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The performance of ranjets bumming slurry fuels (leading to condensed axide serosols and liquid film
deposits), gss turbine (GT) engines in dusty atmospheres, or when using fuels from nan-traditional
sources (ag. shsle-, or cosl-derived), depends upon the formstion and transport of smsll perticles
scross nar-isothermal cambustion gas boundary lsyers (Bls). Moreover, even sirbresthing engines burning
*clem hydrocarbon fuels can experiance soot formstion/deposition problems (e.g., combustor liner
burncut, sccelerated turbine blade eromion sand ™ot corrosion). Accordingly. our resesrch is directed
toverd providing chemicsl propulsion systems R & D engineers with new techniques and quentitstive
informetion on important particle and vepor sess transport mechanimms and rstes.

The purpose of this report is to briefly sumsrize ocur research methods end sccamplisbents under
AFOSR Grant 84-0034 (Technical Monitor: J.M Tistkoff) during the one~yesr period: 12/1/84 - 11/30/85.
Resders interested in grester detail than contained in Section 2 are advised to consult the published
pepers cited in Sections 2, 5. Copies of sy of these published pepers or preprints can be cbtained by
writing the PI: Prof. Deniel E. Rosner st the Depertmant of Chamical Ergineering, Yale University, Bax
2159 Yale Ststion, New Haven, CT 06520, U.SA. Cmments on, or exsmples of, the mpplicability of aur
resesrch results will be especially welcame.

An interactive experimentsl/theoretical spprosch is being used to gain sn understanding of
pexrformance-1imiting chemical—-, and mess/energy transfer—phencnens st or nesr interfaces. This includes
the development and exploitstion of seeded laborstory flst flame buimers and cooled deposition targets
(see, e.g., Fig. 1), flow-reactors (Fig. 8), end new optical disgnostic/ spectroscopic techniques.
Resulting experinentsl rste dsta, together with the predictions of camprebensive ssymptotic theories, are
then used es the basis for proposing and verifying simple viewpoints end effective engineering
correlatione for future design/optimizstion studies.

2. RESEARCH ACDDELISRENTS AD RELICKTIOE

Most of the results we have cbtained under Gramt AFOSR 840034 can be mibdivided into the 3 mb
sections below:

2l. Seeded Flame Experiments on Vapor and Submicron Particulste Rates

Using seeded, stmospheric pressure flst flame bumer techniques (1,10,14) combined with the laser
opticel prabing of chamically inert, reflective tsrgets (ag. Pt ribbons; see Fig, 1) we heve studied
the rstes of chemical vepor deposition (14), submicron particle deposition (1) and the rstes of
condensste evaporstion (e.g.. By03(l); see Fig. 2 and Section 3). In unseeded but fuel-rich
hydrocsrbon/axygen flames we heve daanstreted thet csrbonececus soot perticle transport to ismersed
themocauple probes occurs according to the lams of themcphoresis (,5). Thus, streight-line re-plots
of themocouple dispeter vs. time dets sre possible (Pig. 3) end the slopss @) of these particuler
plots, premmsbly proportionsl to the locsl soot volume fraction £, o, are indesd consistent with laser
light extinction seemureents across these ssme flams (Fig 4). According to the ssse theory, it should
8ls0 be possible to simultenecusly determine locsl gss temperstures — & scheme which we call
"therwoploretic thermometry™. One verime, ly investigstion, is dketched in Pig 5, where
the notstion is thet of Ref. 4 and X is d in kg/d {n T, where kg is the combustion gas therssl
conductivity. Im:lally.intmnt-thmdmh!dwto&tdmf‘.“hm
tle cbetacle which grestly camplicates its sccurste inference ()1
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22. Trsnsport Theory: Themmophoretically Modified Boundary Layer Convective Mass

We are extending our previcus solutions end correlstions of themmophoretically modified sibmicron
particle sass transport across laminar (3,7,8) end turbulent BLs (6,8) into the domein of high perticle
msss loeding (16), e situstion encamtered in mmercus msterisls processing applicstions, end, locslly,
in two-phase (ag. droplet/gas) flows of chemical propulsion interest. Also, becsuse of incressing
interest in the Soret diffusion of large, highly nonspherical molecules and the themmophoretic transport
of nonsphericsl perticles (ag., long scot sggregstes) we hsve recently predicted their thermsl diffusion
factors, tp, (Fig, 6, Ref. 15) and hope to experimsntally test scme of these predictions end their K-
cansequences in the future. We hsve also begun exploring the scavenging effects of miwmicron parviculste
sstter (ag. an inorganic mist or fume) on vepor diffusion across Hs (12), using s msthamstical model
invﬁchthdqcnnfmlmlvm/limﬁdqdlibﬁuhdicmdpdmﬂyhythwdmda
Demkchler mumber (0) end particle losding persmeter () (see Fig, 7). These methods/results, slang with
our previous snalysis of shesr-driven viscous deposits (17), could be used to predict the behsvior of
resction product "glass™ layers on turbine bledes and/or exhsust nozzles, as well as the bebsvior of
glass-foming refractory solids in high-shesr corrosive multiphsse ervirorments.

2.3. Heterogeneous Kinetics

To meke (i) rspid-response gas/solid resction rete msssuremsnts over a large tempersture range, and
(ii) surface mess belances necessary for mechsnistic understanding of high temperature gas/solid
resctions, we heve recently been exploiting an emission spectroscopic tectnique. In this technique, a
low pressure microwsve—induced plams (MIF) excites cherscteristic emission fram the stms in the gesecus
product species of 8 gas/solid resction in 8 low pressure flov resctor.

We eploy & modified version of our transanic, vecum flow resctors (Fig, 8) developed esrlier under
AFOSR-support for the study of ges resctiong with silicon— and borurrcontaining refrectory solid
caspounds (18). However, now the resction product vapor species sre dissocisted and electronic exission
frem the resulting stams is produced in s microweve discherge plamss G) before lesving the resctor.
Evaporstion and gesification reactions sre studied by messuring emission intensity, I, from this
discherge, via s O5m Jarrell-Ash monochramstor.

Aside from stesdy-state resction rste messurements, flash evolution experiments can be carrisd aut
to msasure the mmouwnt of condensed product msterial formed an @ sxfece during resction, provided, of
course, thst the resction product (ag. B703) hes s higher volstility than thet of the substrste, eg.
B(s). In such experiments the filament is exposed to the gaseocus resgent for same resction time
omelly only a fev minutes). Than, the gasecus resgant flovw into the resctor is stopped and the
filamant cooled. PFinelly, the It) is determined whan the filamant is hested rapidly. The skimmer and
the imner co-exisl tube shown in Fig, 8 were installed so thet the systes detects anly products from the
cantrel, wmiform-tempersture region of the filament.

We are nov performing prel iminsry experiments on the applicstion of this microwsve-induced plame
evissior spectroscopy QUPER) technique to the axidetion of bowon, s syste of cansidersble imterest to
tle propulsion cammmity, but one whose poorly understood kinetics are spparemtly influsnced by the
condansibility of the resction product D20y Preliminery results heve bemn cbtained for the high
tapersture gasificetion kinstics of borun by O2(g), and (D7(g)and will be reported st the naxt Eastern
States Cmbustion Institute Conference. In the future we will initiste seesuremmns of the aridstian
kinstics of boron by ByOs@ (jo. (BONOQ)) sd exploit the repid-response cherecteristics of our MIPES
technique to mmasure the belevior of axh surfeces in soduleted resctavt stresms. Among other things,
such studies could shed valusble light on the response of solid fuel surfeces in & turbulent
avirceswe.
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Teble 3.1 smmerizes the persanel who heve contributed to this resesrch program during the period:
12/1/84 - 11/30/85, along with the subject metter of esch investigstort resesrch contribution.

SUMARY OF PERSONNEL AND THEIR OONIRIBUTIONS

|
e 3. 1
!
l

Nme Status @ Yale [Primary Contribution

Rosner, D.E. |PIS, G Overall Program Directionl¥

Bisner, A.D. |PORA (thru 6/7/85) Soot deposition from flames? s> :

Gases, A. PDRAC (starting 9/85) Experimental detenminstion of eI}, |

Garcis-Ybarrs,P|PDRA ’nuumh:mu:d properties of nonepherical i
puud-

Lisng, B. Gub (&) Vapor end/or particle deposition mteractmm |

Narsgsjan, R. |GRA (86) Dynemics of C.V.D. condensate lsyersl’

Park, H.M. GRA (87) Theory of high-wess-losded sercecl tttupart /

Roy, R. GRA W) Thermodynamics of nonideal condensste mixtures

Tancff, M. GRA Experivental detemminstion of u‘.Dp ‘

@ Principal Iivestigator |
b Graduste Resserch Assistant (Anticipsted Yesr of PhD Degree) |
€ Postdoctoral Resesrch Assistant

Table 3.2.

SUMARY OF TALKS® BASED IN PART ON OSR-GRANT'

[Dste Host Organization Location Topic(s) |
12/16-21/84 Phys. Cham. Hydrodyn. No5P (Levich)® | Tel Aviv, Isreel 2.2 |
2/18/8 Univ. Perneylvenis,Q:E Dept. Philsdelphia, PA 2.1, 2.2 |
a/5/85 ASE/AIQE Hest Transfer Conference'’ | Darver, Colorsdo 2.2
/18/85 Cmbridge Univ.,CHE Dept. Cambridge, U.K. 2.1, 2.2
/21/8 Sheffiald Undv., ChE Dept. Sheffield, UK. 2.1, 2.2
10/2/8 QCB-Marciwood Lab. Sathempton, UK. 2.1, 2.2
10/16/8 Technion-Isreal Inst. Techn., |
Dapt. Asro. Ingry. Haifs, Isteal 2.2
10/23/8 Techndon IIT, Dept. G2 Heifs, Isrsel 2.1 e ‘
/e DEIC-ORS Narcy, Prence 2.3 sten Fopr
11/18/85 Gbustion/Htigh Twp. Res. Ctr, ORS |Orlesns, France 2.1, 2.2 GRARI
11/19-22/8% Amaricen Assoc. Asroscl Albugquerque, NY 2.2 TAB ?7
1W/23/8 City Univ., Dept. Asro. Brgrg. Madrid, Spain 2.1, 2.2 | sunceq
11/26/8 Polytechnic Univ. Seville Seville, Spain 2.1, 22 | ‘icarge
11/20/8 E.u.n.n.. Dept. Amd. Pys. Medrid, Spein 2.1, 2.2 \:
:’i-md :y, ::nnz nless otherwise specifisd) reuribationy

Avauabnlty Codes




¥ sk . T YWY TR PRV R R TR I F T ST T R VS WY Y WY WYY W W T T e e e e e e

4. CONODSIONS, TR NESEANCH

* Inthwdtbﬁeflydacﬁbdhnnhvednmthtwwmul
techniques for repidly measuring vepor- and perticle-msss transfer rstes (1,5,14), cambined with recent
R sdvances in whet might be called ™themophoretic boundery lsyer theories” (2,3,6-9,19), are providirg

useful mesns to incorporste these phencmens in many propulsion engineering design/optimizstion

',; calculations. In the future we hope to extend this work to include, among othrmtm.mthoppotmtinly

; isgortant effects of high local particle msss losding (16), non-negligible perticle inertia, and highly

) nonspherical perticles (or solecules) (15). To shed light on perticle ignition, "steady” casbustion and

ctinctim. our current resssrch on the kinetics of boron gasificetion using MIFES will be extended to

: emmine the By03(g)/B(s) resction and the respanse of such surfeces to sudden changes in tempersture and
) resctant pertisl pressures.
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5. FEEXS

Romner, DE end Kim, SS., "Optics! Experiments on Themophoreticslly Augmented Submicron Particle
Deposition fraw “Dusty’ High Twspersture Ges Flows,” The Cham Brgrp J. 29, Mo 3, 147-157 (1964).
Gokoglu, S.A. end Rosner, D.E., "Correlation of Thermophoretically-Modified Swsll Particle
Diffusionsl Depositian Retes in Forced Cawection 9ystems with Verisble Properties, Transpirstion
Gokoglu, SA and Rosner, DE, "Themmcphoretical iy—Augmented Forced Convection Mess Trensfer Retes
to Solid Wslls Across Nom-Isothermsl Laminar Boundsry Lsyers, AIM J. 24, Mo 1, 172-179 (1966).
Eisner, A.D. and Rosner, D.E., "Experimentsl Studies of Soot Psrticle Thermophoresis in Nom—
Isothermel Combustion Geses Using Themsocouple Rasponse Techniques,” Cobustion & Flame 61, 153-166
(1965); sse also Rosner, DE, Rigner, AD. and Gamse, A, "Themmophoretic Themmometry of Scot—Laden
Gases™ (in preperstion, 1986).

Eisner, A.D. snd Rosner, D.E., "Experimentsl and Theoreticsl Studies of Submicron Particle
Thersophoresis in Casbustion Gases,” presented st the Sth Int. Symposiw on PhysicoChemical
Hydrodynamics, Tel-Aviv, Isrsel, Dec., 1984, J. PhysicoChemicsl Hydrodynsmics (Pergason) 7, 91/100
(1966).

Gakoglu, SA and Rosner, DE, "Thermophoreticslly Bnhanced Mass Trensport Rstes to Solid end
TranspiratiomCooled Wells Across Twrbulet (Lercof-thetisll) Boundsry Layers,” 1/EC Rundemantals
% No 2, 208-214 (1965).
Gokoglu, S.A. and Roener, D.E.,, "Viscous Dissipstion Effects on Thersophoreticslly-Augmented
Particle Transport Across Leminsr Boundery Lsyers,” Int. J. Hest & Fluid Flaw 6, No 4, 293-297
(1965).

Gakoglu, SA end Rosner, DE, "Predictionr and Retionsl Correlstion of Thermophoreticslly Reduced
Particle Mexe Transfer to Hot Surfaces Across Laminar or Turbulent Forced-Cavection Gas Baumdary
Layers,” QL Cammmicstions (in press, 1966).

Gokoglu, SA and Rosner, DE, "Effect of Particulste Themmophoresis in Redicing the Fouling Rate

Sentoro, GJ., Gakoglu, SA, Kohl, PJ., Stesrns, CA. and Rosner, DR, "Deposition of NeoS0y frem
Salt-Sesded Casbustion Gases of & Migh Velocity Bummer Rig," NASA TM &3751 (1984).

. Castillo, Jl. end Rosner, DE, "Nonequilibriwe Theory of Surfece Deposition fra Perticle-Laden,

D lute Condensille Vepor-Comtaining Stresms, Allowing for Perticle Thermophoresis and Vapor
Scaverging Within the Laminer Baundery Leyer.” Int. J. Multiphase Flaw (in press, 1986).

. Rosner, DK, Processes in Ghamically Rescting Flow Systems, Butterworths Publishers,

Stonsham, MA (to sppeer Jure, 1966).

. Seshadri, K. end Rosner, DE, "Polerizstion (Z1lipscmstric) Meamuremet of Condensste Deposition

and Evaporstion Rstes ad Dew Poimts in Selt/Ash Conteining Cosbustion Geses,” Cambustion & Flame
61, 251-260 (198).

Gercis-Yoerre, P, Risner, AD and Rosnezr, DL, "Themophoretic Properties of Swell Nonsphericsl
Porticles and Large Norwpharicsl Molecules,” presmted st the Amer. Assoc. for Aerosol Rasesrch
Conference, Jov. 18-22, 1965, Albuguerqua, NL
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