 00! it Rt ke el it L4 e ol A e L)
-235) UOLEIPES U0 s3PIed Jo souangur oy e [0S0I9E jlews Jeys umouy P 51 3 13usoy g jalue( pue ‘sojnodosse | soejouajy ‘IISMONIRRY ‘A fOtUEBQ
wEEE«xo 01 PAIOAIP uaaq SeYy yaeasal NOLLONAOMINI ‘1 €8 KU PRI -uclIsNquo)
Jo sqwsukqq uopwindeo) ay) uo sagsussy eIy npsPey Jo 133
weNysoAiung niojes
Tesase By (001 3 Ledtwen paseqdonusy winesq ‘Sane . )
3002 Jo woriua) BeinaiiIp Bis ppiied i mar  AimEoyElrs osre weo paep> spmised ) kg wopsna/ DL $23qqn0g jadoiq padiey) up PRy Isnq 10)
10w ) ISP d pue Ly 1 » vepdieses uneipa: yhnesy) 133 3 o
s optow Bera 10 Geaerd e A T T 1widoaq padsey) v Lq K>uaayy uopdstio) uo payy dupepg panddy us jo sy
L | 11110d 209 wenenbs Jpmeulp il ag -Boed axaay L)%y ) 1 0o Juyieay > PN [ v .
1 suspafes (R mee Buri)) S1aqe pe Ymesd popimy SBAGA ‘sapyued pozys-mvt h easd so.-t.vvu-” a:Eé [ "W pue BULBYN X d pugpaIng 'y 1390y
3 PR S3015 IR MEL e mamesd pasasape O pedy w0 12p411ed a1 g0 Bupes apeppes 1w ey 19 suadsa} pus suoqiesoapiy
0 pe B> wmpgynbs v s pary n128lns warweysaem senembves nasendemiay) anp u_.-EE-»_on_ SiRMsuo) josony dJuaydsouny Jo shsadoay passayug
24100 159 Wy 13241p SeneIPes Jeappw 2y) )0 venng sislioun poynden v saprred Suequdion yia s
w.h.... ?!i.!ﬁﬂﬂ!-ﬁi ...aﬂh.u-:a.!all. o s .ux.uﬂ ot waMmabeey ) u3sjuzag uof pue ‘uaidpunt| 'y rq ‘vidy) uwSuny 's113d "N sewoy |
. g e L] 1 ]
P endsess s o st stasny  ed e oy el g o o o 1S K101810q%] 2nsodxy uswny s K>uady vonajesy
SRHUNGLD Jo wenEms setnoried o) dmmers ois  aad e aporuind s dg worMsesae 20/ pus werss sjudwvosALy G 10§ yJuawdopaaQ) 10)v13ud NY RGN
m PR3 Buppesd mpeips sapun smade ey TPeL s daceassym & 6G sSapned Sepepsess 1 U2 'S 24 do5y i 1o D 10508V 21 nuans
[ T] [ % LT we s HOWS )0 uopingess Gisuap soqume pue axys »g) we DISIENS "y yasepy
T T BITMR aw loraap svpene imd ety eon weneipes o sswone) s o pidoaq .ﬂ_oo:oneuo.o:
Juizpode g L(pidey uo 33s0 4 Mdsoydojoyy jo uopsnung ndwo)
E 7828~ 01590 1D warwy may ‘Knsoaup 3 Ind "H "A PlAeq pue ‘ni 'Y A unwefluag ‘Kewoy ¢ 0dstouel
- - 154 (e
_ﬂﬂ ‘Warusind> Suuaouisug Eu.:%.h I UOHSZIRIININ [0S03Y pus ITisydsI(] MIBIS0IIIT 10} H1uo] Bu010) I djuog y
'_, > “©01240q0°] Sunrauiduz uonivay 1P21u3y7) amniadway yiiy .- . 3 Y ‘W D ‘1odd v -
— . : ANEM T g pue ‘pleiddaig ‘M [ “Wouq ‘W 0 ‘1addoyy 'y M
.-QCwON‘ 9 _D_CNQ pue mO_—-OQOmmG,—( wOﬂ_U—._OE 1 uonnqu)si(q G [0S0y Iy) uo

6#89E TV ‘Ansisaup) wingny
‘mauiyvdaq SuuasuSugy 1oy

DISMOXIB " JotuE(Q

sapnaeq

pAjetauan-uonsnquo) jo sonueulq uonengeo))
) uo Jdjsuel], yeay aneIpey Jo payy

€8/ #

sy spnop) 11sm Jupeydipasduoy ey 13y ) jo prig saquisy) poy) y

SINIINOD

661 ‘1 HATWNN ‘07 INNTOA

SBT 19 (E15) 0ud 2aw 11759 HO v ) ") Suippng ‘anusny Asmunr) 0059 2X)I0 HV VY
HOUVYISIY 10S04IAY HOA NOLLVIDOSSY NVIINAWY IHL 10 ‘TYNENOF IHL

ADOTONHIOIL ANV ADINAIDS 10S0UAY




L aamjeradwa) sed [eooj ay;
e Jeipes sapnaed oy jey; awnsse o] M
-udosdde st 1 *5133352 uonenSeos pasnpu
b_mu:u._o:ao::uﬁ ayl u loey Suunu
-1313p 343 3q Jjim Jey) ‘adualapp aimyesad
-w3) sed-apnied [enpe oyl ueys sayes
‘O Jo spnuuSew 3y aq |pm 1 Isnesag
M M3] & Auo jo 13p10 Y uo aq Ium
armesadway sed yjng SunoqySiou ay) pue
axmessdwa) opnzed Yy usamiaq adus
-19Ip oy ‘sainjesadwa) uonsnquiod e
sajonued pazis-w 10j “Jey) 3108} 3Y) JO asn
sayew ¢) 10j uoissaidxa ay) 0) uonewixold
-de 1oquny v ‘v yiSusjaaem e adinos
Jnewolydouow e se 10 ‘“» aoueniws
ue yum *¥; aimjeradws) juswuonauz ue
1e Supeipel ApoqAai8 e se 1ayie pazua)
-OBIRYD SI ') JBY) SLINSSE [[Im IM ‘SUOIIIIS
jusnbasgns ur uaald sajdwexs oy 10
"wIdIsAs pnopd apped ay) 0)
fewaixs SuneuiSuuo uonnquisip jendads
UmMOUY B JO UONEBIPRI 0) anp AJa1jud 3q 0)
‘D ayer pue—ajqidydau s1 sapned 1o
WOl UONEIPEI PIISNEIS PUB PaWI JO
‘D 01 uonnquILd oy3 Jey) sandun yorym
—um Ajeondo se pazuoereyd Ajaan
-BIpRl 9q ued pnoj spnsed ay; ey awns
-Se om ‘peaisuj -1y pajuasaid Niom
Syl Jo uonualul 3yl jJ0U SI SIsAjeue Uue
yong (8L61 ‘ss?) pue mouedg) saue
-punoq ws1sAs ay) 1 JuUIPIOUI LOYEIPE! SE
Iiom se ‘waisds a1 wr sspnsed 1310 s
{le wo1 uonelpes Jo Suueness pue uols
-SIUS 3y} JUNOOE Oju} SINE) YdIym—uon
-enba ioJsuen sAneipes o Jo uonm)
-0s y3noxyy paysiidwosse si '9 uoneipes
juapul ay) jJo uondipaid ‘rersusf uj
‘uonass sso1o uondiosqe
Yyl aewnss 01 K10ay) SN /zus107] asn
pue ‘sputed a3 jo snipes uesw-awnjost
3yl 0} puodsanod 03 v snipes spned
Y3 S¥E] sny) [jm 9m SUONIE[NOEd JNO U
"a1e82183e 2y se awnjoa swes Suiaey
alayds a1 /zusio Juseambs, ue Jj0
12y Aq pajeunxoidde jjam 3q ues uondes
ss015 uondiosqe a1 Jeyl (9861 ‘ual] pue
usjoiq) porsadins usaq sey 1 sopnsed
Yons Jog (6861 ‘suiqqoQ pue sipuedsjy)

8

sarayds (W z(p =) jews jJo saeSoadse
se swioj *ajdwexa 10j 1008 snoadRUOqIE)
"adeys ur |esuayds woppas are sopned
J0SOI3E  [Ba1,, *381N0D JO (£]6] ‘UBWINY
pue UaIYyog) ¥ + ¥ = w X3pUl JANIRI}AI
x2jdwos (3uapuadap-yiGusjaaem) ay1 pue
v/pug = x 1312weied sz1s a3 Jo uondun)
e se £109Y) a1 /Zua10 wouy pasdipaid
st *2 ‘p smipes jo sapined snosuaSowoy
‘[eaurayds 104 “spnued oy jo uoi1o9s ss015
uondiosqe [endads a1 s1 ") pue ‘Ajaan
-oadsa1 ‘1amod aalssiwe Apogyoejq pue
uonelpel juapidin endads oyl are ()"
pue ‘D ‘yiSusjasem sajousp v aiaym

o Lo,
©) o) | ==
14 c Q 2
@) 0% | <=7
Aq pauysp

‘appised 2y Jo suonoas ssoud uoIssjwa
pue uondiosge |e10; ay; are D pue D
PUE ‘JUBISUOD UURWIZIOg-UEBJAIS IY) SI D
‘WNIpawW oY) ulylim eae Jiun 1ad uonelpe:

Juapibul [e101 3yl SAOUSP H YdIYm ui
(1) wWI2°D2y -0 =
!Ev@ _ mgn.@ = @

‘st jeyy *spnred sy jo
$21e1 uoissiua pue uondiosqe ayy uvsamiaq
oualop oyl se Aiduns uanum aq ued
O ‘I aame1sdwa) wiojiun e e st spnsed
sy eyl Suumssy -spnsed ay) 0} sl
Jagsueny £81aua 1au oY) ajouap 0 197 '9p

--lued [enpiapul ue Aq uoissiws pue uon
-diosqe ySnoxy 1sjsueny AS1ous aAleIpel
3y Sunejnuuoy Aq siskjeue ano wiSaq ap

TIAON IFALLVIAVY °T

‘uonng
-Msip azis apdred ay) molseu Ajjenioe o3
suonipuos wnuqinba aaneipel u1 e ued
uonen3eod ‘uoielpel AP JO 104>
d|qeuns e 10j “JBY) moys pue ‘g uomndas

Slweuiq uonemseo) uo Jajsuel 1 189H Jo 1033

ui uonenseos spnied 10} uonenba siweu
-Ap |e1aual oy Jo suonnjos jeouawnu
uuopod om wniyads (aSd) uonnquisip
azis spiued oy Sunendivew piemo} ais
Ut UM “imoid papierar aaey m sazis
19410 pue ‘yimoid pajesajanae duaLIadxs
UL $321 3ponsed uiewas ‘ynsas e Sy ‘sed
oW1 Yim wnuqipinbauou jewsay; 3o 3218ap
SWOs Ut aq s ued sapnied lenpiaipui
W1 Jo Jsow ‘wnnoads panmws ay woyy
SI1ayip wnadads AS1aus dAlEIpRI PaqIos
qe 3y} ;1 jeyy sensuowap am ‘J3AIMOH
0132 aq [[1m sapnted ay Aq sed 3y} woy
10 01 182y jO 19ysuen 35U By; ‘oses sy
ul ‘wnuqunba saneper “Ajpweu—asey
41 30U st s yowym W uopenys Iejnoy
-1ed © ¢ uondas ur sunwexs am "sed yng
Sl uo uoneipe: jo spays sidossolsew
3l Suuapisuod osje INOYIm UONN|OAS 321S
apnted ayy uo uonejngeod snasoydow
=33y [aas-oidossoriw  jo 37 ERRETT])
wIpaid 03 sjqissod jou S1 ) “Ajjelauan
“[9a3] 21dodsosonw ay) uo 8uisuze asoy) yum
$193)43 31 1521L0D pUT ‘UONEIIUSIUO) ap
-hied uo uonepes jo 5109332 a1dodsosoew
3y Jo sishjeue paynduns e jussaid am ¥
uond3s uj ‘ses ays jo suoigal Jouajul ayj
olu! ssponired jo podsuen analoydounsy)
t Ol pes| Jim i3jsuen jeay uonoONpuos
24l wony Suisue sjuaipess amjesadus)
sed ay] ‘saurepunoq )1 woyy sed sy o
JE2Y jo uononpuoo Aq paduejeq 3q [m
UOISSIWS sjoused eia sed oy woij A31sus
3O I9jsuens 10u 3y suonipuos dres-Apeass
lIBI3A0 13pun ‘3idwexs 104 ‘uondiosqe
40 uoisstwa spdned woly 19)sues) AS1ous
31 0) sed ynq ay: jo ssuodsas ay o
Pa12uu0d are apess sip wo suisiueydaw
4L "Pnop 3joned sy jo saruadosd yInq
10 "oidossosew sy uo 199]33 ue 2Aey Ospe
ued sisatoydounsiy P3onpui-uoneipey
*SIUSWLONIAUD aimesadwar-ySiy ui
sapnred pazis-wr jo yimoi§ ay Sundopre
ul asuedyrudis fenuajod sy sjensuowap
pue ‘uonejn8eos apnied Pay1pow-uon
~BIpT. JO sisAjeue ue unouad am ‘€ uonoas
UI (€861 “Ie 32 Suem /61 ‘S3[eH pue
YIS *1L61 “1e 32 |[dwey) uonezuodes

"IB 10 DSMOXEW ‘M °q

JO may qudel ayr woyy 1ng 13jsueny aan
“CIPEJ Wwouy j0u s1n330 | yuss,, 1e3y 13dosp
41 UdIYm u—syo1doap 19em Aq sapnsed
Ifews jo SuiSuaaeas 343 ut 3101 JuedyIuGIS ©
Aejd ues uonemseos dhaioydounray; ey
3N awos 10} paziuSodal 2ABY s|OsOlae
duaydsoune jo pjay ay) ul s1aydseasay

"Peaq 3dnosoway) e Jo peays
“ul Jay1o yoes wo ysodsp sapnted sy
ey 1dadxo—awes oy Alrenuassa st sapp
-ired Suowe uonejnSeos analoydountayy
padnpui-uoneipey ‘sspnied 100s £q peaq
a1 jo Bulnoj ayy w 1nsal Apjomb jpm sis
-2loydouusay; pue ‘seg 3y} uey) 12j00s.3q
M peaq oy ‘uoisstws aaneipes JO asned
~2d (5861 ‘1ousoy pue 1susiy ) swey Sui
-100s & 0jut (393[qo jrews Aue o) peaq 9d
-nosouuay; e pasiswiwy sey oym suokue
01 Jeijwey s uousutousyd sy 'saponzed

" Suuoqudisu ynm sajes UoISI[10D a3 19y
s “sisazoydowsayy jo wsiueyosw 330d
-Suen sy ySnoiy ‘jusipess Y] -aponaed
oY) Woy pIesmino pusixa [um waipels
aimesadwa; se§ e pue ‘wnuqinnbauou
[BULISW Jo s1e1s & w aq sny; lim seS
pue spiued oy ses 1820} ayy pue apop
-led 31 usamiaq 19jsuen) 1eay uonsnpuos
Aq paouejeq aq s dpnted sy £q won
“EIpel Jo uondiosqe io uoissiure Y1 oAz
a1doasondnu ap UQ ‘spas| (pnop ajon
-ted) sidossosoew pue (spnied-spnied
“3'1) sidoosordiw yjoq uo sed a2y u proy
aimeradws; ayy Suna)e 4q sonweudp uon
-e[ngeod spued 1P34® |iim uoneipey

(1661 ‘sojnodosse] pue Jausoy 'ggel
‘oey pue 3ues] ‘6861 'SuiqqoQq pue sipu
-e8aN)) sassanoid 13430 3im L130u0d Ul 3o
(€861 *997.19961 ‘Buep, pue 13pue|paiy)
Suoje Junoe Jais ‘uonengeos ueiumoig
01 anp az1s Spdnred jo uonnjoas ay jo
Salprus jeanalosy; Auew usasq aaey alay)

‘(L161) Msmoydnjows jo yiom Supzasu

-oid ay; 2ouig ‘sopnted pajesedas Ajpen

-lul 13432303 Suiduugq Joy wsiueyoaw juey

-1Wop 3y1 se paynuapl Ajuownuos usaq

Sey uonow uelumoug azs siy) Jo sapiaed

104 'sopnted wri-zeau o) gns Jo sonueu

-Ap uonengeos 943 pue uonelpes usamiaq




"1013¢} uonendeod ondsoydounsay | 1 FUNOLI

w7l ‘D 00
oL l 10 10
- \MASE S Lenas ¢-01
L ./ i,.01
wr 10 = %o ]
wr 100 = © 3 ot
|||||| — 41 N
W 100 = 7 W, - to ]
b . ”, 4 01
wrl |0 = o - ]
e oy = 6 ]
1 e % oom._ 1 3,01
PP X 0501 = ™7y 1
- _% 086 = L ----
o . ¢ Ot

JO suonipuod 1apuny wr |-y°g jo aduer
3y ui Hpel 10} ‘SUCHIPUOD dANEIPED IBn
-o1ed 959Y) 10J ‘IND20 0] UIIS AT §193))9
snasoydoutal) ayy jJo 1asu0 Y] -aIns
-sa1d une | je Jre aq 0) uayey si sed ayJ
S 0001 St Y7 smeisdway se8 ayy pue
I 056 PuE 0501 = "*°L 18 Apoqxde|q © 0}
puodsaiiod 0) uaye; si £ uoneipes uaIpLd
-ui ay] -Suijood aaneipes jau pue Sunesy
3ANBIPE1 13U JO SUOWIPUOD 10} pajejndjed
pue ‘1ojowesed e se ‘v yum 'v snipes
spiued snsioa 7 jo 10id ® | 21nSig w
uasaid am ‘uonensnyyi jo sasodind 104
‘AQun uey ss9 10)0e)-7 © ey sed ay)
uey} 1on0y sapiled "paldadxa se ‘Aiun
SPa30X2 Z JOIDEJ UOIII2LI0D IY) pue Al
-e8au st 4y 2010) anasoydowaay) ays ‘(Su
-]002 2AljEIpRI UL SB yons) aane3au ase
sajel Jajsuely AS1aus Syl usYA “IURISUOD
suuewzijog st ¢y pue ‘poejU0D 1B 3dUER)
-sip uoneredas ayi s1 o+ 'o = 'p azoym,

3.8
VAR
@ TRl
(D)
‘aa0Qe Y} uf
-2
(an 1 >\ = (*p*'0)7
(LL6T “4spue|pall] 1996] ‘|2Qa7Z) se
L8

passaidxa aq ued> ‘Z paiousp ‘duoje uoll
-ow uelumolg 0} anp eyl o) sisasoydow
-121) Swipnjaur g pue | sapuied usamlaq
SJuejsuod el uoljengeod jo onel oY)
‘K3ojeue [e211309]9 Y} W) ‘910J2I3Y ]
*$109]
-jo uonemngeod snaloydoulroy) jo jewny
-s9 151y e se uonewixoidde arenbs-asisaul
ue AJusnf 0] y3nous jjews Inq ‘jewisajiuy
-ui ‘Suiyeads £powns ‘1ou S1 YIIYM *1°Q Jo
19pI10 Y1 UOo 3q M 47 1H ‘are ur sapdned
pozis-wr 104 -Ajaandadsas ‘yesy oyoads
a1nssaid-jueisuod pue Aisuap sed oy are
95 pue d pue sed sy jo saqunu ppuely
oy st *y/a%3d = 4g a15ym ‘474 jo 19pI10
34} UOo aq |[Im SauN) d1SIINdBIRYD 3dnIed
pue sed jo onel ay) ‘sisAjeue [RUOISUIWIP
ajdwis ® woiq ‘uonow spnsed jo sum
J1ISLIORIBYD 9Y) URY) IdjjRWS A[qRIOPIS
-uod sem uonededoid 1sjsuen jeay sed jo
awn dNIsLIAOEIRYD Y3 JI Ajuo paidadxa aq
pinom diysuonejal srenbs-as1aaul onn y
"sed 1aruied ay) ySnoayy (1ajsuen jesy se)
parededoid aq isnw sspnaed sy usamy
-aq uonode,, ay) ‘sisasoydoursayy uj ‘o
-1815013103}3 Ul dOUBISIP B 1340 Sunoe 2310}
snoauejuBISU; dYy) 01 judfeainba A[as
-a1d j0u s1 2210j d13210ydowisyl A1)
ay1 1eY) ‘1aaamoy *aziseydwd 03 Juenodu
SLIL '(LL6T “I9puR|paLd 19961 ']9QIZ) S0
-1ed padivyo A)pou1d3)a ud3MIaq UONEIN
-8eo0d jo uouswouayd parednsaaur LySno
-1oyl 3y} wolj mouoq ued jutod siyy je
sisjeue Y1 *aduapuadap o1enbs-asisaur
3y jo asneddq *,_y O1 [euonsodoad s1 Ly
2210} onasoydouliay) | 2a1392}J9,, Y1 eyl
jearal () pue () 'sbg jo uonodadsug
: "sed
ay jJo K1soosia dwweudp ayy st 7 a1aym

pring

=g
(uy/r-28+ VI +1

o1

Aq uaald s1 g ‘sopiued [ed
-uayds 104 -sed 3uipunoins ayy w (A1150]
-3A 3un Jad 20105 Seip jo jesoidioal) san
-ijiqow apouted oYy e ig pue lg aioym

oiweui( uonendeo) Wo 19Jsuel] 1eday o 1231

ig+ig
n.&\_ + _.h\n

apnmugew jo ‘sapd
-led omy o udamiaq pajoe 9210} (2a1s
-inda1 10) sancenie ue i sp ST uonjow oy |

) =(¥)'dq

ey
1

T.@nibv + N.U_Ak.uv_ =Ly Y

39 [Iim 13410 yoed (woyy
Aeme 10) p1Emo) ar0w sapiued ay) yarym
I® 1.l 300 ayy ‘p gppnaed 1oy suonejal
snodojeue pue ‘() pur (t) 'sbg 8Suisn
) (0861 "It 12 10qIR] 11161
ejjodiy pue eY[0A0T) Ajaansadsas ‘88°0
PUB 150 ‘07°1 29 01 usyes aq Aew D pue
‘d 'V sweisuod ays jo sanjea Y yorym ui

) (uy/5-28 + V)Y +1=2f

Aq uaa1g 10158) uonaLI0s
diis weySuruuny ayr s1 °f pue ‘K1aan
-oadsas 'p1°1 pue ‘g1z /11 Jo (uonepow
"LO3dE Wwmudwow pue jeway; 939;dwos
10j) sanjea yum *dwnl K1vojaa pue ‘duinf
aimelsdway ‘diis jeunay jo S1UaIYJ200
ate “o pue ‘o ) ‘SANIANONPUOD [eurIay)
3pnied pue sed jo ones ay; s Yiy=x
"9A0QE 2y u] 1y jo agues auus ayl 105
Sinsar jejuawizadxa sjqejiese yum jusw
-9218® djqeUOSEal Ul Dp e} sanjea sppaik

9y LHTHIT+ 100y “og + 1)
'+ 3yo7 B
"BInWI0] Buniy ay) jey; punoy (0861) "Je 319
10Q[e] “o1qeIen J0U AJE13uag S owndos
I=wy 2y w <) 10 wonnjos joexs ue
y3noyiry “sowiSas (1 > wy) moy-dis pue
(0= uy) Jnasjow sayy ayy ur paureiqo
2q ued 4H 10j suoissaidxs Wwioj-psso;)
2215 spnsed snsuspereys oyy st p pue
S3|nasjows sed ayj jo yied-3a15-uesiu ayy st
1 313ym “3pnred ayy jo v/) = uy I3quinu
usspnuy] sy ‘suiyy 1syio Suowe “yuncs
-OB ojul aye) 1snw <) jo uonewnsy ‘193
-oweled Ssojuotsuawnip e st L5 pue Kjson
“SIA dnewouly sef a3 s1 4 ‘aaoqe ayy uj

(8)

X

o)

IE 19 DsmoNoEW M °q

y
(s L =
up aiy

(9861 “1ousoy :gge| “fe
19 10qje]) wonenba ayy £q uatpesd ay)
01 pajejar aq ue> 4 A1o0ojan aniaioydow
-19y) ay) x__mu_wo_o:oEo:u:m ‘Z dpnted
Jo uohow snasoydowsayy v ur nsas N
1u3tpess aunjesadws) sed YL z0) ] o_w:
-1ed wouy uaye) s1 4 31eUIPICOD B 82?

) Y Hry 7 ap

‘0 Lp

‘01 1enbs | apansed woy;

19jsuel; A8idus wouyy Sunnsal juatpesd
ammeradway se§ wnnunuos v dustadxa
m 7 spnted ‘uoneasasuos Eho:u.EoE
s3ptIed ) usamiaq Adojaa aaneal
Wedsytugis e ur ynsas jou Op ‘UON2AUOD
sed pue sisazoydoloyd ‘se§ ynq ayl ur
Juatpeid sinjeradwa; e wolj sisazoydow
~3941 se yons ‘sajonied ay; jo wEm:::_uoE
Wodsuen  ynq,, ey swnsse os|e aom
"a1els Apeajs-isenb 1u33s3Inb Ajjeso e i
2q 03 sed ay) ayes pue ‘sspiaed oY) usam
99 suonoe1dul Siweudpolpdy pue Jew
~1243 1ap1o-13y8iy 109180u ap 'sa|noajow
sed oy jo Yied-aa1j-ucaw 3y uey;
1918318 ApuesyuSis aq o3 uaye si jey) y
due)sip e £4q pajesedas Alrenmur are ‘7 pue
1 P10usp ‘saponted ayy -saponed Suuoq
-Yys1ou jo 1ed e uo O saie1 19)suen; oan
“BIpBI 241 Jo 15935 3y} auiwexs mou am

NOLLVINSDVOD JLLTYOHIOWYIHL ‘¢

1/ wrl 8687 = v 'si 1y ‘an)
-e1adway uipuodsaiios 3yl Je uoissiwa
jyead jo :&:u_?mk Yl e (1861 ..:.u_.r
Pue 337) suonejas uoisiadsip woiy ‘papdIp
-31d jeyy 03 Suipuodsalios anjea juejsuos
€ asn am ‘(¢) ‘bg jo suonendwon [eal
~ISWNU 1IN0 Ul W xapul sAndR1yaI 3uspuad
-9p-yi8usjaaem e Suikojdws ueyl ayey
1008 sno3deuoqies jo sususideleyd aq
01 sopnJed sy jo saisadoid [eondo ay;
298} M am Yiom sip o SNd0j apdrred
-uonsnquod ayy yum Suidasy ur ‘osjy

98




-ydiy oyi owr sspiued [euonippe saup
01 0B pinom yYoiym sed oYy ul sjudipess
ammesadws) dn 19s pmom ‘uIn) ur sy
‘uoneipel y3nosy; es ssof 1eay Is1eass
& 9dusi1adxs pinom sspiued jo uonenuad
-uos 1s81e| e Jummeiuod suoidoy -adeds
Ul paINqLISIp A[usasun aq pinom sapised
3y} ‘1ayjey ‘ULICjiun 3G JOU PINom Uones)
-u3du0d 3piued [eniu oY) ‘suolienyis [eal
u] -3j01 yueuodwi ue Aeid ospe [im woysAs
343 jo suonipuod [eniut 3y; ‘uonippe ug
"wasAs sprued-sed oy jo suon
-1puod A1epunoq jeuLIay} sy} uo [esp jea1d
e pusdep [m samuadoid pnop spiued
34l UO IdJSUBI} JEIY UOHEIPEI JO OIS
19U oYy ey Iesp steadde snyy 3 tand
-0 pnom uoisiadsip apnued ou Apusnb
~95U0D pue ‘sef ayl Ul pIdNPUI IQ PNOM
siusipeld oN -sed syl jo Suijood uuo}
-tun e 03 Aidwis pes| pjnom sed ay) woyy
I3jsuely jeay aaneipel ‘uuojiun Ajfeniul
319Mm 3WIN{OA 3y jo auneradwa) pue uon
-BI3UDUO dpoiled ay) pue ‘(aa0qe ased
3yl ur [ewuayiost o) pasoddo se) oneqe
-Ipe a19m sed pue sopied ay) Suiwieyuos
aWnjoA 3y} Jo sauepunoq ay3 Ji ‘ajdurexs
104 ‘swisiueyoow uoisiadsip pue uone[n
-8e0> pasnpuj-aAneIpel ay) purysq ,3210)
3uiaup,, oYy 2onpar Aqasayy pue ‘am)
-esadwa) sed oy asea1dap 03 1R Osfe M
SE3 SY1 WoLj I2JSULL) JBSY SANBIPRI ‘SUIa}
-SAS JUSWILONIAUS-UOIISNQWIOD | [B3l,, U]
"uol1dRI] WN[OA 3pdrued
ur asearoul  aaiso|dxa,, ue 03 pes| pinod
sed uape|-spiued e jo Suood aaneipes
NInq 3y) Jey; $18388ns swy -3as [ Jo 1opio
3Y) U0 2q M 7 ") OO0[ 1B IUSIUONIAUD
Apogyoelq & pue Yy gog Jo sumeiadwm
sed © 1v ‘(€861 “[e 12 oloueS /86 *Sn
-US]A] PUE BIUBYSIA) SIIUBY Ul JOOS SNOID
-euogled jo sanjea [end£y oy Suipuods
-31103—,_()[ JO @ UONDRI] JWNJOA B Ylim
sapused wr g jo uoneindod e awnsse
*1 Jo anfea [ea1dAs & jo eap: ue sms o

(PP )
02) ' wuh_ 2 _ ="
L7y
st 71 aum
68 . .

uoISIadSIp ONSLIBIORIBYD JYI pue ‘alels
leniur 2y3 sjousp ¢ 1dudsqns Yoym w

14 0,
61) 22
L7 ¢

ut synsas (g1) ‘b Suneidayu
A[eutiog -juejsuod aq 01 uayel aq ued
a/0 Anuenb ayy ‘(undar ySiajkey sy
“3'1) syiusjaaem uoneipe:r sy 01 oads
-31 yua [fews a1e sapouted ayy jo sozis
3yl JU ‘JOASMOH ‘JUEISUOD 3G JOU P[NOMm
O pue 2 ‘uonen3eod 3piued jo osnes
‘ag 'spays uonemseod [3As)-o1doasoroiw
ay) IVUBYUS IYUNJ 0) OB SNY} pInom
‘uoneniIs siy) ur ‘s3daga [aaal-a1doasosdew
YL ¢ aseamdul AgaIay) pue Jay1agos sap
-ired 2y meIp 0} pua) sjuaipesd ay) ey
ur ‘saprred ays jo uotssardwiod,, e w
S)nsal ‘puey 13430 a3y uo ‘Su1jood saneIp
B (9961 '[392Z) sapnred padreys-ay|
4q paousuadxa uoisiadsip s11eISON3[3 JO
euawousyd ay3 o1 snoJojeue st yoiym s3[d
-ied ay) jo [essadsip e 01 spes| (( <0)
uondiosqe aAneIpes 12U JOo ased Iy

y 3
(81) Pt
- 0140 ¢p
. Sp{aif ‘ouwnjoa
opuued uesw 3y st g araym ‘g =9
uoyefas ayy Suisn pue ‘uonenbs AS1ous
paynduwis 3y yum vaoqe ayy Juruiquon)

L p
$atd ¢p
01 pes| suondwns

-se Juipasoasd syl -uuojun Kjeoo; aq
01 UDYE} 3Q UED ¢ UDIYM Ul *3WNJOA U] JO
SUOIJ2J JOLIAIUL 3Y} Ul UOIUSNIE INO SNDO)
udyl Sp\ IUBISUOD B SE .H /aty Anuenb
ay1 arewixosdde pue uoisnyp ueumolg
13182u sy am (g1) by Aydus oL

«rn A

(1) "O'N- ="1.a"

01 s2anpas uonenba A31aus ay *as1od
-sipouow aq o} sapiued oyl Jupye] awn

sweuAq uonendeos uo sopsur 1 1BDH Jo 19013

-[0A 24} JnoySnoIy) panguusip Ajuopiun
2q 01 pawnsse are sapied o) ‘Ajjeniu]
'sapiued oy Aq 19Jsuel) uoneiper jou )
2ouB[Eq ISNUL SWN[OA Y} JO SaLIEPUNROq
oy} 1e sed oyl wol IO OUl UOIONPUOD
183y ‘uoipuod Siy) urelurewr O] ~"Apeals
st awnjoA oyl ut yutod yoes e sinjerad
-wa) sed ynq ays yowym ur sed uapep-op
-ured “Yuaosammb jo awnjoa e 13pisuor)
-Aj39211p passaippe 2q ued
afejui; wonenuasuod 2pned-uonerpel
sidoasordewr 2yl o1 ydisur  sapia
-oxd ey uonenus Sumuwg} e ‘JIAIMOH
“iom juasaid ay) jo adods ay puokaq st
SiSA[eUe ue Yons pue——spoylall [edBWNU
annbar [m spiay uonodesy ssew apnied
pue asmjeradwa) syl Jo uonNN|os ‘suonENUS
9|qeAIaDUO0D [[e Ajjeoudesd 10 919 ‘w9
-sAs ay3 Jo suonIpuod [eniui pue Arepunoq
‘JUSLWILOIIAUS 3ANBIPEI ‘P]3Y MOY aY) se
yons s1030e] uo [eap jea1d e puadap L|sno
-1aqo [fim saptued ay) Jo 1ey 2y oF uon
-BIpEI JO UOIINQUIUOD JeWN|n Y] ‘uoil
-BIJUIDUOD 3dlted duUINYUl UBD JJSueI]
aaneiper aspnsed yoiym ySnosyy ws
-eysow oy} sapumoid spess odidossosorw
sy) uo sisaioydounrayy ‘syodpe  [9A9|
-51doosootu Y3 JOJ 3sEY Y} Sem SY
“JUSIOYJI
-0D UOISN}JIP UBIUMOIG Y1 SI (7 YdIym ui

(s
o, 1 10
LA ———+9Ad|-A= T?I, —
pat> pe
USHLIM 2Q UBD UOIIDBI] SWIN[OA 2D
-1jzed 10} uonenbs UOHBAIISUOD 3Y] ‘JUBIS
-u0d s1 Ausuap sed pue *2jqdi3au si $3210§
jeuonenaesd pue jensout eia Jiodsuen;
spuied “juasqe aIe (UoHEPIXO pue YImoid
9JBJINS ‘UONBIPNU) SHUIS IO | SIDINOS,,
sprued ey Jumunssy -uotienSeod £q
Paid3jjeun aq [im UYdIYm ‘¢ uondelj swn
-10a apnued ayy Suluiwexs Aq $193))9 uon
-e[n8roo 2y} Jo Ajajesedas pozijeue aq ued
8193} wodsuedy ay] 'sed ayi ySnoay sap
-ived 3y jo uodsuen snasoydounsay) pue
‘SAISRIJIP *DANDIAUOD OS[R Inq “uoniejngeod

"I 12 DISMOYITI M A

aponaed £juo jou ._\%_28 03 2uo saimbau
‘N JO uondipalg “‘N Ansusp Iaquinu 3>

-nued oy jeuorpodoid st b jey) ui—iesp

- st uonenbs AB1ous sed oyy o1 uon

-enu9ouod apnsed ays jo Suijdnoo ayy

0
) op (01D _['N=ub

Aq uaaIg st ao1nos jeay
ayy, {(p)f uonouny (Sd pazijeuliou e Aq
pawasasdar sspiued jo uoisiadsipAjod e
Jo ases [erausd ay) Suuapisuo)) ‘Iajsuei)
aaneipes apiged woyy Sunmsar 3danos
jeay owowmoa 2y st b pue ‘se§ oy
JO AJID0[2A DAIIIIAUOI 3Y) SIIOUSP A IYM

€1 WB+Laty=|"ata+ 5 |%0

Le

passaxd
-x3 SI uoneaissuod ASious aseyd sed
‘uoneIpel WD IO QIOSqe JOU S0P JjasH
se8 ay; jeyr pue sed syl jo sanuadoad
reaisfydowirayyy a3 uo 2ouanyui S1qiidau
aaey sspiued oy Suiwnssy -se§ ayy 10j
uonenba £81sua payiduns e Sunejnuuoy
Aq widaq ap -uonenuaduod 3piued uo
1ojsueny A81aua [aa3i-oidodsosdew A jo
S199JJ9 SY) SUILLEXI Im UOIIDIS SIY) Uf "SI
-weuAp apnied a3 uo Surresq 10311p ey
i wm w yowym ‘sed sy jo 3utjood 1o
Suneay jjnq & 01 pea| [im pnop apiued
9y; wolj I0 O) uoHeipel JO IdJsuen) Iyl
‘19A9MOH ‘uomnejndeod apnted uo 199y
3|qeIopisuocd B 3Aey pnod sapoied ayy
£q uoissiwa 10 uondiosqe sanetpel jey)
15933ns uo1193s snoiaasd ay) Jo sHNsaL YL

SNOLLOVYALNI T101LUVd /
NOILLVIAVY 40 SISATYNY DId0JSOUDIVIA ¥

'saponsed 1adse] ays Jo ymoud ayy
153416 JO PIBI3I 0] 198 |[im ‘puRy 15410 Y]
uo (3 0S01 = "*) Suneay aaneipey ‘uon
-e|ndead uelumorg aund 03 uosuedwoa
Ul Pa1BII[RIE A|SNOpuUsWISN 3q [fim SO
-tued (wr [ =) adie| sane[al JO Yimoad
ayl (M 0S6 = "L) Swjood aaneipes

88




-nfeod ay) sousy pue) Juijood 10 Funeay
spmued oYy jo spmudew ayr y3dnoy:
-fe ‘uonnguisip 9f [epouwitq ay) Jo wnax
e w synsa1 wrl o'z o1 1aquny ‘o 3w
-sealou] 'palsalie aq [[im sapdnued isedie|
a1 jo ymoid oy asnesaq—winioads
IomOLIeU B PIEMO} Pu3) mou plnom
uonjendeod onaioydowrayy 1apun uonn|
-0A2 (Sd SYL 'Pareay awodaq sapiped
a31e] sy Ijeys uwi—awanxa ansoddo
ay) 0} sywys uonnquisip 3y ‘wr ¢
0} saseasnul ‘o sy "pajood SOUO 3jelpawl
-1l 2y} pue ‘pajesy saprued jisajjews
ayl pue 1saie] 3yl Yi10q Yim ‘fepow
-1q 5wo23q sey uounquisip °f yi ey
$a9s auo ‘wr ¢'Q="p v "ASd 241 jo Suy
-USpROIQ € JO 1[N 13U 3} Yiim ‘uoenis
sy ut ymoad spnsed [ews Iyl 01 AN
-gjal ymoid spnted sdiel sy Ije1afaze
01 108 pnom uonejngeod snaioydounay)
*9A0QE PISSNISIP Sy "IS[[BWS Y} 10] AN
ssod pue sapnied 1a81e] a3 10) 2anedsu
ate wr ¢p0= "0 18 sanea 2f oy ‘syns
-a1 w791 9yl 1og ‘siojd ay) ul paAIIs
-q0 3q ued saumeaj Funsasoiul (21943
‘uo1IdUN} UOHNQLISIP 3ZIS N
-1ed ay1 Aq paiydiom ‘sapoiiied ayy Suowe
satel Suijoos/Sunesy aamneipes jo uoll
-nquistp ay) saad Of ‘sajedipur uonuyap
su sy tojowesed e se *p smipelr ueaw
2u15wosd ayi Yum *p/p snsiaa panoid st

. ‘uonelpes W Gp[gQ ‘uonduny
20inos 1eay 3sed ssaquoisudwilq € TUNOLA

sz . . Qi

G'0o—-

00 o

W 5160 = X
z2Z = o
% 009 = °1

I6

-uoneipel wl Q[ ‘uondunj
221nos jeay dpdnued ssajuoisuswid 7 AN

¥2)

(V] 0
{Lop conor 0.}

-
(2)/ (2)0 = (7)°f
‘AqQ pauysp ‘uon
-ounj 201nos jeay 3pdiued ssajuoisudWIp
3y yowym ur ‘¢ pue g saingig ui pojuds
-21d ale uonENdEd Y} JO SHNSII Y]
p jo s8ues swes Y 10y WA/ M €] N
L0 wosj pauea O ‘wr Gpig Y W T
01 500 woyy Swiduer “p 10§ WO/ M OT O3
.G punole woij pauea O ‘ased wr 7T'(]
3y} 104 *(7T) pue (£) 'sbg jo ammeipendb
ydnoiyr porenofed st wnuqinba 24N
-eipel Juigjsnes H jo anfea 3yl Yy uond e
10 ‘pue *T'7 PuR Y ()09 18 paxy a1e % pue
ainesadwa) sed oy -A[panoadsal “$ad1nos
lose] uol-ty pue QD o1 Suipuodsas
-100—wT §p1G0 10 701 1243 Jo syidud)
-3ABM 1B JNRWOIYOOUOW 3Q 0} udye)
s1 ) ‘uoneipel JUIPIUL JO uONQUISIP
{e1103ds 3y) 01 anp $139JJ3 1SBNU0D O

bu \z
€0 | | | o |dxe x
s (*o/vyui 6
upugp

=(0)f

£
s 1eyl "(LL6] 1opue|

uruiQ uonendee) uo Jojsurl | 1BdH JO 1O)F

-pail) wioj [ewsou-Jof e AQ PIjUIsSAI
-dax 2q ue> gSd 3yl Iey) awnsse jsiy om
‘uonjeIpel JUspIdUL pue uonduny qsd Yl
JO SOfIsLIeIRYD JY) UO UOIDUN) IDINOS
jeay opiued [enpiaput 9y) jo Idusp
-uadop oY) jo uonensn|i ue a3 oL
‘aui} Yjm uspeolq
plnom uonopuny qSd 9yl uayr ‘pajood
sauo 1231ef 2y} 194 ‘pateay a1om sapoiysed
Iaj[ews 3y; JiI ‘puey 12430 3y} uQ ‘uoisiad
-SIpouUOW € 3q P[NOM (SAOGE pauonudwW
se) (z7) ‘b Suwifysues uonduny gsd arew
-1J[0 3Y) udY] ‘PIUIBUIBWI SEM UOI)IPUOD
SIY) J| "W} Ylim mOLIRU UIY]} P[NOM SN
-1ed Sunendeos ay3 jo uonouny qSd UL
"AjaA11oadsas  ‘pajesafaode  pue  papleial
aq pinom sapiued 1ojjews pue 1a8ie| 3yl
Jo saje1r uonengeod ayl uayl ‘UOISSIWD
saneipes jau Suiaey souo 1a|jewss 3yl Aq
poouefeq 2q pinom yoiym ‘uondiosqe aan
-gipel 1au e pasuauradxd sapnied 1s8ie|
3y} ‘uonnqQLISIp [e1303ds pue Aisuajut uon
-BIpeI JUDPLUL Y] JO II0YD I[qeIINS B Aq
1 SungLnur £jeadss aq 03 1eadde uon
-ipuod wnuqiinba uoyeipes sy jo uon
-njoA3 JSd 2y} uo saduanbasuod ayl
‘Apeais-Isenb aq 0) udRel aq snyl
pinod aimesadway sed ayy pue ‘owiy uon
-ejnde0d DIISLISIORIBYD JY) UBY] ID3[jEWIS
Apueoyludis aq 0) paroadxs 3q ued swi
asuodsar ainjeradwal ayl ‘19A9MOH (TT)
‘b3 w passairdxs souejeq ay) ulejurew
01 sa3ueyd uonouny Qsd 2yl se a3ueyd
i aimyesadwoy sed ayy uayl ‘paxy st H
UONBIpRI JUIPIDUL [RIO) Y} Ji ‘Ajjenidy
A "uonIpuod
a1e1s Apeass B ui utewral pinod asnjesadway
sed ¥ing ay) 134 ‘pnoja apiued ay) Jo uon
-N[0A9 (0Sd Y} 193JjB PIROD SWSIUBYIIW
uonenirod onasoydowioyy UONIPUOD
siy) Jopu(y 'sed sy o} A31oud jou o045z
sadueyaxa apoym & se pnop apnied syj
19A—3urqlosqe ueyl asow Junuuwid dwos
‘Junitws ueyl uoneiper dtow Juiglosqe
swos—sed ayl yum wnuqinbouou |ew
-194) jo d2159p owos w 3q ued sapnsed
[ENpIAIpUL Y3 Jey) st sy Jo uonedydut
2y} “(assodsipouows ase sapiaed ay) “o1)

D ISMOORW M A

uonouny eyap e Aq pajussaidar si uon
-ouny 4sd 241 10 **°[ [enba [m Iz yorym
loy "1 aimeradwoay e Apoqyse|q e 0}
spuodsa1103 uoyeIpel JUIPIDUL Y} SSI[UN
) ouy =0 01 Aiduns wajeanba aq
10U [{im UONN|OS Y3 ‘[e1auad ul ‘Jey) 10N
¥ simjeradwioy sed ay) pue 5 uoneiper
JUIPIOUI [B]O) 3] UIM)IQ UOIIE[SI B IPIA
-o1d [jim uonenbs [eifajut sa0qe ay1 Y
saruadosd [eondo sporued pue Yo uonerp
-21 JUapIdUI 3Y) JO SonsLIaeIRYD [endads
pue (p)f uonoun] qSd usaid e 104

0 ‘0=0p(P)fX

[Croy2,Louy - EUQ_MV\

‘aouefeq ay} Aq passaidxa
uay) si uoNIpuod wnuqlinba aaneipes ay
-aimesadwial sed jnq {eoo| ayy se aine
-19dwa) uotssiwa apned ay) sjewrxordde
0] 2]qeUOSEaI SI )1 ‘310J2q SV ‘uoljeipel
panwo [2101 24} sjenbs sapiued ayy £q
P3qIosqe uoneIpel [BUISIXI [B10) 3Y) Iey}
sannbar uonipuod wnuqinbs ay) “suonp
-uod uy) Aj[eondo syl Japun) "WIISAS Yl
ulym WIojiUn pue Apeals 9q O) pawns
-se s ainjesadway sed ay) ‘uonippe uj

(1) 0=.b

'SI 1eYy) ‘uonIpuod wnil
-qiinbs uondiosqe/uoissid 13U B ui 3q
01 uajel mou are sapused ayy (g1) b3
ut passaidxa aouejeq A31aua oy} Jo ased
lepnonsed Sunsalolul UB MOU JUILLBXD I

WNHgIrinda
JALLVIAVY Y3AN NOLLVINOVOD °§

(T661) DismoyoeN
pue wededeN-eypoA Aq pawopiad uasq
Apuadas sey uouswoudyd siyl jo sisAjeue
Aeunwnjosd v payiidwe awod9q 01 pudy
PINOM SOIIWLIOJIUNUOU UOHEBIILIIUOD 3jol1
-1ed eyl wi—wojqosd ANfIQRIS B SO|qUISS
-o1 woqoid souweuAp  apnued/Suiood
uonBIpEI 3Y) "IsUds Syl uf -uoinemngeod
3y} 31e15]9308 AYaI3y} pue—uolssaidwod
opiged ‘s jey)i—suQidal  UOHBIIUSIUOD

06




jo souasqe 3yl ur ‘Apusnbasuc) ‘(€861
‘397) uotjejndeod UBIUMOIE WURNULIUOD 10}
uonpuny uonnquusip 9zis Jutarasaid-jjas
2y jo uwonewrxoidde [euuou-3of 3y o3
A[asop spuodsa1100 5 jo anjea [eul YL
77 =0 pue wrl [0 = *p 219m $358D YI0Q
ur sxajourered QS [enul YL "3 009 sem
armeradws) sed oy pue ‘pasn drom wrl
SP1S0 PuR 701 Syidusfeaem Juapidul oml
‘210j3q SV °G pue ¢ saIndif ur uoad are
uoyeyndwod [eouswnd 3y} Jo SINSIY
-swn(oa sfpted 1340 sjeidaul Yy
J1en[EA3 0} Pash sem aimieipenb uetssnen
pue ‘(9861 “[e 19 ssa1d) dzisdais aandepe
yum uoneidaul swayds ennd-aduny
e Suisn pauuoprad sem Jwil 13A0 uon
-eadaug “(z€) pue (0f) 'sb3 ut awnjoa 3PN
-1ed 1240 s[e182iul I[qNOP Y} Ul pasn pue
(97) pue (11) 'sbg woy pauteiqo sam g
a1es uonendeod pue Z I1o01oe} uonejndeod
ay; ‘deys owmy Jsenonsed syl je pawtel
-q0 sem O 3PUQ YPBusEAEm UIPOW
usAId ay) 10§ "D 91en[eAd O} pasn os[e
219m sauijdg suone[no(es ayy jo Suuuidaq
s 1e 1 usad oy soj szis Spriued jo
uonounj e se °) Sumy surids £q paploae
sem dois yoea 1@ fiSusajeaem 1240 uON
-esgoyut sompeid wr ySnoye ‘giSuspaem
uONEIpES PUB JWN{OA d1Ied 1240 uoneld
-3ju1 3|gnop e aimnbai pnoa siyl ‘ferausd
ug Yo pue %1, jo sanpea juound yi pue
31 ammesadwa) sed psxy sy jo uonduny
® Se O UONEBIPEI JUIPIOUl Y} I0] PIA[OS
seam (7Z) ‘b ur uonipuod wnuqimba a0
-eipes oYy dos awn yoes 1y -uonendeod
anasoydountayl wnuqiinba aanerpes 10y
suonenba 3yl jo uoneidalur ut PIAJOAUL
$i peayIaA0 [euoneIndiiod 3[qeIIPISU0d B
30 ayi o} uoneunxoidde yuatoyys Afjed
-uswnu pue Pedwod Afpane[al e ul syns
-31 SjusWoW-jo-poyaw 3y ydnoyly

wd
. N _u . n¢
(£¢) =N f...\z.*.htum

N
. ‘se Ajsuap 13q

-wnu puR W S$|UOISUAWIP 3Y) Suluyap

Aq pazijeuoisuswipuou st wajqosd Y

=L

¥6 .

*S9A[0A? (IS 243 Se Aea O}
pamol[e SI O UOMEBIPEI JUIPIDUL 3y A}
-esadway sed paxy e 10§ (zZ) b3 ut uon
-1ipuco wnuqiinba saneiper ayy Ajsties 0L
-paxy urewss 'f srmeradwsy sed sy 1y
soxnbax ¢ juesuod e Jo uomsoduw YL

()
0.0
‘apnpan(ayu(nyu(a‘nyg \a\‘u P

p
. p
(1¢) 0= ﬂ
(1)
00 00 T p
%%A.:ﬁ:vﬁa.xvmn.\.u\ W -= e

(161 ‘ueydnea pue uayoD) 4Aq uaaId
‘suonenba [enuaiayip Aieutpio 331yl
JO 133 P3sO[d B 03 SIUIWOW-JO-PoYIaW Y}
Sursn peonpai st (67) "bA ‘jueIsuod 3q o}
¢ uonoerj swnoa pnied syl Junjey

‘¢ = 1 pue ‘N =7 1eY) 310N

[4
(62) 1% .y > dxa 0N =

)
ap (1)Ul .\. ="

AQ uLIoj-pasop
e ul passaudxa 3q uoyl ued uonAquUISIP
AIsusp 1aquInu 341 JO JUIWOW Y1y SYL
“e/((L£¥/1€) Aq paoedal o SNIPeL YIM (€T)
‘bg Aq usam3 se uuoy |ewiou-30f € SureldL
uondun} (ISd 241 1Byl WNSSE M "poyIauw
sy szyun oL (1661 ‘sonodossey pue
12usoy :[L6] "ueydnea pue udayoD) uon
-ewixoidde sjuswow-jo-poyraw  idwis
-Ajeuoneindwod 2yl jJo SN Ipew nbiu
-yo31 151y ayp ‘uonendeod dualoydow
-193 wnuqnbs saneiper 103 (7) b3
01 uonn{os Y1 ewxoidde 0y PaIsn 31am
sanbiuydal [eSUA[eUR  JUSIIIHP OM]
(9861 'S1BIDG 1LL6T "PI2JUISS pur
IYSIBIIG) S[AUIdY PISRY-A[[RO1II03Y) 1310
pue (6861 'Syong) enuuoj uonrjodidul
syond 3yl Yum iudwaasde Isop ut e
1Ryl awidals UONISURLL Y] Ul $DJeL Uonein
-3eoa s1a1pasd (9g) *bF (1 = Z 1) 1332

sAWrUAQ vonenEre) ue 1ajsuriy 1R 0 1IYJ

sAlteIpel noynm uone[ngeoo 104 " w /3y
0007 39 O3 a1y uayel ‘Aususp apiued
asuLul ay) 01 s1ajas Yd ‘saoqe ayr up

(87) _
.Am\_:+n\_=VAEm+m\_=v il =g
1 1 /1%
a n
(L) Nﬁm\_=+m\_:v AI+IvX
it 1
d
ol (3
o\ L19 [o\ €

‘Aq usa8 ar1e pue ‘sowdal
WROUNUOY PUR IB{NJI[OW-331j 3yY) ul S92
-iied [eouayds 1o} sajer uonendeod uel
-umosg 2yl slouap °g pue Mg yoiym ur

.VQ + EkQ

92) 3

z=d
. ‘st 1By}
(9861 ‘S1839S “LL6] “PISJUISS puE DisSIENS)
padope st g [pwiay uonemnieod ayi 10}
uoneutixoldde afeisae dsiuouliey ay) *310}
1oy -oun§al uaspnuy] WONUNU0I-183U
syl own [jey Aqesausd [im uonednsaaut
syl ur IsaIatul jo sazis opuded ayj
*SJUBISUOD SB1 Y3 JO uole}
-uasaxdas payydunts Kjpeoiq e yum uidaq
01 sreudosdde st i ‘uonnoas gSd uo
wnuqnba aanepel Jo 199)§2 3Y) Jo uon
-ewnss Aeunwipaid e apiaosd o1 papudy
-ul 31 SUOUR[ND(BD INO JBYY ‘IOAIMOY
“‘Buuapisuo) g sweisuod 3jel uonemde
-02 3y} 0} 19adsal ylim Idudfeainbo swes
a1 10adxa jou A|{e12uad pinom Juo ‘swn
-joa swes syl Juaey odpnaed [esudyds
® Jo 1ey1 AQ parewixoidde aq ued spnsed
[Pousydsuou v Jo uotd3s ssosd uondios
QB 3ANBIPEI 3Y) T UOIII3S Ul pauonusw
se "ySnoyiy ‘(sa1eda1sie 1008 “3°9) $35830
-o1d uonsnquod ul powoy Isoyy Ajferd
-odsa *adeys ut jeousyds woplas a1e 3P
-tued josoror [eos,, "udy ‘g spueisuod
aled uonenieod oyl SunendEd Ul uonew
-ixoidde aprged [pouoyds ay) wieldl pm

112 MO M Q)

am ‘wnuqiinba saneiper 1opun UOHN|OAd
Aasd jo suone[noed Summofjo] ay3 uf

‘saprued 19430 [ puB @ SWN{OA JO SN}
-1ed usamiaq uonengeod 01 anp a swinjoa
jo sopiued jo ssof ayy syuasaidal uL)
puU0d3s AY] "2 O) Wns jeyl sawnoa Juisey
saprued jo sied uasmaq uonejndeod 3yl
01 anp a awn{oA jo sapiued Jo uoyesnd
3 stuasazdar uonenbs 3aoqe 3y ut UL}
1SIy 3YL -uomudunj uonnquUIsIp ANSusp
Iaqunu 3prued ay st (a)f N = (7)u pue
awnjoa 3p1ued Jussaidsr n pue 2 d13ym

’ 0
(50 np(myu(rmyg [(ayu-

0
np (myu(n—ayu(n-.a'nyg .\‘mn ¢
R ﬂ Ahv=m~
(LL6T “I9puE|paLIf
‘996 ‘[9Q37Z) Se uondunj gsSd snonun
-Uod € 10} uanlIm 2q ued JAO Y ‘Ileu
-IPI0O) [BUIIUI JY) SB SNIpel uey} Idyiel
swmnjoa spPsed yum pue ‘(uonespnu o
1m018 33BLINS OU “'3'1) WSIUBYIIW Yimo1d
Auo sy si uouendecd 3I3ym suonip
-uod 1apu(] ‘UIYBUIPUN 213M YImoi3 3N
-1ed 10} (3@O) uonenba snueudp [B12U3
3Y1 JO SUOHIN{OS {BILIAWAY "UONIN[OAI (ISd
uo wnuqiInba 3aneipes Jo 10313 3y Jo
sisAjeue aanemuenb asow e uie1qo oL
*3z1s apnsed uBIW ) ISLIIDUL
pue (IS4 3Yi uspeoiq L|snonuriuod o} 1oe
pinoam uoneqndeod snasoydoway ‘Yiduay
-3ABM UOYS oy 10} ‘leyl Ifeadde sny)
pinom 1[ "p3joud urewas sapned 1231e|
a3yl ‘134uin} saseadul ‘p sy "PIIRId|INe
3q mou pinom yImosd apuaed adie] -of
JO UOHINQUISIP [BPOWIq € Ul SHNS3L Aydifs
azis spuded uesw oyl FuiseaIdul 'IaAd
-MOH ‘PaNqIyul 3g styl pinos sappsed
sodte] sy Juowe uoneindeo) -pajood
e sapied Is3qRws 3yl pue pajedy
ase uonnqguisip syl ui sapnged jsadie|
ayy ‘wr g =" v "PSuddaem 1a3uoj
ay) 1oy asoyy oy ausoddo Ajpanelfend aze
synsa1 wr gpjg() 9yl 10§ spual Ayl
‘padOnpas AlqQe
-19pISUOD U2dq 'Y (,,9050) Sulaup,, UONEY

<6




-Ipel Jou SI UonNQLISIP 9zIS Y} JO YIpIm
3y} 1ey) 1s3d3ns ‘soue(d 151y e ‘(L Inig)
aseo w7 GH1G0 Yl JOJ SYNSAI N YL
~ :gam
-817 ur synsar uonpdely (ssew ‘Ajjusjeainba
‘10) JWN[OA JY) Ul PaddY2I osfe sI Q01
< 1 10J paulelle uoNNQUISIP 3y} JO aInjeu
ss1adsipouowr Apreau ayp ‘wr ¢-[=»p
o0} 3utpuodsariod suiq ‘A jJo 1aquunu [[euis
Kjaaneal & w  dn opd,) o3 puay sapnsed
ay) eyl uwi—yjdusfaaem juapnul Fuof
oy 103 ssasoxd uonendeoo ayy Jo ameu
. 3UISSNDO],, 3Y) S[B3Aal (9 21nBrf) sinsax
w7 7'l SYL 'SUONIPUOD JWES A} 10]
pajuasaid 218 ¢ /'a'N ='¢ suonoesy swn
-JOA SS2{UOISUdWIP Y} § pue § saIni  uj
‘1 JUWI} SSI[UOISUIWIP JO SIN[BA [RIIAIS 10)
pue sy33us[aaem UOHRIPEI JUIPIOUI OM] Y}
10j p snipesr spiued sns;a WN/WN =N
Aisuap 13quinu ssajuoisudwip Jo sjod are
L pue 9 saindi] ul paguasald ‘wnudads
asd sy Surdeys ur sjox punojoid e skeid
Y13useaem uONEIpEI JUIPIDUI Ryl Ul—
suoisnjauod snoiaaid ay3 J1oddns suonend
-1ed dSd P3Z13210sIp 3y} JO SINSa1 Ay
‘sapouaed snipes wr [+
Jo uoisiadsipouows B Jo pIisisucd uonip
-Uu0d (JSd [eniut ay) ‘19Aamoy ‘suoiiejnojed
33y 104 "pPIIB[NI[ED SEM UOIBIPEI JUIP
-1our onewolydouow w GpiS g pue 701
12pun uonNjoAs Sd Yl pue “Y 009 e
paxy utede sem ainjesadway sed syl ‘mo[aq
pawassaid SyNsar Syl U] ‘IW IO N
1oy suonenbs oY) eidaur o3 pakojdwa
sem wWayds ennyf-a3uny swes sy pue
‘SUCHIB[NO[Ed POyl JUdWOoW 3} ul pasn
3S0Y) 01 [BO1IUAP! 219M SIJeI UolE|nFeod
pue sanuadord aanerper 10j suoissaidxa
9y} ‘UONEBOYIPOW 3AOQE 3yl WO IPISY

(9¢)
o=

0= N[CL 2y D Louy - ('0)20] X
w

‘st eyl
‘wns a)uy e se passaidxa si (zz) by w
uonIpuod wnuqiinba aaneiper ayy ‘uon
-ewixoirdde qsd paznaissip ayy Japupn)

$6

(s€)

[=f

=1
N9~ N X |N-
W [-!

Tu.ZT.. T._nm+
f=f
L0 1= - &ﬁv
N .Q_ILNN_ ’ -
-1t ‘NP
‘udllim e

W10 = 1 YN 10] suotienba paznald
-SIP 3y} ‘UOHBALISP Syl pulyaq siielap
oy oyt Swo3 Inoynp ‘g IuBISUOD JO
ased oy1oads oyl ur paasasuod Ajfesnuapl
2q pinom swnjoa apiued [e101 2yl Jey)
Aem e yons ur  paiySiam,, 210J213y) Sem
UoNEBZIAISIP SIY) 10§ O Y1 JO uole]
-NWIo} Y paysniies Ajjesonewoine 193uoj
Ou SI awn[oA 3pilaed JO UOIIBAIISUOD “19A
-MOH *3ZIS [ — 1 2y} ul aq Isnw sapnted
om3 3yl jo 2uo jsedf e ‘sapnled sdjews
omj} jo uone[ngeod ydnoiyy azis Yiz Y} jo
spiued e uLIOy O] ‘JeY] S UOISIAIPQNS SIY)
Jo a8eyueape uy 'z = Y1 yowym wr uon
-BZI11212SIP 2WNJOA S1112W023 © asoyd “[e
13 mo[sunoy ‘wajqoid syl e1as(e o
‘uonnqginsip
3ZIS mOLIRU A|9AllR[SJ B UJA2 JU3saidal
0} papaau aie eyl suonenbs jo lsquou
9|qeI3PISUOD 2y} JO MIIA Ul 2[qIsea} jou
Ajjeord4s i 31 ‘paA1asuod aq |{Im WnjoA 3}
-tued [e10) jeyy sasjuerend yoseoidde siy)
ydnoyiy ‘uo os pue *Yag = Yag ="'
Jeyl yons paznaudsip aq p(nom utewop
awnjoa a3yl ‘uonelussaidar pexa ue uf

(¥£)

N+ -+ (N DN =N

‘st Jeys ‘awnjoa appnued sejnonsed v o)
Suipuodsaiiod yoes  'suiq,, OJul PIPIAIP St
‘N Ausudp 1aquinu oy “Ajiediseg (8861)
‘[& 12 mojSUNOH Aq p2do[aAsp uone|nuULIO)
adyja Ajjeuoneindwod sy} pasn 259y
paidope poylaw jesuswnu 3yj ‘FAO
3yl JO UONRINULIOY ([RUOIIDDS 10) PIZIIILD
-sip & Juisn pajednsoaut osje sem uoneg|
-nge0d cnasoydounsays wnuqinba sanelp
-BJ 19pun uonnjoad gsd “Apuanbasuo)

SOIWRUAQ uonenEeo) uo Jajsurs] wIH Jo 139))]

‘uonnquisip [eutiou-3of [epowrouout
Yl Yum UOWWOd Ul 3 IAeY Sny)
PINOA puE [BPOWI] SWO023q P(NOD uolingily
-s1p [enyoe a3y} ‘yimoid appnsed adie| paje
-13{320€ 10 ‘1ey) 15933ns piNOM UONN{OAD
dSd Jo suonejaidiaiut aaneyenb ‘paspug
*¢ a1ndig w1 se adre| A19A 3W03q O1 PAPIP
-a1d st %o ur pajoayar se ‘Yipim Sd 2yl
yorym ur sased ul Aje1dadsa—uonengeod
snazoydouwnsayl 1apun Juiundoo ¢ sajes
uonengeod juspuadap-azis Aydiy oY)
10} ajqeuonsanb aq Aew anbiuysas suow
-ow-jo-poyldwr 3y jo Aoeindde oyJ
*338 ([ JO 19pI10 Y} UO pauie)e
aq pinom ‘isamouteu st dSd wv o1 ayl
Yotym 10J ‘007 =<4 JO aul] SsajuoisusWIp
B 05—D23$ ()7 punoie sl .ﬁm«:..\ZN\im
=7 aum uonendeod susuIARIRYD
3yl *,_01 JO UOIIORI] JWN|OA B pUE o pue
p jemul uoaid oY) o0y ‘suonejnd[ed
3yl Ul PIA[OAUI SOUN) [BUOISUAWIP Y]}
jo eopt ue 3ald o] ‘qsd Juiasasaid-jias
ayi oy pautene 1ey) ueyy 1oydiy Ajqesapis
-U02 aN[BA € Je SUIBWal 134 ‘sawl) 19)ead
10§ JBYMOWOS SISBDIOIP  UOHINGLIISIP
Yl JO YIpim Syl awny uoys A[aane(aos
B UM uONNQUISIP (O = 0) apim Ajjed
-1JSI[EDIUN UB Ul S}jnsal ‘puey IdYio 3y}
uo ‘uoneipel Yi3us[daem LIOYS ‘uonnqL
-s1p ay) Jo Suimousseu pider e AQ pamoj|o}
“Suruaproiq [enu ue s20315pun UoOIIN|OAd
asd wr zgr oY) ‘pawadxa sy -sanjea
uonejngeod uetumolg ayi yliim uoje uon
-elpel wr Gpis() pue 7ol 3yl 10) L sns
197 o s1 ¢ aundig ur panoyq -synsar o
3Y1 Ul pUNOJ dIk “IJAIMOY ‘SISED uollRIpel
0OM] JY] UIIMIIQ SIDUIDFJIP [BAL Y]
apniiu
-Jew w1 3sea10uUl O} SINUNUOD BT YIMOIT
3yl pue ‘uoneipel juoppul YiZusaaem
110YS 3Y3 JOJ INDJ0 JOU $30P UOISIdAUI Y]
-a1ed ymoid oy jo jjo Suuadey paaiasqo
241 Ul S)NSII YdIYm PIIBIY IW0I3Q uoil
-eutwn)(t y3uspaaem-Juo| sapun sopaed
adte| ‘uonngustp  uondiosqe-uolssiu
23Ul Ul _UOISIdAUL,, 3Y] JO 3sNEDag ‘DU
-JOJJIp poyiew B moys sased Yidusjonem
oM} Y] "10AaMOY ‘W ¢| PUNOIR SIWOD

121D INSMOIEN M

‘uonng
-0A2 Y0 :s)jnsai sjuawIow-jo-poYIdN s TUNOLL

i

00s [s]0) 4 00¢ 002 001 0 .

+ z
3 y Q
....... a

°

[ e

r -4 0t
uoijoinboo> ubiumosg aind
wr GyiIG 0 = Y\ o
wrl 20l = Y ee-ee-
z

-aq “p snipes uesw ay) 3suQ "uoneNIe0d
ueiumolg o1 1adsar yum azis spied jo
Yimoud |enjtut JSej B ut 1jnsai O) UI3s st uol)
-g[n8eod poonpul-uonjeipes ‘syidusjasem
JU3PIdUL Yloq 10 "SUOIIIPUOD JwWes 3Y) 10§
(1 =27 “91) uonendeod uetumoig aind
01 Suipuodsasiod synsas yum 3uofe ‘uory
-BIpE1 JUIPIDUL JO SISBD JUIIIJJIP OM] a4}
10} L SNSI9A ¥y st p 2m3ig ur panold
JUBISUOD A[[eriuassd
urewss pjnos "o spayys ondsoydounay)

.:o::.o@. 1215WeRIp UBIW dUdW
-033  S)NSas  SIUDWOW-JO-POYIdIW P TUNODIL

Fa

00s omuv . omun ) oﬂ_um omu_. ) oo.o
" 101
1 o
e 161 =
e " E
................ 3
3 1 0°¢C
uo}o|nboos ubiumosg aund —— 4 §°C
wr GyiS0 = X
Wi Z°0L = Y eeeeee-
o¢
143




“Ajun ueyy
$S9[ 9q SABM[E [[IM UONEIPEI [BULIDY]} Judp
-pul 10] onel PIusieaem dnsUIPeIRYD
sy ‘Apusnbasuc) -zp ueyy ssof dfSue
plOS ® 10/pue Asun uey) ss3| OUBPIWD,
ue sey 22inos uoneper sy Juiproid I
guipasoxs aimeradwa; e woly Juneuwduo
uonelpes [eULISY) M wWnUqunbs w
2q ued pnop spided Iyl Yl Ul--INd00
Ajurenas ues ausoddo ayJ ¥z uey 1amoj
anersdwsy v wosy Supeuiduo uone
-ipeJ [BULIDY} JO 22INOS € Ym wnuqiymbs
aAneIpel Ul 3q J0uU poo 7 armersdws;
g 12 pnop spiaed e eyl smo[[oj I ‘103
-etpes 1a3pad ay st Apoqyoeiq & Isnedsq
‘1sixa pnom uonenys Juidroatp ‘1auLio}
a3 Ajuo jeys sreadde 31 ‘arnjeu ur [euLdy;
9Q p[nOMm UONEIPEI JUIPIDUL Y YIIym
uf ‘SUOKIPUOD _[eInjed,, O} paedas yim

*dsd 243 jo Suimodreu 3y)
ur j[nsal O} Spua) ‘Isaamoy ‘I Juipasoxa
olel v ‘S)nsal wr GHIGQ Y YIM u2ds
Sem SB—OWI] Ul UdSpeolq O} Spudy JSd
ay) ‘Ajun uey) ss3| st onel yiSuagaaem a1
uayp Opmine| djqelrspisuod o3 uado st
p3uapeaem juspiout a3 194 ‘wirl ¥7 /8687
JO 12pI0 3yj uo aq shemfe [[Im ifuajeaem
SUSUISIORIBYD  UOISSIWD 9Y] ‘uoljeIpRl
PanIWS pue juappUl Y3 JOo syISus{aaem
JUSLIIIORIBYD JO OWE! 3Y) SI UONNJOA
asd >y jo aiey oyl Juposp ul 1919
-wesed [eonuo € jeyr Ijedrput SUONE[ND
-jeo Azewiuntjaxd ‘pauntojrad uaaq 134 j0u
JABY 2A0QE pasn $a3IN0S dNBWOIYdouOow
uoys pue Juo| 3yl uey) I3Yl0 uonelpes
[BUI3IX3 Suia|oAUl S3IPNIS  JAISUIIXD
ydnoyyy -uonerpes [euraxs y3noiyy
uonnquisip azis pue 3zis 3pnded jo uon
-e(ndiuewr [enualod oyl SB [[9m SE ‘SIUSW
-uosSIAUD dunjesadwal-ydiy ur UOHN[OAD
asd .jeinieu,, ays 01 predas yim souesyiu
-3is Jo a1e 2a0qe uaald suonoipasd sy

‘9ouefeq uondiosqe/uors
-SIWI3 2aneiper 3yl uo azis dpused Ju
-§8210Ul JO 193JJ3 3y} 10} JUNOJIE A|qeuos
-R21 pINOYS *awnfoA 3p1ed Y1 Jo swiy
Ul PIIBNWIO} v UYIIYM ‘UONN[OAd JSd
Jo suoneoes jesuawnu Ino ‘Apjuanbos

L6

-uo)) ‘adeys opnued Jo ssojpredar—own
-joa opriued jo uonpuny e Arewnd are
auny u ‘Ydigm ‘suondas ssoid uondiosqe
pue uoissiurd apoiired ayy uo spuadsp 3N
-Ied e Jo oouefeq uondiosqe/uoIssiws 3yl
‘arnjesadwoy sed pue yidusieaem uonelp
-e1 JuspUl UdAIZ € 104 “uonnquysip dzis
sprued ay) Jo Suimolieu e 0} pesj sy
pinom pue sapiued Isjews 3y3 jo uon
-ende0o paleIa[300E Y} UL }[NSII pinom
‘A{oanoadsas ‘pajood pue pajeay a1e sIPN
-red Iapjews pue 1281e[ oY) YOIym ur uoye
-nis 9y} ‘SIUBISUOD el I} JO ssa[preday
‘soz1s apiued oy Suowe Jusjood/Suneay
SAnEIpel JO uonnquusip Ayl st awn ul
smolleu IO suapeoiq (JSd oY) Idyaym
Suruiuuaap ut 1o01oe] Juenodul Jsouw YL
‘g 1ueisuod Ijel uoneindeoo 3yl Jo uonel
-u9saidal 21eIndde Jlow B AQ paloajjeun
Ajeotseq utewal 01 ‘wniads QSd Y3
310 3uimowreu 1o Suiuspeolq ay) o1 psedas
yum A[eadss ‘suonoipaid Ino jo spuan
jessuad oyl 109dxd pinom am ‘19AIMOH
*SUOIIPUOD [BIUDWUIOLIAUS U3AIZ 3Y) J3pun
(sa1edaud8e j00s se yons) saprued [eal jo
Ioiaeyaq 3yj Jo suondipald aaneuend se
uayel aq Jouued suonotpard asoqe Yl ‘sify
Jo ssnedag ‘uonduwnsse sppnsed [eousayds
e Apueoyiudis jsows ‘suoneoyrdwis peolq
[e13a3s U0 paseq aJe wnuquinba aan
-gipel ISpun uonunjoas (JSd Jo suonend
-{e3 a3y Jey} paziseydwiaal 3q P{NoOYs I
938 7 Wiyim 3pu}
-tuSew jo s1opio 7 A[yd3nol Aq ‘suoiipuod
uaa1d Y1 Joj ‘asearoul pnom IS I[N
-1ed uesw pafeiaae-ownjoa Y) jey) Ned
-iput ¢ a1ngtg ut synsas1 9y ‘Apuanbasuo)
"398 (7 Inoqe st ,_Q[ JO uondesj swn
-joA ® im sapiged wr {g Ajeniun 10)
swin uonenSeod JnsuI3ORIRYD Y} dA0Qe
pauofiuaw Sy “SHISUIIdRIEYD  Imosd
Kemeuns,, a1 asiseydws 01 padnpa
U93q dARY § INSIJ Ul SHUSWDIOUI W
3y} 1eyy atoN "s3ponaed adie| ayi Aq paous
-uadxa ymoid snopuswiall Iyl $[edAdI
6 21031 ur S}NS3I UOWDBIJ SWNOA Y}
Jo uonpadsuy ‘puey 1ayio 3y uQ ‘parad
-X3 Se ‘uonnquIsip 3yl ul sapdied |jews

SWEBAQ UonRAIRO) U0 LajsURL] IBIH JO 199))]

‘uonetpes wr GyigQ
S1NS3I UONJRI) JWNOA PIZNVISIT 6 TUNOLL

11 0¢]

S0

oz 0

&

oy = 4

Apaanepa1 ayy uowe 21el papIiejal e e
sIn200 uone(ndeod jey; ajesipul Ajjemde
synsal ay) “(dz1s sprued uesw padelsae
-auInjoa a3y} o1 pasoddo se) sazis sprued
Ijjews 9y} plemoi paiydiam 3q siempe
[im az1s opnsed uesw paferaae-13q
~WNU 20UIS ‘I9A3MOH "UONBIPEl JU3PIdUL
yiduajaaem-1oys ayl Aq paginuad £jes

‘uonespes wrl 7°01
1S1|NS3S UOKDEI] WNOA PIZNALISIT '8 FANDIA

w7 ‘o 0
y z ‘sav z 'O
s )
o1 ._mw =<
) {zo
% LT |
b 1]
2 ] 1+0
1 06 = 17
11 490
QL = + 11
L
. ] !
002 = 11 o )

219 SOty M A

‘uonjetpes w7l Gp[S0

SINSAI ANSUIP IIQUINU paznadsiq L TUNOLA
wr ‘D .

tgo » g 'O

0

£0

o

S0

‘uoneipes wr °0f
S)nsas ANsusp Jaquinu paznRasid 9 AUNDIA

wr ‘D
s 1'0
‘.v z ...nu L N: g a0
ﬂlw.ON = L3
0 = 4 1 i{zo
B s 4 +#0
490
0QL = + || |
00z . i
= L < 1
N
B ] b -
d

96




[ ] pue *Sur d speuanem/nsaquds
spued say Surpnpam 1dae am3ng poe 3 »r nm 20j wos
48-»:-8..!:3.5533!-3—»%%58@-3.3%3!uoa-?'ou
‘Do Yup spnred 18 oM 20) ” fei000]) " Junsodmn
ot d (s “sprgruiem Jo 1P 4q 3 p UR
gy pead (Amq) o 3-9:!8&!!.-!-.—«5!21‘ tx)lo:

Be(-qre) sed | (rassgi0on-reee @ P Pos DOWNIp EROAOIG AIUTRIO )0
BoeJR STa) $20t D 3940 Bond {yonden Krenen) oq; wo pondds 4q pasoad: veeq
Apdw) sawy ‘wepnmd ENELIDE! J0  BIROCASPT, 10 a0, peay .u..!ﬂ..f .:.ﬂ.h
iglhé %i ¥ 4; | ol thiel

rdozp Srnesodeas 4q sepnsed say o Sk {P) wnuiadiie ssm spnsed Aswaud penbecn pae
IDODY)E00 BORYP P it seseqde SUrpnpa WV #0 Jo Ajamngp

raacsg mIdce PTY semiuyd (3) 902ae peposdens Sun pTpa: Jo Yup Ipaxqdaoyd (Q)
“Saenyip B A3e0s qona GINGIY S8l ¥ W d » UWP say) (V) PO

i!!flﬂjgl‘o gib\v’gg-?'ﬂ%

0 /pae ‘woy

{94I9q ] -12ID) Ipeg

PEB [S[TIET) soop ‘So{notesss ], seuious)] RSSOV ‘A 191ER( o ewsey T [oTRVQ

seseD) U1 Papusdsmg s3[oNIEd

[[swg Jo 3a0dsun1], pUB SHWBUA(] oY} WO Jaysuvl], IBIH Jo §3091JH

4y poreyIsas PET Lrvyoeg; [WORROR) BVBLIGEY ) 44 441 O WMLSe)
I-lll.tll.!ii.ﬂ..ﬂ._ "ROUVIEIN J88] Beyy prrepadey L]

"£661 "B Ainf padadde (6] ‘17 WA pIY

“IE 4 WI0A MIN TN HNWIPBY

~p Sauaq N "D 'S posavy (9961) "D TIIZ
LEST-LESTLE “amF “souny (£361) N

*d "andoy] pus ~{ [ '[3ANS “H N Juor] "D ‘H Tuem
091-L6°€1 "1IS “Hmquod

Sowg Joud (L861) "d ‘W "nBuap pue Y ‘Twersip
. PLE-T6 ou saded v “hajapsag Bundapw
Jitd 2I0NISU]  UOUSAQUWIOD) L] /UOIIS SABIS
WA MOy 3N} ::.E-_ Ul UOLIRIIUINUOD u_u

-1ued U0 SPALI NIAOY

(T661) M " TIMONNN PuR W .E:-rz....v..s
UT-LT6

WL 1S psady (38p1) Y ‘ony put “H 'L sy
BEL-LELI 101 “Y2OW ProLd [ (o) Y

"Q R PUR UM Y 3548 N Y Buay) ] oqpeL
A MIN UiH-MEIDIW "Ofsuss]

1apf wouspey (8L61) A “Y DD pur "W T “maueds

"OT1T6 N YR “Z (LI61) A T TSAINOWS
RILIEN 2K 4

"0y “sousy [ (1L61) "W T SSHEH PUs TN 'O "M "UUlS
ULT-19T1Y DS

Saafsu] PO £ L6 H [ PIRIUISS PUs T IRIBNS

? esye ‘g

OLS-YUTS VB ‘S "WYD [ (9861) D N TIEIS
“BIT-L0T 16 2woyf ")) (€861 )

, 'V ¥ Suqqoq pue O CH usilawdg [ "y osolues

LYB-ENETT S
(o500 £ (1661) ‘W ‘sojnodosse) pus -g °q ‘1ousoy
BIL-DILTIE Sy TwayD
“Jug "puf (To61) d "ELIEQA-RLAED) PUS [ ‘OfINED
"W oy L "M Q aseoyde 3 'Q Tiusoy
‘syp d VI
WEYIUOIS SYLOMIINING “SwIBAg Ul Juidody
ONUIYD Ul 53552304 sxdsubs] (81) T Q T1usOY
~adpuque) Ssaig Ansaaun alpuq
-we)) sy jpourunny (del) LM Auipanap
pue ~y 'S "Apspoanal 4 g Auuely "H M Sud
“gs "4 "vd "yRingsiiid "ANINSUY UOHSMYWOD) AL
quis) 4O ([PUOUDUIIN] ) hung puosay
~uuan] (6861) V "M Segqoq pue "W "D Mpuedapy
. LSI-Rrr
Oy opau PO [ Webl) MG TSMORRK
1991 -9sYErE
spryd s (1e61) "M T EIdL) puk Y S EypoAe)
oyl d "vd ydangsiid “aminsug uon
Saquieo) WL i) W () up) wnss
~odusnry I (IR61) 717D UL puE 7)) § ]

sauwmeua vonepndeo) vo Jopsuri] e jJo PYF

"STE-S1E26 1S 0] oI °f (£861) "M M 37
TEBL-1TBIVE "1 YOIV “(8861)

U A CHRYSIEW pur T Y Ay U W ‘mopunol
1T 11187 'S "oy [ "(1L61)

'3 W pUr ~q 'Q *IN00D “N AR A “idwey
WIOA MIN

'$5344 1340(] “5]0500Y JO SHUPYIIN (6861) Y N Sy
GLI-OLLNT 198 2ovfanuy

19D (9%61) 'S D ‘Tuem pue <y S Japuzipanig
HOA mIN Kim

uyor 3o pup 1SN ‘Hyows (LL6l) N 'S IIpuripI
WI-ES1:19 Mol

nquo) (S861) T ‘A ‘1wsoy pur “Q "V ‘ausiy
YY-LEYiLE Pfsuns] poy

‘padg wend [ (9R61) T1°D UL put *T] g "wa0uq
C29-T19:$E "I98 20y

W00 °f “(iL6l) ‘N 3 ‘uylnea pue Y "J ‘uagoD
WI0X
MIN AV $221uBd oS Aq 1yir] fo duraneds pus

woudiosqy “(£461) Y ‘Q "VRWYNH pur 4 D ‘udiyog

SAIONTAIITY

‘wedrAEN-TYPIA T PUE SOINOdOPURISUOY D) Y Ylim
SUOISSASIP |N)dIaY WOJ) PINYIUIY JarYy SIOYINE Y|
AHsIIMUN HA JO ‘Wwawuedaq duudauidug exway)
‘aoiesoqe]  duuaduidug Lo (ERWIYD M
-012dWw3) Yy Ay 1e ArUSSE YIIEARI jRIOLOPIOD
B sem M iym undayg sem 213y PAUFID Yom A

‘uonduny sd Y1 jo Juimodireu e o)
pe3| A[jenide pjnoo Suolipuod wniqiinb?
aaneipes ul 3ulindoo uonendeod ‘sapn
-1ed 3y Jo sonsuaeseyd (eando Iy pue
uotjeIpel JUIPIdUI 2Y) JO uneu ayY) uo Sur
-puada(g "sazis 12410 jo sajes uone|ndeod
3y} aseadap pue ‘sazis Ipsed uield jo
saje1 uone|ndeod ) ISEIdUL O) 108 UIY)
I wsiueydoaw uonendecd snasoydow
-19Y) [3a3-didodsosdiw Iy ‘qlosqe Aoyl
uey) azow Junwa s1aylo pue wws Ay
uey) row 3Juiqiosqe sapiised wos Yyum
*A319ua juelpEl JO I3jSUBL] AU 0JAZUOU
e 2ouaiadxa ued sypised  (enpiapul
Ay} 1BY) moys am *Apogxaeiq © JO 1By) uey)
W213))1p ea123ds Sulaey sadinos uonelpes
JUIPIDUL JOJ “JIAIMOH "013Z §I B3 Yl 0}
J2jsuBd) AB1au3 [2A2[-2d00IOBW 12U Y}
*a1e)s sig) uj ‘wauqinba saneipes jo uon
-Ipuod Y1 st seaddesip $193))9 |9a3|-51d0ds
~0LOBW Y} YOIGM Ui uokiENIS dY133ds v

|7 12 DAMORRN M (]

.

*$133§§2 [2A3]
sidorsowiw Iy Ijerapoe  Apuesyiudis
Juoissaudwod,, sputed ydnosyr pinoo
jeaOwa1 £313u3 Y] ‘SUOLIIPUOD UIBIID 13p
-un ‘waysks 21dosoLIBW Y} JO UOINPUOD
Asepunoq pue e a3 uo Apeasd puad
-9p |[m soiweudp dpnied a1 uoO [eacwas
A312ud 3y) Jo s1I9YJ2 Y] "3A3| idods
-o1rW Yy uo pjRy Amesadway sed ay)
qnu1ad osje jim uoneipes Ipd1ued eia sed
2y1 woyy A313ud [EULIBY) JO [EAOWI Y|
-sapised Buuoqydiau yum sajes uoisijjod
3Yy) aseasnnul 0) e ued sapnsed jenpia
-Ipul WOLJ UOISSIWI JANIEIPR] ‘12A3] Jidods
-0 3Y) uQ ‘uoneuno} apnsed dse) o)
peaj pinod sappiued pazis-wri-1e3u WOl
UOISSIWY  3ANBIpE | [BINJBY,, ‘SIUWUOL
-1AU? uolisnqwod nesadwal-ydiy uf
‘uoynquIsip 3zis apnsed sy Juideys
ul pue 3jes Yimosd spiued w301 uex
-jiudis e Leid pjnod swsiueysaw podsuen
pue uone|nSeo> apiued uaaup-uonerpes
eyl 15933ns Kjuienas synsa; Ayl ‘uoneds
-yidwis Jo 33139p 3jqeIIPISUOS B UO P3|
=31 sey sisdjeue [eaN12109Y1 Y1 y3noyily
'sapiued jjews jo soiweudp uonejn3eod
941 UO 13jsued) JEIY UONEIPES JO SdUANb
-35u0d  Pa1ddfdau  Asnoaasd  aiojdxa
0] U32q Sey Iom SIY) JO uonUAM Y]

SNOISNTIONOD 9

‘PaulelIddsE dY ued
uoneindeod padle-ucneipes jo |enua)
-od 3uuaauidus Yy 210)3q paunopad 3y
01 SUiewWal yom [eluawiiadxd pue jeanjal
034} JO JUNOWE J{YRIIPISUOD € *ISINLD JO
‘uioj Jpiaed-flews ur (sISA|EIRD CSHudW
-8ud) sjeuatew jo uondnposd ul paajoaur
53130[0uYyd3) O] 1YOUN) IHYRIIPISUNI JO 3
PInOm ydiym uonendeod sndo4dowsdy)
y3noay)y uonnguisip azis dised mosseu
01 panojdxa 3q Aenuarod paod 3Ny
(3aemoIIW *A|[etiudlod 1) 1ase| A4 popia
-04d ‘uonepes Yduafoaem-3uo| Ansudl
~ul-y3iH IN)eU Ul [EWIDY] 3¢ O) ABY JOU
0P “13A2MOY ‘S2DIN0S UOHIRIPE] JUIPIDU]|




REPORT DOCUMENTATION PAGE e o ovos.01at
“mmbhmﬂmnwm'mmiwwm,wu|nmh INSRTUCTIONS, JOOr VMg Temng Fals e T,

onl corpiviing Mvmmdn’mw wmvzwm-mmmum
WVMM-TMI-M|MW,|OWM¢WMMMQ Intermetion ORerestons ond feserts, 1113 Jettersen
Covh Mighwuy, fuitn 1304, Artngeon, V um«am.—--mo«nﬂWﬂumwmmn_muuwWAo(:nu

. A \ | blank 2. REPORT DATH 3. REPORT TYPE AND OATES COVIRLD
1. AGENCY USE ONLY (Leave Diank) /993 CONF. FROC. [BOOK, }’a/’cr‘>
& TITLE AND SUBTITLE 8. FUNDWNG NUMSBERS
ONSET CONDITIONS FOR GAS PHASE REACTIONS AND PARTICLE PE - 61102F
NUCLEATION/GROWTH IN CVD BOUNDARY LAYERS. PR - 2308
- SA -~ BS
& AUTHOR(S) G - 9|—OI70<AF05R>

D.E. Rosner , J. Collins and J.L. Castillo

ORCANIZATION NAME(S) AND ADORESS{ES) 8. PERFORMING DAGANIIATION
P

7. PLRF ORMING
HIGH TEMPERATURE CHEMICAL REACTION REPORT NUMSER
ENGINEERING LABORATORY
YALE UNIVERSITY

BOX YALE STATION
NEW HAVEN, CONNECTICUT 06520 U.S.A.
PONS . SPONSO MONITORNG
t.;osm:/nounomc AGENCY NAME(S) AND ADDARESS(ES) 1o :cl;‘ocv'::%m :uu:'u

Building 410
Bolling AFB DC 20332-6448

11. SUPPLEMENTARY NOTES

12s. DS TRIBUTION / AVAILABILITY STATEMINT | 12b. DISTRBUTION CODE

Approved ‘for public release; distribution is
unlimited

13. ABSTRACT (Mamsmurn 200 word)

Literature CVD-rate data, and our recent experiments on TiO2(s)
film growth from titanium (IV) tetra-isopropoxide (TTIP) vapor
using a well-defined impinging jet reactor, reveal that the onset
of vapor phase reactions near a hot deposition surface can lead to
sharp reductions in CVD-rate and alterations in deposit
microstructure. These observations have motivated our
development of a thin chemical sublayer (CSL-) theory for
predicting (using simple formulae) the interplay of
heterogeneous kinetics, homogeneous kinetics and (Fick-, Soret-,
convective-) transport phenomena in CVD reactors. CSL theory,
only briefly outlined here, can be used to interrelate different
CVD reactors/conditions and thereby guide the selection of
reactor configurations/conditions that will lead to the
maximum CVD-rate prior to the onset of vapor phase reactions
and/or external transport limitations. Comparisons with our
present TiOz(s) (via TTIP) data are used to suggest fruitful
extensions of this work.

14, SURECT TERMS 15. NUMRER OF PAGES
7
chemically reacting sublayer (CSL-) theory , TiOz CVD rate data Te PRI COOL

177 SELCUNTY CLASSIFICATION |18, StCumiry CLASSIFICATION [19. SOI'CX:JSTTY‘AGC.:SSUUT'ON 20. UMMTATION OF ABSTRACT

OF RLPORT OF THIS PAGE
Unclassif jed Unclassified Unclassified UL
NSN 7540-01-280-5500 Standard Form 298 (890104 Drah)

Proagriied by ANl ol 29918
e




12 th International Conference on CVD
Electrochemical Soc., Hawaii, May 15-21, 1993

frve. V). 93-2

KEE‘

et —

iy

ONSET CONDI"I'IONS FOR GAS PHASE REACTIONS AND PARTICLE
NUCLEATION/GROWTH IN CVD BOUNDARY LAYERS.
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Literature CVD-rate data, and our recent experiments on TiOa(s)
film growth from titanium (IV) tetra-isopropoxide (TTIP) vapor
using a well-defined impinging jet reactor, reveal that the onset -
of vapor phase reactions near a hot deposition surface can lead to
sharp reductions in CVD-rate and alterations in deposit
microstructure. These observations have motivated our
development of a thin chemical sublayer (CSL-) theory for
predicting (using simple formulae) the interplay of
heterogeneous kinetics, homogeneous kinetics and (Fick-, Soret-,
convective-) transport phenomena in CVD reactors. CSL theory,
only briefly outlined here, can be used to interrelate different
CVD reactors/conditions and thereby guide the selection of
reactor configurations/conditions that will lead to the
maximum CVD-rate prior to the onset of vapor phase reactions
and/or external transport limitations. Comparisons with our
present TiO2(s) (via TTIP) data are used to suggest fruitful
extensions of this work.

1. INTRODUCTION

To interpret our recent experimental observations on the CVD rate of
TiO2 films in an impinging jet reactor (1,5) and guide the design/ operation of
future CVD reactors, a rational asymptotic theory has been developed for the
onset of homogeneous chemical reactions in the thermal boundary layer (BL)
adjacent to a hot deposition surface, with emphasis on their effect on

- deposition rates and film quality (1,2). The analysis is tailored to systems in

which a) gas phase reactions are confined to a thin chemical sublayer (CSL)
embedded inside the thermal BL and b) the homogeneous reaction(s) of
interest can be represented by a single high activation energy (Enom/(RTe)>> 1)
Arrhenius-type rate expression. In this limit one finds (2):
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b Graduate Research Assistant, Yale HTCRE Laboratory
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where 0y, (= Tw/Te) is the temperature ratio across the thermal BL of slope

thickness &n. Because of the large molecular weight disparities and high
temperature gradients prevailing in many CVD systems (3,4), we allow for the
Soret reduction of dilute reagent Fick transport to the hot surface. The
resulting closed-form expressions provide CVD-rate predictions and rational
quantitative criteria for "vapor phase ignition” (VPI) in terms of CVD system
parameters and the "known" chemical kinetic parameters characterizing the
vapor reactants. Conversely, armed with such a theory, one can use
experimentally observed VPI conditions to infer the effective homogeneous
kinetic parameters for the system in question—information often not
independently available. In effect, we are recommending use of the gaseous
boundary layer itself as a "flow reactor”, with the CVD surface acting as a
detector of the “remaining reactant.” Our general results can be easily applied
to specific ceramic film systems of current interest, with our present emphasis
being the CVD of TiO2(s) (from TiCly or TTIP+ O9)

The overall trends predicted by CSL theory are displayed in Fig. 1 over a

broad range of heterogeneous Damkohler numbers Dampet (= Ahet 6/D)-
values and Te/Ty-values, for particular dimensionless activation energies

Ehom/(RTe) and Epet/(RTe), homogeneous Damkohler number Dampom (=

Anhom 82/D) and Soret factor ot (2,3). Here Apet and Ahom are, respectively, the
heterogeneous and homogeneous rate constant pre-exponential factors. In the
CVD reactor described below(1,5) using TiCls(g) as the Ti-carrier we were
unable to study such VPI trends at convenient surface temperatures,
however, the use of TTIP provided what appears to be a clear cut example of
this phenomenon (see Fig. 3 below). From available estimates of the overall
homogeneous chemical kinetics of this system, we infer Ehom/ (RTe) = 22 and
Ow = 3, which implies (Eq.[1]) that 8csL/8h = 1/5. This thickness ratio may be
small enough to apply chemical sublayer theory as a useful first
approximation, but because of its magnitude we have also initiated a finite-
element numerical attack on this same example (8), as well as needed
generalizations of CSL-theory. Incidentally, an interesting previously
observed example of VPI using TiCly(g) (6) could not be analyzed using our
present approach due to uncertain (undocumented) transport conditions .

2. EXPERIMENTAL
We are now investigating “vapor phase ignition” (VPI) under well-

defined transport conditions using an axisymmetric impinging laminar jet
"pedestal” CVD reactor (Fig. 2). Upon entering the reactor, cold (300-400 K) -
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reagent vapor (TiCly or TTIP) and carrier gas (Ar or N2) flow through a short
mixing chamber and a converging nozzle. The laminar jet emerging from the
nozzle impinges on a polished quartz substrate (dsybstrate = djet = 12.7mm;
located roughly one jet diameter downstream) heated from below by an RF-
heated graphite susceptor . CVD-rate measurements are by in situ
interferometry (at 633 nm) and/or ex situ weight gain. Deposit
microstructures are studied using scanning electron microscopy (SEM).

Preliminary experiments were for titania deposition from TiCls/ O,/ Ar
and TiCly/N20O/Ar at 0.1 MPa total pressure(1). To explore VPI phenomena at
more accessible substrate temperatures, we shifted to titanium(IV)-iso-
propoxide (Ti(OC3H7)4) in N2 with a small amount of added oxygen to "burn
away" any co-deposited carbon. The liquid reagent source is a constant
temperature bubbler. All reagent lines are teflon or stainless steel, heated
above the reagent vapor dew point. To avoid water contamination the reactor
is pumped down to 10 Pa for several hours before each run and only ultra
high purity Ar and N gases are used ([H20] < 0.5 ppm).

Our current range of accessible operating conditions (with well-defined
fluid flow) are: substrate temperature Ty up to 1600 K, total pressure p
between 0.01 and 0.1 MPa, and impinging jet Reynolds number, Rejet ,
between roughly 200 and 800 (based on nozzle diameter, djet). Under these
conditions natural convection is not expected in the jet impingement region

since Re,le{z/Grz,/4 >>1, (Grp is the heat transfer Grashof number for the
impinging jet boundary layer (see, e.8.,(9))). Moreover, we estimate negligible
entrainment of recirculating reaction products in the impingement region.

3. RESULTS

As shown in Fig. 3, in the CVD of TiO2 from TTIP above Ty, = 1150K we
have observed a deposition rate fall-off to about 1/10th of the diffusion-
controlled plateau value. In Fig 3, kefs is an effective first order rate constant
defined as the absolute molar deposition flux (-jw"/M)TTIp divided by a
reference concentration [Prip,e/(RTw)]. The apparent activation energy of the
heterogeneous kinetics controlled region below 750 K is about 132 Kj/mole.
Before reaching VPI, our data go through a broad diffusion-controlled
plateau. The actual rate fall-off region above ca. 1150K shows a slope of
roughly -70 KJ/mole. The break-point temperature may be influenced by
reagent concentration, total pressure and flow rate, and we are currently
investigating these possibilities. Preliminary analysis of SEM micrographs of
TiO2 deposits from TTIP shows that relatively smooth, dense polycrystalline
films are produced under heterogeneous kinetics-controlled conditions (T, <

750K). Under diffusion-controlled conditions we observe massive (ca. 40pm)
and poorly adherent dendritic structures. Interestingly, films produced well
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above the onset of VPI show higher density and improved substrate

adherence.
4. DISCUSSION

Using CSL-theory(2) we can readily predict the wall concentration and
deposition flux of reagent, allowing for depletion due to CSL reactions. In
cases where the homogeneous reactions generate non-depositing products,
this 'surviving' reagent deposition flux should equal the experimentally
observed deposition rate. The closed form asymptotic theory yields all
expected transitions in deposition regimes for CVD systems in which Enhom
>Enet (cf. Fig. 1). At sufficiently low surface temperatures the homogeneous
reaction is suppressed and the CVD-rate is limited by the intrinsic
heterogeneous chemical kinetics. However, as Ty increases, gas phase
transport limitations set in (see below) and TTIP vapor reactions become
increasingly important, ultimately causing the deposition flux of virgin
reagent to decrease (Figs.1,3). In the present (TTIP/O2) system, this occurred
after the broad external diffusion-controlled plateau (750 < Tw < 1150K)
revealed in Fig.3.

To within our experimental errors (£10%) the 'plateau’-value of keff is

seen to correspond to our estimate of Sp,eff based on earlier impinging
Jaminar jet heat transfer measurements, provided a significant correction is
made for the Soret-reduction(3,4) in diffusion-controlled TTIP mass transfer
rate (ca. /3 at VPI, based on an estimated ar-value of 1.6) and systematic
corrections for non-constant properties (ca. 15%) and nonunity Lewis number
(ca. 33%, since DrTIP-N2/(k/(pCp)) = 0.26). No appreciable Stefan flow
("suction") correction was necessary (see, €g.,(10)) since, in these experiments
the mass fraction of TTIP in the feed was only 0.5%, corresponding to a
titanium element mass fraction(9) of only 0.08%. Indeed, the present version
of CSL theory(2) also neglects Stefan flow phenomena, as is appropriate in the
‘dilute’ reagent limit.

For a first order homogeneous reaction CSL-theory predicts that VPI
should occur approximately where:

841 =  Ehom/ (RTe))o( Inl Dampome (Ehom/RTT  [2]

when VPI occurs along the diffusion-controlled branch (Figs.1,3). The

experimentally observed value, 8w, vrI =1150/380 =3.0, is in approximate
accord with published values(11) of Enom (70.5 KJ/mole) and Anom(4x105 s-1),
since, under our experimental CVD conditions we expect Dampom=0(104).
While CSL theory(2) also predicts that the ultimate slope of the fall-off region
should correspond to an apparent activation energy of -(Ehom - Ehet), the
observed slope appears closer to -Enom - This may indicate that at such high’
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surface temperatures Epet has decreased to values small compared to Ehom.
Extended CVD-rate data and future generalizations of CSL-theory should
clarify this situation, and provide further valuable tests of CSL theory.

Returning to the onset of appreciable external diffusion limitations, for
a first order heterogeneous reaction this should occur at the Ty-value for
which Dampet®expl- Enet/(RTw) ] =1. This point, also shown on Fig.3, is
consistent with our own lower temperature (Anet, Enet-)data. In considering
the two "end-points” shown on Fig. 3, we remark that in many situations
merging them, if acheivable, would be an optimum operating point. This
would maximize chemically-controlled CVD-rates while just avoiding
increased sensitivity to position and gas-dynamic conditions (leading, also, to
surface roughness), as well as avoiding deposit defects associated with the
capture/incorporation of embryonic microparticles.

5. CONCLUSIONS.and RECOMMENDATIONS

Using TiO2 CVD rate data (1,5, Fig. 3), we have demonstrated that an
asymptotic chemically reacting sublayer (CSL-) theory(2) can provide useful
estimates of unreacted reagent concentrations and wall fluxes at CVD
surfaces. This opens the way to rationally interrelate different CVD reactors
environments via the intermediary of their global reaction kinetic
parameters (2). Simple CSL-theory is applicable and convenient for reactor
design/optimization whenever homogeneous reactions can be represented by
a global reaction with Ehom/(RTe)>> 1 and the temperature ratio across the
boundary layer is also sufficiently large (cf. Eq. [1]). This approach could also be
exploited in computational methods when high activation energies and large
local gradients preclude accurate numerical treatment of the actual network
of homogeneous chemical reactions. Thus, the structure of such “chemical
sublayers” can be computed (using "rescaled" coordinates) in greater chemical
detail by exploiting geometrical and property value simplifications valid
because of their thinness. Indeed, even when conventional boundary layer
theory breaks down (due to inadequate (Re-Pr)1/2; see, eg, (9)), boundary layer
approximations may remain valid and useful for such chemical sublayers —
as will be demonstrated our follow-on research.

Our current investigations include obtaining direct experimental
corroboration of vapor phase reaction onset, generalizing CSL-theory, and
developing a self-consistent theory which explicitly accounts for the
production, growth and transport of clusters within CVD-boundary layers.
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Fig. 1: CSL-theory predicted Arrhenius
behavior for CVD-rates in the presence
(at high surface temperatures) of vapor
phase reactions yielding non-
depositing products (2); Dependence of
nondimensional CVD-rate (log scale)
on (reciprocal) surface temperature
and heterogeneous reaction

Damkohler number Apet8/D, where
Anet is the pre-exponential factor of
the first-order heterogeneous rate
constant.
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Abstract—We exploit the computationally efficient method of images (MOl) to create steady
potential flows past finite and infinite circular cylinder arrays, in order to study inertial impaction of
particles on them. Although such flows are often encountered in practice {¢.g high Reynolds number
“dusty gas™ flows past heat exchanger tube banks and filter screens), litile is yet known about the
proximity effects of adjacent collectors on the capture efficiency of any particular collector in the
array. Our results for linear, symmetric arrays in steady cross-flow, containing an odd number of
collectors (from three to infinity). over a wide range of array spacings, support the conjecture that an
appropriately defincd effective Stokes number bascd on the stagnation region fluid deceleration rate
(computed and reported here as a function of the number of collectors and their spacing) can
adequately correlate, for practical purposes, the capture efliciency of a representative collector in the
array. This scheme. combined with well-known correlations for an isolated collector, simplifies
significantly the task of estimating incrtial impaction rates.

NOMENCLATURE
d, particle diameter
é, x-direction unit vector
n' outward unit normal of the ith cylinder
R cylinder radius
S array spacing
Stk Stokes number
t time
u fluid velocity vector
u, particle velocity vector
U, fluid velocity upstream of the collector (at —c<)
x coordinate
y coordinate

Greck letters
p# doublet strength
He dynamic viscosity of 923>
p, particle mass concentration (density)
t particle relaxation time
@ fluid velocity potential .
ca < acYlovy
Suhscr;[?l?r YM R B
i impact
sp stagnation point
w  at the wall
oo at infinity

1. INTRODUCTION

Particle inertial behavior results from momentum non-equilibrium between the suspended
particles and the host flow and is characterized by the dimensionless Stokes number, Stk
(ratio of particle momentum relaxation time, 7 to a characteristic flow time-scale, Trow):

Stk= t

)

Tflow

* Based on Paper 5.E6 presented at the 1990 AAAR Annual Meeting, 18-22 June. Philadelphia, PA, US.A.
! Present address: 45 Tselepi Str., Thessaloniki, GR-543 52, Greece.
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where (¢f. Nomenclature):

- dz
Al
1= 18h, C (2)
R
Tttow Um ( )

with j, being the intrinsic particle density, d, its diameter, p, the dynamic viscosity of the

carrier gas and C the Stokes-Cunningham slip correction factor accounting for deviations .

from continuum drag behavior (see,e.g. Friedlander, 1977).

The important role of inertia in transporting large-sized acrosol particles (more specific-
ally particles with Stk-values larger than a critical, flow-field dependent value, Stk..u) to
collector surfaces leading to direct impaction has been recognized long ago (see Appendix)
and the study of Stk > Stk (supercritical) inertial effects is a mature subject in aerosol
science (e.g. Fuchs, 1964; Davies, 1966; Friedlander, 1977). Particle deposition rates are
usually expressed in terms of the dimensionless capture fraction, fc,p €[0, 1], defined as the
ratio of the actual flow area (at upstream infinity), where depositing particle trajectories
originate, over the projected collector area. Too numerous calculations of inertial capture
efficiencies exist in the literature for well-known analytically or computationally generated
fluid flow ficlds around isolated collectors to be explicitly mentioned here. A particular
geometry, that of an isolated cylinder in cross-flow, has received considerable attention due
to its relevance to several practical applications (e.g. filtration by fibrous filters, fouling of
heat exchanger tube banks, etc.).

Inertial impaction of particles on an isolated cylinder target, especially at high Reynolds
numbers, Re (when potential flow provides a good approximation of the flow field away
from the surface of the collector) is now rather well understood. Classic studies in the
aerosol literature (for detailed references see Fuchs, 1964; Friedlander, 1977) have been
extended to cover large parameter spaces and useful correlations for important quantities of
interest have become available for routine engineering predictions. In particular, Israel and
Rosner (1983) devised a correlation scheme for the inertial capture efficiency, #1c.p Of isolated
cylinders and spheres in steady potential flow, introducing the notion of an “effective Stokes
number” Stk.,. Non-linear drag was accounted for,! following a suggestion of May and
Clifford (1967) to use the actual particle stopping time in the definition of Stk.. Differences
in collector geometry (sphere vs cylinder) were accommodated employing as the character-
istic flow time the respective flow deceleration rate at the stagnation point of each collector.
It was then possible lo'collapsé'lhe characteristic S-shaped, inertial capture efficiency curves
for the cylinder and the sphere, in terms of a single, “universal” curve. The scheme was later
applied by Wang (1986) in his study of inertial impaction and rebound of particles from
cylinders and by Wessel and Righi (1989) who provided extensive correlations, not only for
the inertial capture efficiency of a cylinder in potential flow, but also for impact velocities,
particle concentrations at the cylinder surface, and angular distributions of quantities of
interest. A correlation of numerical results for 1,, for inertial impaction from viscous flows
(30 < Re <40,000) past a single cylinder is given in llias and Douglas (1989).

Inertial impaction on collector assemblies is less well-studied than the isolated collector
cases. Except for some special cases, little is yet known about the “proximity” effects of
adjacent collectors on the inertial deposition rates especially from high Re flows on any
particular cylinder in an array. This work was motivated by the fact that such situations
occur often in practice, e.g. in the entrance region to a heat exchanger tube bank or a fibrous
filter screen, as,well as in laboratory experiments simulating such arrangements. Neighbor-
ing collector effects have been studicd more extensively for low Re flows of immediate
relevance to filtration processes, cither in “unit cell” models (seg, ¢.g., Tien, 1989) or for an

infinite array of fibers in cross-flow (e.g. yTsiang et al., 1982; _Mcl_,al_J_g!xliq etal,l 9§6_;_l_ngham B

t Low transonic flow compressibility effects could also be taken into account using the Stk technique (Isracl
and Rosner, 1983).
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Deposition of particles from potential flows

et al., 1989). Choudhary and Gentry (1977) apparently were the first to study inertial
impaction from steady potential flow on a row of two cylinders, using the method of images
(MOI) to construct the inviscid, incompressible flow field. Ingham et al. (1989) employed the
Boundary Element Method (BEM) to compute the flow field, and focused on the infinite
array problem. Thesc authors have also considered, in addition to circular cylinders,
elliptical cylinders. Particle trajectories were traced in these flow fields and 7., of a repres-
entative collector geometry was evaluated as a function of Stk. Results in both studies were
given only for a particular cylinder center-to-center spacing of 5.35 radii. Other more
elaborate computations for a cylinder in a “deep” tube bank, using variants of the k,-¢
model of turbulence for the flow field and incorporating particle tracking modules, have
also appeared recently (Schuh et al., 1989; Fan et al., 1991) in the interest of predicting tube
erosion. Both studies, however, presented only the results of representative numerical
calculations but no ., €Stk, . . .} curves.

In the present work we study inertial impaction on cylinder arrays with the following
objectives;
‘Sl aws )

(1) To investigate how the number of collectors and their spacing alter the collection
characteristics of a single (“test™) cylinder in an array. A

(2) To find appropriate ways to correlate such data and provide approximate, yet
rational methodologies for practical situations that would circumvent the need for further
detailed computations of the type that we have performed.

We do not address here the possibility of particle rebound, so that in what follows
impaction and capture are treated as synonymous. The structure of the present paper is as
follows: In section 2 we outline the numerical calculation of the flow field. In section 3
we provide the results of our particle impaction computations on a representative cylinder
in finite and infinite collector arrays. We discuss our correlation scheme for ne., in
section 4 and apply it to the data of section 3, while section 5 summarizes the conclusions
drawn from this work. An Appendix clarifies some issues concerning the critical Stokes
number for particle impaction on blufl bodies.

2. FLOW FIELD COMPUTATION

The inviscid flow field, u=—V® past an assembly of circular cylinders is determined in
terms of the velocity potential @, which satisfies Laplace’s equation:

Vio=0 4)
subject to the boundary conditions of zero normal velocity on all cylinder walls:
. VO-ni=0 i=1,2,...Ny 5
and a uniform flow at infinity (x=—o0):
o
o
—=0. 7
X ()

Although,in principle, these equations can be solved with a variety of methods, some of
the most efficient are those exploiting the superposition of fundamental solutions of
Laplace’s equation in such a way as.to satisfy the boundary conditions (Fletcher, 1988).
Superposition (image) methods for the solution of Laplace’s equation are well documented
in classic fluid mechanics texts (Milne-Thomson, 1955; Lamb, 1932). In what follows we
therefore provide only an “algorithmic" sketch of the computational implementation. While
our MOI code can handle arbitrary cylinder arrangements of various radii, here we
concentrate on the practically important geometry of a straight array of identical cylinders
in cross flow. For convenience we have used arrays containing an odd number of cylinders
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‘with the central cylinder, located at the origin serving as our “test” collector. The arrays are

characterized by thc number of cylinders Ney and their dimensionless center-to-center
spacing. S expressed in cylinder radii units. Potential flow around an isolated cylinder is
equivalent to the superposition of a doublet (dipole) singularity (fundamental solution of
Laplace's equation in 2-D) at the axis of the cylinder and a uniform stream at infinity:

—O=— (D4, )=U R

x

x’+y’+u“'x' (8)
Picking the velocity of the uniform flow at upstream infinity, U, directed along the
positive x-axis, as our velocity scale and the cylinder radius R as the length scale the
calculation of the dimensionless flow field proceeds as follows:

(1) We first place a doublet at the center of each cylinder in the assembly of unit strength
(i.e. normalized with U R?) aligned with the negative x-axis. We term these the first
generation doublets.

(2) Using the so-called image relations we compute, for each cylinder, the images of all
doublets external to the cylinder. The image of a doublet of dimensionless strength
p positioned at a dimensionless distance ¢ from a cylinder center has a dimensionless
strength p/¢ 2 and is located at the inverse point of the line connecting the cylinder center
and the doublet, i.e. at a dimensionless distance of 1/¢ from the cylinder center with an
orientation antiparallel to that of the doublet. These doublets form the second generation.

(3) We repeat the image generation process of item 2 for the second generation doublets
creating a third generation of doublets and so on, checking at each iteration if the BC of
zero velocity normal to all cylinder surfaces* (impenetrability) is satisfied to within a pre-
scribed tolerance (typically 107%). At this point we have a distribution of doublets which
when taken together with the uniform flow at upstream infinity satisfy Laplace's equation
for the velocity potential and the associated BCs. For the irrotational flow considered here
this distribution of doublets suffices to determine uniquely the flow field.

The MOI is computationally very simple and typical programs have relatively few lines of
code. The above mentioned loop is used repeatedly to calculate new generations of doublets
by applying the image relations (o the previous generations of doublets. One major
advantage of the MOI over other techniques is the ability to calculate the velocity ficld at
any point in the flow and not just at selected grid or node points. In this way interpolation
of the flow field during the calculation of particle trajectories is avoided and thus a source of
numerical error is eliminated.

The number of doublets generated with the MOI, Ny, depends on N,y and the number of
doublet generations performed. After N generations we find that Ny is given by:

N
Nd = Ncyl ;Z (Ncyl - l)k -1 (9)
=1

As may be seen from Fig. 1, the number of doublets grows exponentially with the number of
generations and the number of cylinders in the array. The number of generations required
to obtain an accurate result depends on the array geometry. For close spacings (S <2.5)
and/or many collectors, the CPU memory (and time) requirements of the MOI increase
substantially. For example, five generations for an array containing 15 cylinders are
sufficient to approach the memory limit of the workstation used in these calculations. We
have therefore explored several series acceleration techniques using the results of intermedi-
ate steps to improve convergence. Of these techniques, Shank’s transformation (see,e.g.,
Van Dyke, 1974) was found to be well suited for our calculations. For example, convergence
to the fifth decimal digit could be obtained for cylinder assemblies containing up to five
cylinders after five doublet generations and repeated application of Shank’s transformation.

* We found that monitoring the convergence of the central cylinder's stagnation point velocity and its gradient

was a conservative criterion for satisfaction of the BCs on all cylinder sutfaces. tn The ‘Column’ cyhuwd o3,
¥ o4
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This is equivalent to the results obtained after 10 generations without acceleration. Based
on these results Shank’s transformation was permanently incorporated in our code for
extrapolation to the limit of infinite number of generations:

(Sn*l_sn)z
Sn+l_2sn+sn—l,

Sh=Sas1— (10)
where §,s are partial sums of the image series and S, is an improved estimate for the n—
limit.

The infinite array problem is equivalent to that of a cylinder placed in a “frictionless duct™
with walls parallel to the x-axis, of width equal to the spacing of the infinite array. In this
case, an initially placed doublet at the center of the cylinder is reflected across the “duct
walls” and the image generation sequence proceeds as in the case of the finite array. We had
no problem in converging on the correct solution, that contained the duct walls as
streamlines, for $>3. For S<3 howcver, due to the stronger image interactions the
streamlines of the flow field generated with the method described, did not exactly coincide
with the duct walls due to fluid “leakage™ across them. To correct for this situation we found
it convenient to add a few regularly spaced undetermined singularities on the y-axis. The
strength of these singularities was determined by requiring no side leakage across the duct
walls, at an equal number of equidistant collocation points, placed along the walls,
extending to 10R from the origin.

From Levin’s theorem given in the Appendix, we know that the value of the stagnation
point velocity gradient in potential flows plays a crucial role in determining the onset of
inertial impaction by imposing the value of Stk,;,, below which no capture occurs. It is then
appropriate at this point to examine the influence of N,,; and S on the dimensionless
(normalized with U, /R) velocity gradient [du/dx],,. For an isolated cylmder the result is
well-known: [du/dx],, s =2.

Figure 2 depicts the influence of the number of cylinders in the array on [du/dx],, of the
central cylinder for a fixed spacing S=4. The dashed line is the infinite array limit,
[du/dx],, N,,=~ =2.3534. As expected, increasing the number of cylinders creates larger
velocities in the vicinity of the collector due to the smaller area available to the flow and
accordmgly larger gradients, since the flow must decelerate locally from a larger value to
zero as the stagnatlon point is reached. Figure 3 shows the effect of S on [du/dx],, for the
infinite array. This figure also includes experimental results (open symbols) extracted from
“blockage factor” measurements of high-Re momentum and heat transfer to a cylinder in
a duct given in Zukauskas and Ziugzda (1985). The potential flow model captures correctly
the relative trends but lies consistently below the measurements as if the experiments
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Fig. 3. Dimensionless stagnation point velocity gradient of a cylinder in an infinite array as
a function of §. Experimental measurcments for a cylinder in a duct, extracted from Zukauskas and
Zijugida (1985).

corresponded to a higher “effective blockage™ (smaller spacing) than actual. A possible
cause for this might be that the boundary layers (BLs) on the cylinder and on the duct wall
increase the “effective blockage™ by displacing the adjacent ﬂow.@'ﬁﬁwme stagnation
point gradicnts higher. Indeed,when we correct approximately for such effects by subtract-
ing from § the estimated total thickness of the boundary layers on the cylinder and duct
walls (filled symbols in Fig. 3) the agreement between measurements and theory becomes
much betler.

Our results for [du/dx],, for the central (“test”) cylinder of the array as a, function of
spacing are shown in Fig. 4. Interestingly enough, [du/dx],, develops a maximum for § near
3.5 for N, =3 which increases in magnitude and moves toward smaller S values as
N, grows. The non-monotonic behavior seen in Fig. 4 is the result of the competition
between “flow through” (dominant at large ) and “flow around™ (dominant at small S) the
arrays containing a finite number of cylinders. This effect is, of course absent for the infinite
arrays, where “flow around” the array cannot occur.

.The non-monotonicity in [du/dx],, for finite arrays, implies that there is an optimum
spacing for the capture of particles gf a given size near the onset of inertial impaction on the
central cylinder, since Stk for this spacing will reach its critical value sooner than for other

47




Deposition of particles from potential flows

3.00

1.00 " 1 1 N I

2.00 4.00 8.00 10.00

6.00
Spacing

Fig. 4. Stagnation point velocity gradient of central cylinder;‘epcndcnce on § for various arrays.

spacings (see,also,section 4). This fact means that if the purpose is to decrease deposition this
optimal spacing must be avoided, while if the goal is to maximize collection this spacing
should be selected. The graph of Fig. 4 also suggests that is possible to develop a continu-
ously adjustable inertial separation scheme using a cylinder array, the spacing of which
could be varied by a mechanical arrangement, effectively changing on-line Stk.,; and
consequently the collection characteristics of the array.

3. CAPTURE EFFICIENCY

We employed what might be called a “finite-analytic” technique for computationally
efficient integrations of the particle momentum equation, given below, because many
trajectory integrations had to be performed:

Du, u—u .

——TL=— P (1)

Dt T .
The essence of the technique is to use a locally-valid, analytic solution for particle motion in
a piece-wise fashion, so as to be able to take large time steps in integrating the equation of
motion. Our code employs two such solutions, appropriate for:

(1) particle motion in a linear flow field (see,also, Fernandez de la Mora, 1985); and
(2) particle motion in a constant flow field (see,e.g.,Fuchs, 1964).

In equation (11) we use Stokes’ drag law for simplicity, since Israel and Rosner (1983) have
already shown how to take into account non-linear drag laws in Stk.. The particles are
injected in equilibrium with the flow at upstream infinity:

u{—oc, y}=U_¢&, (12)

and are advanced to a predetermined distance (x=—50R is an acceptable valué in terms of
speed of execution and accuracy in the calculation of capture efficiency) using the aforemen-
tioned analytic solution for motion in an (approximately) constant flow field. The integra-
tion then proceeds using the solution for motion in a piece-wise linear flow field. The
capture efficiéncy is evaluated as usual using a limiting trajectory scheme (see e.g. Fuchs,
1964), computed iteratively with a bisection technique. In the calculations reported here we
treat the particles as point masses and neglect the phenomenon of interception, an assump-
tion certainly valid considering the relative sizes of suspended particles and tube collectors
occurring in the heat exchanger fouling applications of interest to us (d,/2R<107*).
Inclusion of the interception effect is straightforward (e.g., Fuchs, 1964), but it adds an
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_ additional variable, the interception parameter, d, @R)lo the parameter space of the present
problem, {N.,, S, Stk}.

In Fig. 5, we compare our #.,,{Stk} results for an infinite array with §=5.35 to those of
Ingham et al. (1989), as read from curve B in Fig. 5 of their paper. It can be seen that the
agreement is excellent, and justifies the asymptotic approximations that Ingham et al. (1989)
employed to reduce the computational burden of their flow field calculation [cf. their
equations (3)-(12)].

We summarize our results for infinite arrays at various values of S from 2.5 to oo in Fig. 6. -

As expected from the results of Fig. 4, decreasing § makes it easier for particles to impact
and consequently the capture efficiency increases. The maximum increases occur for
Stk ~ (1) since for Stk — oo the value of Hesp Must approach 1 irrespective of the spacing of
the array. Figure 7 shows the capture efficiency of both finite and infinite arrays. Interesti-
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ngly enough, the finite array results for the same spacing are always lower than the infinite
array results. Both sets of results follow the “ordering™ of the [du/dx],, curves of Fig. 4.

4. CORRELATIONS

Motivated by Levin's theorem (Appendix) that gives Stk.,; in terms of the carrier fluid
stagnation point velocity gradient, we define an effective Stokes number, Stk basing the
characteristic flow time on the (dimensional) stagnation point fluid deceleration rate,
[du/dx];!:

T

z[al,

This definition,in combination with Levin's theorem, maps the critical Stokes number
(=tU, /R) for each array configuration, onto the isolated collector value of 1/8. Based on
these considerations we conjecture (sce,also, Isracl and Rosner, 1983) that this definition will
also make possible the correlation of the capture characteristics of the different arrays in
terms of a single “universal” curve.

The results shown in Fig. 8, provide partial support for this conjecture. The open data
points correspond to finite regular arrays and the filled points to infinite arrays. The solid
line in Fig. 8 corresponds to the infinite spacing limit (i.e.,the isolated collector). In other
words, the isolated collector 1,,, value computed at the prevailing Stk can serve as an
engineering approximation for the collection efficiency of the “test” cylinder. Comparing
Fig. 8 to Fig. 7 note how the present correlation scheme is especially successful in
compressing the data in the vicinity of Stk on a single curve. Although the spread
increases at higher Stk -values, the correlation scheme may be sufficient for engineering
estimates for all Stk-values since the fractional error between the solid curve and the data is
decreasing with increasing Stk.. A better correlation would have been obtained if we
eliminated the open circles which correspond to a closely-packed (S=2.5) three cylinder
array. This array geometry is closer to that of a ribbon in cross-flow than an isolated
cylinder, and the flow field in the vicinity of the test collector is quite different from the other
cases. The observed spread at high Stk is due to the fact that in this limit, the various array
flow fields experienced by the particles, are more dissimilar than the “almost universal”
stagnation flow regions experienced by slightly supercritical particles. For completeness, we
cite the Israel and Rosner (1983) correlation, for 5., ¢ Stk} (extended here to the case of
cylinder arrays) valid for Stk >0.14", although,as mentioned, other acceptable alternat-

Stk = (13)
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Fig. 8. Corrclation of inertial impaction capture efficiency of a central cylinder in finite (open
symbols) and infinite (filled symbols) arrays in terms of Stk. Circles correspond to S = 2.5, squares
to 3, triangles to 4 and stars 1o 5. The solid line is the isolated collector curve.

! The behavior of ., 4 Stk } for Stk —Stk,,;, is non-analytic and is discussed in a set of unpublished notes by
Prof. J. Fernandez de la Mora (1985).
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ives (Wang, 1986; Wessel and Righi, 1988) also exist:
Neap € Sther} L1+ 1.25(Stkerr—4) " — 1.4 x 10” 2(Stk oo — §) 2
' +0.508 x 10~ 4(Stk . —§)~3] 1. (14)

Correlation of the data in terms of Stk seems to be possible for other quantities of
interest as well (at least for an array of three collectors tested so far) such as impact velocities
at the stagnation point (Fig. 9), concentration enrichment factors (Fig. 10), etc, which will be
addressed in more detail in the future.

5. CONCLUDING REMARKS

Inertial impaction calculations for linear, regularly spaced, circular cylinder arrays reveal
that the principal effect of multiple target proximity is to change the local gas deceleration
rates of the carrier fluid, thereby shifting Stk.,;,. Thus, our numerical results for particle
capture on the central cylinder in arrays containing from three to an infinite number of
flanking cylinders, are fairly well-correlated using the relevant, effective Stokes number,
Stk.rr, i.e. basing the “characteristic flow time” on the actual (  noton theisolated-target)
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gas deceleration rate in the vicinity of the stagnation point. Overall, it now appears possible
to make enginecring estimates for the capture efficiency of fluid-dynamically interacting
cylinders in inviscid. cross-flow from a knowledge of the stagnation point gradient, given in
Fig. 4 as a function of number of cylinders and spacing, and the well-known correlations for
a single cylinder (Israel and Rosner, 1983; Wang, 1986; Wessel and Righi, 1989). Work in
progress in this area is focusing on extending the correlation approach to angular distribu-
tions of quantities of interest, examining other cylinder arrangements (e.g. staggered arrays)
as well as studying asymmetric deposition patterns on the side cylinders.

It would also be of interest to compute (using the inviscid velocity distributions on the
surface of the collector) the fluid mechanics of the boundary layer (BL) developing along the
cylinder surface, to estimate collector proximity effects on BL mass, momentum and heat
transfer rates to our representative cylinder in the-array. We note however, that self-similar
BL solutions based on the inviscid stagnation point velocity gradient (Fig. 4), are often
acceptable engineering approximations to the flow up to ca 20° from the stagnation point of
the bluff collector (Schlichting, 1955), where a significant part of deposition also occurs in
practice (Rosner, 1986). It is straightforward then to estimate deposition rates for this
geometry under the simultaneous action of inertial (Stk <Stk,;) and thermophoretic/
diffusive effects applying correlations and boundary layer deposition theory for curved
walls (Konstandopoulos and Rosner, 1990, Konstandopoulos, 1991).

Furthermore, while we have deliberately assumed that particles arriving at the surface do
not rebound upon impact, the present results can easily be corrected for effects of incom-
plete particle capture using analytic expressions for the sticking coefficient of particles
impacting clean collectors (Konstandopoulos, 1991; Wang and John, 1988). Along these
lines, the stage is now also set for extensions of the calculations performed here to account
for hydrodynamic interference effects due to thick deposit growth on the collector
(cf- Rosner and Giines, 1993). An attractive route would be to explore, for example, conformal
mapping techniques in order to “deform™ the non-circular collector cross-section, resulting
from deposit accumulation on the cylinder, back to a circular shape. In addition, such
calculations can now incorporate sticking coefficients of particles impacting on deposits,
extracted from discrete-particle simulations of deposit growth (Konstandopoulos, 1991;
Konstandopoulos and Tassopoulos, 1990).
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APPENDIX‘: ON THE CRITICAL STOKES NUMBER

1t has been known for quite some time that, under certain conditions, there exists a finite, critical Stokes number,
Stk for inertial impaction from flows past blufl bodies. For Stk <Stk,,, no particle trajectory. which is in
equilibrium with the flow at infinity reaches the surface with finite velocity, in the absence of other transport
mechanisms. Taylor {i 94Q] obtained the value of Stkyy, for impaction from inviscid, stagnation-point flow, making
certain assumplions about the initial conditions of the particles, while general conditions for, and proof of, the
existence of Stk.,, for inviscid flows past bluffl bodies, were summarized in an important yet not widely known (in
the Weslern literature) monograph by Levin (1961). We will term this proofl Levin's theorem, stated below

(paraphmsing excerpts from Levin (1961))as:

Levin's THEOREM: For flows past axially or n-th order (n>2) rotationally symmetrical bodies of character-
istic dimension L, which are parallel to the body's axis of symmelry at infinity (with velocity U, ), and the
streamlines of which terminate at the upstream stagnation point as straight lines with slope «, there exists
a critical Stokes number, Sk, =1U, /L =1/{43), for a broad range o)’ initial conditions,* below which no
particle reaches the body.

More recently. in an article published in this Journal, Ingham et al. (1990) have also given a detailed proof of the
essence of Levin's theorém for potential flows and suggested that Stk,,,, for viscous flows is zero. They reached this
conclusion by examining particle trajectories in the quadratic flow u=>bx? obtained as the leading term of the
Taylor expansion' of the normal component of the fluid velocity, u in the distance x from a boundary surface,
However, Levin (1961) has proven the existence of Stk >0 for viscous Sflows as well, given appropriate initial
conditions. Levin implicitly recognized that in this case the onset of inertial impaction is governed by phenomena
occurring in a region where the quadratic flow is a poor approximation to the flow field, but he nevertheless
suggested a scaling relation: Stk =const. 5~"/2, and evaluated the constant by comparison to numerical
estimates of Stk,,,, of viscous flows. Although Stk,,;, >8 has been reported based on numerical studies for some
viscous Tlow cases (Fuchs, 1964; Levin, 1961), it is also possible to compute Stk.,;, semi-analytically following the
approach of Michbel and Norey (1970). These authors treated carefully the singularity of the particle momentum
equation at the stagnation point and calculated Stk,,,, for inertial impaction from creeping flow past a sphere to be
1.21194. Langmuir tl948J had obtained numerically for that case Stk = 1.214.

.

* Discussed by Levin (1961); see,also, Fernindez de la Mora (1980, 1985) and Ingham et al. (1990).
! This quadratic dependence is a consequence of the no-slip condition of the steeamuise component of the

velocity and incompressibility. -L-av-o»)’)'a.)
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Deposition of particles from potential flows

S U Program Man s
' vgrain lugmerrcca" that. as Ferndndez de la Mdra(f985)has shown, for arbitrary linear and locally linear flows
characterized by a dedeleration time ‘scale ™}, the particld motion becomes critically damped by the host-flow
when the product mt becomes equal to 1/{4 miax(4;)] where /; stands for any of the eigenvalues of the velocity

*n gradicnt tensor (rendered dimensionless with wm). Whether the Stk, =1/(4 max(4,)] thus determined coincides with

,g’ Sth,,, for incrtial impaction, depends on the nature of the flow field. The two numbers coincide for potential Nlows
af where the maximum velocity gradient occurs on the boundary of the body.

,5’ - For viscous flows however. Stk,,, can be significantly higher than Stk, due to the fact that the maximum

r? q’? velocity gradient occurs away from the collector wall and the particle motion has the chance to become
P overdamped again, inside the almost stagnant viscous region adjacent to the wall. For example, in the case of
~ g

creeping flow past a sphere, the particle motion becomes first underdamped for Stk, > 2,3 at a distance (ﬁ— )R

S’ 4’ from the sphere surface along the stagnation line where the maximum velocity gradient occurs, yet Stk.,, for this
S 57 flow as we saw above is 1.21194, Similarly, for a cylinder in Oseen flow, underdamping at first occurs when
L & Stk, >0.6495(2.002 — In Rc)! at a distance (\/5 = 1)R from the surface along the stagnation line. Stk,,,, for this case
.9 is reported o be 4.340.1 for Re=0.1 (Fuchs. 1964).
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Use of a Generalized Stokes Number to Determine
the Aerodynamic Capture Efficiency of
Non-Stokesian Particlcs from a Compressible

Gas Flow

R. Israel and D. E. Rosner
High Temperature Chemical Reaction Engineering Laboratory, Chemical Engineering Department,
Yuale University, New Haven, CT 06520

The acrodynamic capture cfficiency of small but non- effects are well corrclated in terms of a “standard”’
diffusing particles suspended in a high-speed stream (cylindrical collector, Stokes drag, incompressible flow,
flowing past a target is known to be influenced hy Re!'/2 > 1) capture efficiency curve. We are thus led (o a
parameters governing (a) small particle inertia, (b) de- correlation that (a) simplifies aerosol capture calcula-
partures from the Stokes drag law (associated with local tions in the paramecter range already Included in previous
particle Reynolds numbers greater than unity ), and (c) numerical solutions, (b) allows rational engincering pre-

carrier fluid compressibility (at nonncgligible free- dictions of deposition in situntions not previously speci-
stream Mach numbers). By defining an effective Stokes fically calculated, (c) should facilitate the presentation of
number in terms of the actual {prevailing) particle stop- performance data for gas cleaning cquipment and aerosol

ping distance, loca! Muid viscosity, and inviscid Nuid instruments.
velocity gradient at the target nose, we show that these
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