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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, AI2O3, Si02,...) 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-, mertial«K 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 particlesjin 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 , t|, of the true surface area in Fig. 3), including its 
dependence on size (N), structure (fractal dimension, Df), probing molecule reaction 
probability a, 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 (TiCl4(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. 
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Fig.l "Porous sphere" model of large fractal aggregate 
suspended in a background gas; basis for the calculation of 
translational and rotational Brownian diffusion 
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. 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]} "Z.Rgyration)  (after 
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" (Df=1.8) aggregates; reaction 
probability cc, of probing molecule 0.1; (after Rosner and 
iandon, 1994) 

Fig.4 "Slot"-type counterflow diffusion flame (CDF-) 
burner set-up for in situ and extractive experimental 
studies of the nucleation, growth, transport and 
restructuring of aggregates in flames (after Albagli. Xing 
and Rosner, J994; see, also Gomez and Rosner, 1993) 
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Fig. 5 Typical multiparticle aggregate thermophoretically 
extracted from laminar CDF seeded with T1O2 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. 6 Aggregate characterization techniques; (a) pdf of 
pimary particle diameters; (b) pdf of angles formed 
between triplets of contacting primary particles (2D: 
based on projected TEM image, 3D: corrected for three 
dimensionality of real aggregate] needed for restructuring 
kinetics analysis 
(Cohen and Rosner, 1993,1994) 
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Fig.8 TiC<2(s) deposition rate data (reported as an apparent 
first order heterogeneous rate constant) from TTIP/O2/N2 
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 IJHMT 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.ai, 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 
TiÜ2(s) obtained from TTIP(g). The solid curve marked Damhom= 2x 1014 (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 B203(g), including the implications of our flow reactor 
data for chemical propulsion applications (Gomez, Rosner, and Zvuloni, 1993). 

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 



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 
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 Participants0 on AFOSR Grant : 

TRANSPORT PHENOMENA AND INTERFACIAL KINETICS 
IN MULTIPHASE COMBUSTION SYSTEMS 

Name Statusa 
Activity^ 
Albagli, D. 
Cohen, R. D. 
Collins, J. 
Gomez, A. 
Kho,T. 
Konstandopoulos, A 
Labowsky, M. J. 
Papadopoulos, D 
Rosner, D.E. 
Silverman, I. 
Tandon, P. 
Xing,Y. 

Date(s) Principal Research 

PDRA 
VS 
GRA 
Asst.Prof. 
GRA 
GRA.PDRA 
VS 
GRA 
PI 
PDRA 
GRA 
GRA 

4/92-5/94 particle prod/char, in CDFs 
Spring'93 aggregate restructuring theory 
'92-'94 CVD of ceramic coatings 

'92 Ms. on particle transp. props.(CDFs) 
'92-'94 correl. of density of CVD coatings 
'92, '93 combined inertia + thermophoresis 
'91-'94 inertial impaction and erosion 
'92-'94 boundary conditions at G/S interface 

'91-'94 program direction-dep. theory/exp 
'92-'93 spray evap/comb. at high pressures 
'92-'94 transport phenom. in BLs and CDFs 
'93-'94 particle prod/char, in CDFs 

a 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) 



3.2 Cooperation with US Industry 
,^,+ e, 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) 
A A AR (10/93) 
Electrochemical Soc. (CVD XI (5/91), XII; 5/20/93) 
ASME-Engineering Foundation (3/91) 
Materials Research Society 
Combustion Inst. 

r „      In T
a

t
ddition' durin8 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 
I™dhe,m 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; cf. 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 
AC^CJ

1
 
haS bCen Particularly gratifying to see direct applications of some of this generic 

AFOSR-supported particle and vapor mass transfer research in more applications-oriented 

7 



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 et.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 

8 



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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