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ABSTRACT 

We review here results of our recent DOE-PETC research program on the deposition dynamics of 
combustion-generated particles in power production technologies. In this Final Technical Report, which emphasizes 
the capture of inertially impacting particles, we outline and illustrate the results of recently developed methods to 
predict total surface deposition rates and associated convective heat transfer reductions for targets exposed to a 
distribution of particles suspended in a mainstream. Our methods combine the essential features of recently developed 
single particle sticking probability laws with correlations of the inertial impaction of particles on targets in high 
Reynolds number cross-flow, to develop formulae and 'universal' graphs which provide the dependence of particle 
deposition rates, and associated reductions in convective heat transfer, on such system parameters as mainstream 
velocity, mean suspended particle size and target size. The deposition rate/deposit microstructudproperties prediction 
and correlation procedures illustrated here [Appendix 11 can, eg. , be incorporated into improved 'fouling propensity 
indices', to motivate, evaluate and implement "ruggedization" andlorfouling reduction strategies, and/or incorporated 
(as subroutines) into more 'comprehensive' CFD models of an entire power plant. 

Details of these theoretical studies, and important ancillary matters, will be found in the 22 archival 
references prepared as part of this program (Section 5.2S.3). As anticipated, a judicious blend of (numerical and 
physical) experiments, theory, and intuition was necessary to economically arrive at the methods/results given here. 
We believe these methods/results will improve the generality and accuracy of particle-deposition-related design 
calculations for a wide variety of equipmentlcoal types. Our computational and correlation methods now set the stage 
for treating more complex situations of practical importance in future power generation applications. 

********* 



1. INTRODUCTION 

The purpose of this report is to summarize our research approach and principal 
accomplishments under DOE Grant DE FG 22-90 PC 90099 (Technical Monitor: James D. 
Hickerson) during the nominal 4-year period: 9/6/90-10/31/94 (3-year Program + 2 No Cost 
Extensions). This program was built on the foundation provided by our previous DOE, AFOSR 
and DOE research (Section 5.1), and contributed in a major way to the production of 22 new 
archival publications (Sections 5.2, 5.3) , of which 12 have already appeared in print (Section 
5.2) . Readers interested in greater detail than contained in Section 2 are advised to consult these 
published papers. Copies can also 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. 

We review here in broad terms the results of our recent research on the deposition 
dynamics of combustion-generated particles in coal-fired power production technologies. These 
include our recently developed methods to predict total surface deposition rates and associated 
convective heat transfer reductions for cylindrical targets ( eg., boiler tubes) exposed to 
distribution of particles suspended in the mainstream. By combining the essential features of 
recently developed single particle sticking probability laws (Konstandopoulos, 199 1 ; Rosner 
et.al., 1992) with our now widely used (Section 3.4) correlation of the inertial impaction of 
particles on a circular cylinder in high Reynolds number cross-flow (Israel and Rosner, 1983; 
Konstandopoulos et.aZ., 1993), we have developed formulae and 'universal' graphs (see, eg., 
Figs. 3,4 of Appendix 1) which provide the dependence of particle deposition rates, and 
associated reductions in convective heat transfer, on such system parameters as mainstream 
velocity, mean particle size and target diameter. The deposition rate prediction procedures 
illustrated here (see, also, Rosner and Tandon, 1994) are efficient enough to be incorporated into 
future, improved 'fouling propensity indices' or large scale power plant simulations, and can 
also be used to motivate, evaluate and implement "ruggedization" and/or fouling reduction 
strategies. Additionally, as a result of this program we have gained an understanding of the 
interesting links between deposit microstructure/properties and particle deposition mechanism(s) 
[Tassopoulos et. al. , 1988, Tassopoulos and Rosner, 1991 1. For example, we know from these 
ancillary studies that the local deposit thickness and associated local thermal resistance at any 
given time on-stream are not determined only by the history of the local particle volume fluxes 
due to impactionkapture. Moreover, the thennophysical properties of such deposits will generally 
be anisotropic (see, eg., Tassopoulos and Rosner,l991), and the particle size distribution within 
such deposits will be systematically shifted from that in the mainstream (Rosner et. al., 1994) 

Details of these theoretical studies (Section 5.2), and their immediate laboratory and 
theoretical antecedents (Section 5.2), will be found in our archival references. Our computational 
and correlation methods are now being extended to treat more complex situations of practical 
importance in power generation applications. Indeed, we believe that they provide a rational basis 
for many future desigdoptimization studies. 

*We have adapted and applied the micromechanical theory of incident particle capture (sticking-)ffaction, s (which 
provides the functional form of s when particular projectile particles are directed at particular target materials 
(including granular deposits; Konstandopoulos,l991) at a known velocity V and angle of incidence ei (cf: the 
target outward normal). Correlations of our computationally intensive results have then been used to predict local 
and total particle capture rates for a cylindrical target immersed in a polydispersed suspension of such particulates, 
We considered (see Appendix 1, Section 4) three distinct classes of single particle capture laws, as follows: constant 
capture fraction, "on-off' capture behavior (expected on a 'clean' (particle-free) smoothe surface), and capture by a 
'granular' deposit (above the particle critical velocity, the sticking probability does not fall abruptly to zero but , 
rather, exhibits an exponential 'tail' (Appendix 1, Fig.2). 
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2. SUMMARY OF PRINCIPAL RESEARCH ACCOMPLISHMENTS 

Most of the results obtained under Grant DE FG 22-90 PC 90099 during '90-'94, 
contained in the 22 publications cited in Sections 5.2 and 5.3, dealt with developing 
newhmproved methods to Predict Particle Deposition Rates in Engineering Equipment and the 
Associated Reduction in Convective Heat Transfer Rate (eg., to boiler tubes in the cross-flow of 
ash-laden streams of PC combustion products) . Indeed, the manuscript reproduced in Appendix 
1 summarizes the convenient formalism we developed in this program (Rosner and Tandon 
, 1994) for making rational engineering predictions of particle deposition rates in high-gas 
velocity particle-laden environments, based, in part, on our recently developed single particle 
sticking capture laws* (Konstandopoulos (199 1); Rosner et a1 (1992)) for impaction on granular 
deposits. Exploiting such information, even when available for the particular materials 
combinations of interest, to anticipate deposition rates in realistic engineering environments is 
normally a computationally demanding task since it is necessary to track the impingement 
frequency, velocity and incidence angles of all the different size particles in the mainstream 
capabIe of striking the target locations of interest, invoking the abovementioned sticking (or 
'rebound') laws at each such point to predict the corresponding cumulative local deposition rate. 
However, by focusing our attention on the canonical geometry of a circular-cylindrical target in 
cross-flow and introducing a modest number of defensible approximations¶ to summarize the 
predicted and measured deposition rates on the solid surface of interest, we found a way to carry 
out the tedious portion of such deposition rate predictions 'once-and-for-all', thereby reducing 
the engineering problem of predicting target deposition rates, and the associated reduction in 
convective heat transfer rate, to that of multiplying a readily calculated reference deposition rate $ 
by a set of 'universal' dimensionless deposition rate functions calculated and reported in the cited 
papers (see, eg., Figs. 3,4 of Appendix 1). For convenience and generality , our results have 
been cast in terms of the following dimensionless parameters: ratio of mainstream velocity to the 
critical velocity for particle rebound from the solid surface, ratio of mean abrasive particle size to 
the threshold size required for impaction on the circular-cylinder target in the prevailing flow 
environment, spread of the mainstream particle size distribution (assumed 'log-normal'), and the 
characteristic 'slip' Reynolds number for the critical size particles in the mainstream. In this way 
we have shown that many previously observed characteristics of fouling layers, including their 
frequently "lobular" appearance , can be understood theoretically (cf. Fig. 3, Appendix 1) . As 
also shown in Rosner and Tandon ,1994, a valuable byproduct of the approach developed in 
this program is the ability to evaluate the local sensitivity of deposition rates to key system 
parameters, such as gas velocity, mean particle size in the mainstream and target diameter. Indeed, 
our results (see, eg., Appendix 1) indicate the presence of interesting opposing tendencies----for 
example, an increase in gas velocity increases the particle impingement rate but also increases the 
fraction of impacts leading to rebound. Similarly, an increase in target diameter would reduce the 
frequency of impacts but increase the likelihood of capture upon each (lower velocity) impact. It is 
clear that an understanding of these 'tradeoffs' will be necessary to evaluate the efficacy of rival 
strategies for reducing heat exchanger fouling rates. 

¶To incorporate the essential physical phenomena in a simple manner without making unrealistic idealizations we 
adopted the following basic assumptions: A1 Local particle impaction frequencies, velocities, and angle-of- 
incidence can be obtained from recent correlations summarizing the results of individual suspended non-Brownian 
particle trajectories calculated for steady, inviscid flow past the target ; A2 Even for impaction on granular deposits, 
single particle capture probability lawscan be invoked to predict average deposition rates in engineering applications 
where suspended particles of different sizes arrive over a broad range of impact velocities and incidence angles; A3. 
'Rebounding' particles donot appreciably influence incoming particles, nor deposit in appreciable numbers upon re- 
impaction on the same target; A4 Predicted 'initial' deposition rate trends (spatial dlstributions) determined on an 
initially smooth target can be used to anticipate longer time deposition rate trends; A5 The mainstream population of 
suspended particles is approximately log-normal and the suspended particlevolume fraction, $ is negligible. 

§Our reference deposition rate, written @R)ref in Appendix 1, is that which would be expected in the prevailing 
environment if all the mainstream particles had the mean size and were captured upon impacting the target surface, 

P 

4 



**** 
Summarizing, in our DOE-sponsored Yale HTCRE Lab research during this program, 

only briefly reviewed here in view of the availability of the archival publications listed in Sections 
5.2,5.3, we have shown that new methods for predictinglcorrelating particle transport rates, 
combined with recent advances in particle impact micromechanics and continuum boundary layer 
theory, provide useful means to incorporate important, but often previously neglected, mass 
transport phenomena in many PC-fired power generation and hot-gas clean-up engineering 
design/optimization calculations. 

Despite the formidable complexities that must be overcome in the design and operation of 
power plants utilizing a broad spectrum of pulverized coals, the techniques and results described 
here are indicative of the useful simplifications and generalizations which have emerged from thts 
program's fundamental DOE-funded research studies of combustion-generated particle transport 
mechanisms/rates. We hope this Final Report and its supporting papers (Sections 5.2,5.3) will 
facilitate the refinement andor incorporation of some of the present ideas into engineering design 
procedures of much greater generality and reliability. Some of this work has already had a 
significant impact on engineering practice (Section 3.4). 

3. ADMINISTRATIVE INFORMATION: PERSONNEL, PRESENTATIONS, 

abovementioned Yale HTCRE LabDOE-PETC research program: 

APPLICATIONS 
The following sections summarize some pertinent 'non-technical' facets of the 

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 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 
fossil-energy derived power production. 

Table 3.1-1 Summary of Research Participantsa on DOE Grant :DE FG 22-90 PC 90099 

FUNDAMENTAL ASPECTS OF INORGANIC PARTICLE DEPOSITION IN 
COAL-FIRED EQUIPMENT - 

Name Statu@ Date(s) PrinciDal Research Activitvh 
Albagli, D. PDRA 419 2- 5/94 particle prodchar. in CDFs 
Castillo, J. L. vs 
Cohen, R. D. vs 
Collins, J. GRA 
Garcia-Ybarra, P. vs 
Gomez, A. Asst.Prof. 
Kho,T. GRA 
Konstandopoulos, A.G. GRA,PDRA 
Labowsky, M. J. vs 
Rosner, D.E. PI 
Tandon, P. GRA 
Tassopoulos, M. GRA 
Xing, Y. GRA 

8/94 
Spring'93 

8/94 
'9 2 

'92, '93 

'92-'94 

'92-'94 

'91-'94 
'91-'94 
'92-'94 
'90-'9 1 
'93-'94 

particle formation in BLs 
aggregate restructuring theory 
particle formation in BLs 
Xport properties of aggregates 
Ms. on particle transp. props.(CDFs) 
erosion of metals 
combined inertia + thermophoresis 
inertial impaction and erosion 
program direction-dep. theory 
transport phenom. in BLs and CDFs 
microstructure of granular deposits 
particle prodchar. in CDFs 

a PDRA=Post-doctoral Research Asst GRA= Graduate Research Assistant 
PI = Principal Investigator VS = Visiting Scholar 
See Section 5 for specific references cited in Section 2 
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3.2 Cooperation with US Industry 
The research summarized here was supported by DOE-PETC under Grant DE FG 22-90 

PC 90099 (9/6/90-10/31//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 scientistdengineers 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 DOE-PUEC Contractors Meetings , our results have also been presented at some 32 
seminarskonferences--including annual or topical conferences of the following professional 
organizations: 

Int. Fine Particle Res. Inst. (6/92, 6/93) 
AIChE Annual Meetings (1 1/90, 1 1/91, 11/92, 11/93, 11/94) 
AAAR (10/93,9/94) 
ASME-Engineering Foundation (3/91) 
Combustion Inst. 

In addition, during the period: 9/6/90-10/31/94, the PI presented research seminars at the 
following Universities: 

Aristotle U.-Thessaloniki ETH-Zurich Brown (9/22/92) 
U Manchester 5/28/92 k e d s  5/29/92 Penn State (7/28/92) 
Northwestern 4/22/93 CUNY 10/18/93 KTH-S tockholm 
Notre Dame (10/27/92) U. Wisconsin U. Limoges 
Istanbul Tech. U. Northwestern U. Technion-Haifa 
u. Oslo U Trondheirn 

U. Toulouse Nat. Tech U-Athens Waterloo 

as well as an invited talk at the IFV power plant in Kalundborg, Denmark. All European 
lectures listed above were in connection with Prof. Rosner's Yale academic leaves ( Fall '91, Fall 

This DOE-PETC program also contributed to the completion of the PhD dissertation 
research of three Yale graduate students (A.G. Konstandopoulos , M. Tassopoulos and P. 
Tandon; c j  Table 3.1-1). T. Kho received her Master's Degree based, in part, on erosion- 
oriented work supported in this program (see Section 5.3). 

'94). 

It should be mentioned that A.G. Konstandopoulos and M. Tassopoulos won the student 
award at the 11/90 AIChE Mtg. for their poster on the microstructure/properties of granular 
deposits. Moreover, our contribution: "Effect of Radiative Heat Transfer on the Coagulation 
Dynamics of Combustion-Generated Particles", won the "Best Paper Award" at the 1991 Central 
States Combustion Institute Mtg. 

3.4 Some Known Applications of Yale-HTCRE Lab Research Results 

6 

It has been particularly gratifying to see direct applications of some of this generic DOE- 
supported particle mass transfer research in more applications-oriented investigations reported in 
recent years. Due to the inevitable required lead time, the examples cited here are mainly from the 
early part of this program. Indeed, the writer would appreciate it iffurther, more recent examples 
known to the reader can be brought to his attention. 



In the area of multicomponent vapor deposition in combustion systems applications of our 
predictive methods (for "chemically frozen" (Rosner et.aZ., 1979) and LTCE multicomponent 
laminar boundary layers) have been made by British Coal Corporation-Power Generation Branch 
(I. Fantom, e t d )  in connection with their topping cycles which run gas turbines on the products 
of fluidized bed coal combustors/gasifiers. A useful review of our vapor and particle deposition 
research as of ca. 1989, (in the context of fouling research worldwide) may be found in the 
comprehensive article by Marner, 1989 (Section 5.1). Also, in soot-related combustion research 
many groups (eg., Dobbins et.aZ. (Brown U.), Faeth e t d  (U. Mich.), Katz et aZ. (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 DOE and AFOSR 
research (Rosner et.aZ. ,1991). 

Our DOE- supported research on thermophoretically dominated soot deposition rates 
from flowing laminar or turbulent combustion gases has been applied by Aerojet Corp. (D. Make1 
et.a1.,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. 

Ongoing work at MIT (Walsh et.aZ. 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, or a column of such cylinders (Konstandopoulos et. aZ.,1993)) in terms of our 
eflective Stokes number (Israel and Rosner, 1983, and Konstandopoulos et. aZ. 1993). Recent 
applications of our DOE and AFOSR-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. NEL, as part of an EEC-coordinated program, 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 also being taken up by V'IT- 
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. 

For calculating suspended particle concentrations along trajectories (eg., outside of aircraft 
involved in atmospheric sampling, or inside of non-isothermal CVD reactors, A. S .  Geller et.al. 
of Sandia-Albuquerque have adopted a method developed in our earlier work (Femandez de la 
Mora, 1981), and recently applied in our own studies of particle motion in laminar boundary 
layers with streamwise curvature (Konstandopoulos and Rosner, 1995---see Section 5.3). 

******** 

Clearly, fruitful opportunities for applications of our recent particle mass transfer 
research, including our recent erosion rate predictiodcorrelation methods (Section 5.3), now 
exist in many programs currently supported by the US DOE (eg., 'Combustion 2000'), as well 
as independent civilian sector R&D. 



4. CONCLUSIONS, CONCLUSIONS 

In this DOE-sponsored Yale HTCRE Lab researchprogram during the period: 9/6/90- 
10/3 1/94/94, briefly described above, we have shown that our recent advances in particle 
dynamics and mass transport theory provide useful means to incorporate important, often 
previously neglected, deposition rate phenomena in power-generation and hot-gas cleanup 
design/optimization calculations. As anticipated, we made use of a judicious blend of (numerical 
and physical) experiments, theory, and intuition to economically arrive at 
computaatiordcorrelation methods/results which will inevitably improve the generality and 
accuracy of future particle-deposition-related design calculations for a wide variety of 
equipmenvfuel types. In all, some 32 verbal presentations, 12 archival publications (Section 5.2), 
and 3 PhDs have resulted (in total or in part) from this DOE-PETC research program. 
Additionally, 10 papers are submitted or in press (see Section 5.3) and should appear in the 
archival engineering literature before the end of 1995. It should also be noted here that the total 
funding for this program was $317,339. 

Despite formidable complexities to be overcome in the design and operation of power 
plants utilizing a broad spectrum of coal-derived fuels, the techniques and results of this past 
DOE-PETC program (see Sections 2,5, Appendix 1, and the references cited therein) are 
indicative of the useful simplifications and generalizations needed to accelerate progress in more 
efficient coal utilization. It is hoped that this Final Report and its supporting papers (Section 5) 
will now facilitate incorporatiing these ideas into design and test procedures of far greater 
generality and reliability. This work has also identified new directions where cost-effective DOE- 
PETC-sponsored research would have a significant impact on engineering practice for coal-fired 
systems---including those for materials processing as well as power generation. Long-range 
investigations should continue in each of the fundamental areas summarized above, as well as 
others beyond the scope of this Final Technical Report. Only then will it be possible to provide 
engineering designers with significantly better "tools" for making rational assessments of ash 
deposition phenomena in future, high-performance , reliable coal-fired equipment. 
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Dam Damkohler number 
IJHMT Int. J. HeadMass Xfer 
PC PulverizedCoal 
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TEM Transm. Electron p-scope 
PI Principal Investigator 

CDF Counterflow diffusion flame 
CRF Combustion Research Facility 
GRA Graduate research Asst. 
CFD Computational Fluid Dynamics 
PSD Particle size distribution 
LTCE local thermochemical equilibrium 
pdf Probability density function 
VS Visiting Scholar 
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