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ABSTllA~T 

l't\yaical exa•ination of aurface• under1oing natural outdoor aollln1 •ugge1t1 that •oil -tter accu~ulate• in up to three dlatinct layera. The fir•t layer involve• atrong che~icat attach-nt or atron1 che•iaorption of •oil ••tter on the pri.ary • urfacd. The aecond layer i• phyaical, conaiating of• highly orRanized arrangenient of aoil creating a gradatlon in aurface endrgJ fr0111 a high aaaociated with the energetic firat layer to the l011eat po••ible atate on the outer • urface of the aecond layer. The loweat poaalble aurface energy atate i1 dictated by the che•ical and phyaical nature of the regional at,aoapheric aoiling •aterial•. The •e firat tvo layer• are reaiatant to reaoval by rain. The third laver ccn• titute• a aettlin1 of looae •oil .. tter, accumul~ting in dry period• and being rewoved during rainy perloda. 
Theoriea and evidence 1uggeat that aurfacea that ahould be naturally reaiatant to the fonution of the fir • t tvo rain-reaiatant \ayer• ahould be hard, amooth, hydrophobic, free of first-period elenienta, and have the loveat pos1ible aurface energy. These characteriatica, evolving aa require-nta for lov-aoiling aurface1, augge1t that 8urfacea or aurface coatings •hould be of fluorocarbon che•i•try. 

Evid~nce for the three-soil-layer concept, and data on the poaitive perfonunce of candidate fluorocarbon coating• on 1laaa and tran• parent plastic fil•• after 28 month, of outdoor expoaure, are preaented. 
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SECTION 1 

INTRODUCTfON 

The accumulation of duat, dirt, pollen, and other at1110 • pheric 
contaainant• a,d particl~• on the 1urface1 of solar-eneritY device • 11:ch as 
•olar-thenial collector• and photovoltaic (PV) module• rPsults in a los, of 
perforaance due to a decrea • e ii\ tran11111itted au1tlight. Thia accumulation oi a 
diveraity of depoaited atmo• pheric aateriah, hereafter referred to a • 1oil, 
reduce• light t.ranamission by a combined 4r.tion of absorption and scatterin~. 
To aini• ize perfonaa~ce lo11es cauaed by ,oiling, solar devices should havP 
aurfacea or aurface coating• tha~ hav~ low soil retention, and maximum 
auaceptibility to natural cleanini by ~ind, rain and snow, and that are 
readily cleanable by simple and inexpensive maintenance techniques. 

Arevievof literature published bf'fore l9BO (Reference l) found nn 
inforaation apecifir.ally addressing the nature of surface soiling, nor on 
characteriatica of surface£ or 1urface coatings that provide low to zero soil 
retention, or ready cleanability by natural mean,. Accordingly, the 
Plat-Plate Solar Array Project (FSA), managed by Jet Propul1ion Laboratorv 
(JPL) for the U.S. Departmer.t of Energy (DOE), established 3 r·ogram to 
inveatigate aurface • oiling to establiah chemical, physical, ar.d mechanical 
criteria for lov-aoiling 1urfaces or »urface coating,. 

The aoi.ling prograJD wa1 divided into four .~ctivities: (1) measureP1ent, 
as a function of time, of the decrease in light transmittance resulti~g !rom 
the natural acr.U1DUlati·,n of soiling on the surfaces of a wide varietv of 
glassea and transpllrent plastic films mounted on outdoor expoau~e racks at 
various geographical locations; (L) chemical and physical analvsis of thP 
soiiing a.atter on these surfaces; (3) generation of theories and hypoth~sPs 
on the chemical and physical requirements of surfaces for low soil rPtention. 
and on the details of the formation and construction of the soil retained on 
surfa'.t!• , .ind (4) identification and evah•ation of candidate low-a.oiling 
aurface coatings or treatments. · • 

This report has twQ subject•: (1) an initial effort at describing the 
detail, of forwation and con~truction of the ratural soil retained ~n 
surface~, and (2) perf~naance of candidate low-soiling Aurface coatin~s. 



IICTIOlf II 

IOILINC TIIIOIY 

Althou&h th• ••arch of publl•h•d literature.for lnforaation on . pc'eftDtloa of aurfac• eolllna vae not directly fruitful, ••nral article• (lefereac•• 2-7) v.r• found, whi,h, in coabinatlon vlth ••peri-ntal light ~raaaalttance •a•ur ... nte (leference1 8, 9), .. de poeelble initial tlleoretlcal definition• (a.ference 1) of the requlr ..... t• of low-eoilinc ••rfac•• or aurface coatln1•, and of the require1Mnte for lov-eoilln1 e1Wlroaaetlte. '1'he requireaent1 for lov-10111"1, eurface• appear to be: 
(1)- Bardnua 

(2) Smoothneu 

(l) Hydrophobicity 

(4) Low aurface energy 

(5) .,..tickiaeaa (cbeaically clean of aticky aaterialt, aurface and bulk) 

(6) Cleanlineaa (cheaically clean of water-eoiuble aalt•··.~~cl 
flrat-periocl eleaenta, aurface and bulk) 

nqulre11e11ta for lov-aoiling environaenta appear to be: 

(I) Low to &ero airborne organic vapor• 

(2) . Prefl'lent raina, or generally dry (low dew, low AH) 

(l) •_Pev':dev cycle• or occurrence• of high ltR between heavy •l'ain:.(, ', );~~~'~·• - ::~Jc/,~:< "( ,-.--f,~;•¾_,<,~•7!f(~;;~* ···~<~~-; 
> , Purthe~; :'of the expected nature 1 c lHning ,agent•--ind, rain,. and 

::: .... o. only nln la nally .effective. With l'HpeCl;'to,.nov,· obH~_ationa haft,, \f''.:, 11),eiii/aa• (leference 10) thai the aul'facea of phot~oltaic lloclu~•• and • irrora· ;a-e/110tlceabl7'.quite clean after a heavy •now pack.ha• "tlid .offc;ithe. tUtecl 

'· 

·.· ·' 1:JC!1;i11a •. '1'he preau• ption la that cleaning ia accn• plhhcd by arco• binatiOft of > • .. ••. · ~{,/:~:·:!:~:i!!:'ta=..!t:r~,~~::::1::~! ':~!! .~:::r ,:t "!~~,~~~~f ~~!$,:~~;Y1•~}i~:=;~iF /~· •Udln, ·.• not effect in (Reference tl). ···· ·, ·•···,.· .. • ·. 
;f~:/<:. ,, 'c .§~<} 

. V'ucl ta alao not an effectlve clHnin1 aient. the aer~yn~lc lUtina actlOII of vtncl can reaove partlcl•• areater than about 50 • fro• aurface• · (lefarenc• 4), but h lneffectlv• for •uller partlclH. Thu&, th• particle 1ha of 1011 utter le generally found to be lH• than 50 •• and · ,r•4-lnantly to be le•• than 5 • (Reference• 12, ll). 

In aeneral, rain appear, to be th• prl .. ry natural cleaning a1ent, but raln la not nece1aatlly efflclent at alt tl1N1 ln re110vln1 all accUftlUlated 

l 
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•oll oa • ••rface. a.fer•nce I dHcrlbH lmowla and •peculated -che11l ... of 
•oll aAealoa to aurface,. 'lhe1e •chanl ... re•ult ln r••l•taoc• to •oil 
reacwal •1 rala, ...t·the ebcn-ntloned •ix requlr ... nt• of lov-•ollla1 
aurfacea an tlleontlcally coa1ldered a• required to • ini• lu raln-re• l • tant 
adben11ee of .. 11 •tter OIi aurfac••• la••• on th••• theoretical coa• i.dera
tloaa,. C8Ml4ate lCllf-aoll lq aurface coat iDI• baHd on fluorocarboa cheahtry 
coul• N ldentlflH. 'lhe•e coatln1 aaterlal• and their po• iti•e perforaence 
after 21 IIOlltha of outdoor expo•un are reported here. 

Ia addition, FIA actiYlti•• related to the reacwal of • oil • pecl .. u 
froa the aurfac•• of aolled ph.,tovolulc • odulu, u•ing tun• parent adhesiYe 
tape, .for· later chealcal and phy1lcal analy• ia, in co• bination vlth detailed 
obaenatioa• of the .. iatenence va•hin1 and cleanini of th••• •oiled •urfacea, 
resulted la a theoretical ~peculation that •oil ace-late• in tier• of up to 
three diatiact layer•. 'lt,eae layer• are deeipated, outward fro• the • urface, 
H A, I, and C. Layer C alvay• fora• during dry period•, and i • re.o-d 
duriq rainy rerloda. Layer• A and I, vhlch are re• i • tant to reacwal by rain, 
.. y or aay not fora, but if they do, vill be in the •equence A folloved by I 
(followed by C), or I ;)Illy (followed by C). nterefore, refineaent of the 
aoilin1 theory auu••t• that the aix requlreaent• for lov-•oiling • urface• are 
thoH for preventlq tha foraation of layera A and I, or I alone, but will 
ha-.. DO influence on layer C. 'Dae ob•enatlonal evidence for the natural 
fonaatt011 of tap to tbree aoil layera, and an atteapt at a cheaical and 
phJalcaldHcriptiOG of·•ach of thHe layera, are reported below. 
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IICTIOII III 

IOIL LAY!U 

1he coacept that •olllq behave, a, thoust, it were accurJlatin1 in tier• 
of up to three dl1tlnct layer• re1ulted 1erendipitou1ly fr011 an effort to lift 
•-face •oll froa te1t • urface• with• tr• n• par!nt adhe• ive tape for auly• i •• 
1be •oll aaaple• were to be taun froa the • urf• ce1 of photOYoltaic aodule• 
ezpoaed outdoor• at teat • lte• in Pana.a, Ala• lta, and Wa•hin1tOC1. At each 
alt• three aodule• of different de• i1n•, with three different 1urface•, -re 
accuaalatiq •oil. 1119 three • urface1 were: 

(1) . A •oft • llicona elutOIM.r (CE ~TV 615) 

(2) A aeaihard • ilicone coating (Dov Corning Ql-2577) 

(l) Bard 1od• -1i- window gl•••• 

A. TEST SITES 

1 ......... 

At the Pana,u • ite each of the three • urface type• va• •oiled. 
-Raad •••hiq with • •olutioa detergent in vater cleaned the 1lau •urface• 
tborouply, but cleaud the • oft and • eaihard • ilicone • urface• only 
partially. 1be re• idual soil on the•e • ilicone • urf• cea, which could not be 
reacwed by hand va•hin1, appeared to con• titute • thin, unifol"II, tan-gr•~ 
coatiq OY~r the.vbole of the aodule • urface•• 1bta coating could only be 
reaoyed bJ •l1orou• and abra• ive • crubbing, vhich va• conveniently perfonaed 
vitb • •liahtly ianiatened thual>. The • crubbed area, cleaned of the tenacious 

, .:Nil coatiq, exhibited the cry• tal-clear, vater-vhite appearance aaaociated 
J .;:::w1tia .,fre•h., · uaaoUed • i licoae. ' fit~' :·. ' .,,. '' ' . ' 
... . !""', the Panaaa obHrvation)uage• ted the exiatence of tvo pre•uaably 

>:•htlnct layer• of •oil oa the • i!icone • urface•: a priaary layer directly on 
;,_:-~Ctlie··•lllcone •urface, wery tenacious, which could not be reaoved by va•hing, 

'.and· oa top of the priury layer a Hcondary layer that could readily be 
;;' r-..d by VHhiq. 11:e 1lau •urfacu, on the other hand, could be va•hed 
\r,;~ ; __ ,~;c1~. of •U.solliq .. tter. In the interut of e• tablhhin1 dehniti~n•, the 

li\s- .,_:3~f,aofi: 1.,..r .-: 1la111 VH coaparable to the HCondary • i>il layer on the 
;t ·· '?a'fllcooea,- in the operational • en•e that they both c<tuld be r8110ved by hand 
· . tM•hlq. 1bu1, when- ob•erved at Panau, glau WH covered vith a 111condar'.I' 

· layer of •oU, while the • Uicone• vere covered with both a pri•ary and a 
. McOtldary layer of 1011. 

ConYere•tiont. with per1on1 who operate the P3nal9a te1t 1ite revealed 
that raln occur• there atao• t daily over an eight-«>nth period froia April to 
llcwetlber, and alao1t none at all, or very little, occur, durinR a dry period 
fr• Deceaber to Merch. 1'tey noted that 110re ~oll can be ob1erved on the 

,,, ,ao4ulH durln1 the dry period than durin1 the rainy period. When the_ raln1 
;-'):.'.1'e1l11· ln Apdt,·, •oee ;'Hl~ h reaoved. 'n\e ln1i,ectlon of the P•n•iu lllodulH 

---.... -------..-~-~ --- - -



... .._ ia ai•-Ma1, when pre•uaabl7 onl1 rain-reel • tant •oll reuinell on the 

..aul• •ufac••• lloweftr, the ob•ervaclon of •ddlrlonal •oll durln1 tM dry 
aoatba ....... t .. tlle ezl1tence of 1•t • third characterl• tlc •urface layer of 
•oll, pl'ONbl7 the outen•o• t la,er, which i1 reaoYable by r • ln. Since thi• 
tblr4 t:,pe of 1oil la,ar build• up durin1 dr1 period•, and i1 depleted durin1 
raia, perlod1, it probablJ i • • fluctuatin11urfac• la1er 9'bo•• quantity uf 
aolllq .. tter fluctuate• ln •oae ••quence vlth rain pattern•• 

2. Awu 

At th• Ala•u • ite in aid-Augu• t it va• ob• erved that the 1la•• 
•urface• w• re estr-11 clean, with no vi• ual evidence of an1 •oil on their 
.urface• • the •oft and •-ih• rd • ilicoae•, however, were •oiled. Frequent 
rain• in the local area preceded the in•.,.ctlon. 

Rand va•hlns did nothins for the ala~• aodule•, reaoYed •••entially all 
•oil froa the ... ihard • ilicoae, and cleaned the •oft • ilicone •urface only 
partially. the tenacioual7 adhe• in •oil l•1•r r ... inlng on the •oft • ilicone 
• u:-face• bad the•-- appearance H that ob•-rved la Panaaa, and could be 
rWftd bJ abradn •crubblq. 1he • crubbecl area becw cr.7• t • l clear. It 
wu.al•o olt•erved that the •oft • illcone •urface va• rough,•• though it had 
Mea aaaclblaated. 'Ible aurface roupneH va• not o'b•el'!" • on the • eaihard 
alllcoae or the ala•• •urfacH (nor on aa7 •urface• at.Panaaa or WHhiaat~). 

·... . la converHtioa• vlth per•oa• who operate the Ala•u te• c • lte, it vH 

1earnecl that the local •oil • are acidic (•oil• at the Panaaa ~ite are 
aliL• ll11•), and that they had often ob•erved ~oil on the gla,a •urfacee, anJ 
alway• on the • ilicoae •urfacee. 

ror the Ala•u • ite, it i• ob• ervationally inferred that a 
raia-r•-ffable layer • ettle• on all • urface• l~ring dry period•, that• 

,T• la""'.'"• l • t•t •ecoadar7 aoU la,er doe• not fora on gla••, that a 
i'ala-re• l • taat •econdal'7 •oil layer fora• on the •eaihard • ilicoae, ar.d that 
liotla prlury end •-condar7 rain-THl• tant •oil layer• fora O"I the •oft 
dllcoae. 

3. Wa•hlqton 

At the • it• la the • tat• of Wa•hlniton, all aodule •urface• ,vere 
.,:·\okerved to be 1olleJ. About two clay• earlier, the •rH~experlenced a hea-., 
' :aac1 latnH thunder• tona. Rand vHhln1 cleaned all ·•oil froa .tl of t?le 

•
11adacH. Uallu thoH in Panaa, and the 10ft • illcon-: at Ah•u, all of the 
1lllcOM •urC-"u va•hed clean, •ncl acquired the .~r1• tlll-elear • ppearanc" of 
frHb • ll lcone. 

Acceptla1 the operatlona\ definltlon that a ••cond•r1 •oll la,-r i• 
rala-r•• l1tant but hancl-wa•hahle, then all of the •urf• ce1 at the Va•hinaton 
• lte had acquired a •acondary toll layer, and none~, the aurface• had 
ac:411lre4 a prlaary layer. 'nl• Va•hin1ton • lte l • ( ... dlately adjacent to th• 
heaYllJ tr•••ll•d lnter• tate Hl1hvay 5 between Seattle • nd Tacoaa, And within 
a • 11• of a plant that convert• coal to dl• 1el fuel and road •• phalt, 'nl.e 

6 
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MCONal'J Mll et thl1 1lte l1 a w011po1ite of In oily depo•lt of organic Mro.Gll.., ••pore, overcoated vith ,oiled ,.rtlculat••• 

I. TIAUPAIUT TAPI IMPLINC 

At Pa .... , tvo eodule1 vith 10ft 1ilicone 1urface1 (CE RTV 615) vere ri1lblJ crulte dlrtJ, and hed never been vaehed. 'they had been outdoor• for about three ,-er1. When tran,,.rent edhe • lvc tape va• placed on the dirty eurface of oea of the aoclule1 for •oiling •-plins, tvo ob1ervatlone vere aade1 the ·tape piece rHdily end ,,...diate~:, adhered ttt th~ aoiled eurface, __. v11lbllltJ throush the tape into the 1ilicone interior vae •trikinRlY iapro,,ed o,,er •laiblllty of the 1ilicone interior vhen vieved throuRh the uataped 1clled autface. lbe enhanced clarity of the taped area afforded a dr ... tically clearer and • harper viev of•the underlving ~olar-c~ll 3nd eubetrate panel, aa compared with the ob1curity of the untaped eurface. 
Rolfewl~, the taped area did not acquire th~ crv1t4l-clear appearance •••ociated vi.th a clean, brand-new •oft ailicone aurface; there va1 a tan-grey color ,mcler the tape, which appeared to be unifona over the rntire ~•ped area • 

. --. :, _llheo the tape vaa peeled off the aurface, aoiae • <>i 1 adhered to the tap,e, llat.la _the tape-uapled area~ .. the thin, unifora, un-,irey ~oil coating ::r•iaed.,· 0 1bh-c~a~i111 VH virtually identical in appearance v!,th\the 'l~ioal:,iedberiai·eoadnc:that could not be removed by hand va•hing. lbe ;,~1idaal coat~'-C in the ,pe-• -pled arH could be removed by abrHive '\1c£r-bia,, ezpoai.na 'the crJ• tal-clean appearance auociated vith a clean dJicou aurfece. 

... . • At Pa11a1a, the tape overlay acted. optically to eliminate o:- red1.,ce the lisht obacvu~ioa aaaocla_ted with the aeconJary • oiling layer. The t3pe also cauaed optical 4happearance of the aecondary aoi ling l.'.lyer; thus, the next lower la:,er ,va• reve_aled .th~.: :agh the tape, 1.-hich for these .-.odules vu the 'tnacioully:~rin1~' tan~gre7. prl .. ry aoU layer. -:,·i)\1~t:" ,\t>.: :;:?\~iS(•:Jt~;\~~{~:~.J'. :·:·:r?:i::h\·;;. :;ti•::~~i~,tttr;;; .:~. ·\~:;: / ,- .·.. :: · --c:1+ · > At Va~hlqton, tape''o.erla1a on the unva•hed aodulea vere surtling, affordiq Cl'Jltal-clear view• into the interio_ra of the iaodulea. ;Since ~abeecruent vaehlas re~ealed that theae aocl"l••~ ,.rticularly the silicone' "jaoclulea, were free of'tena~ioual7adhering pri .. ry •oil layer•, the ·•,.calatlon derived et Pan ... , naaely chat the tape reveals the next l~r layer, bee ... lncraaaln1l1 •~pported, ainct the next lower layer,fol' the i,:> , . aodul•• '•I'.•=.:~ ,:Cl'Jft•l~l•af,~ju.r,Jacea of th,e'. ~llicone or 1tlau ._, .: ,": , • ~t~?-it~,;•,~-.'.t\i;,f ~y•.:· -}~~ff{~!~~~-!~f_-•- ·.::~,)~f~t;;t--::_a!;:··_:,t}A'-:}t:>~-:-• "·t -=-· . ·· _· .-:}r · ·? . . Puttl•1·/t:epe o-itirlay• onto the unva• hed surface• of the Washington <aodulH prHented • 'jtrobl•• lbe tape vould not adhere readily to the ,oiled .urfac••• ·111e procedure 11•• to lay one ed,ce of the tape on the aurface, poaltloaed under • thuab, then to allde the thl•• b alonit the taJ>f!,'frCIII end to end. 1'huab preuure la intended to .be 1ent le. IJ the thuab 110ve4 alon1 -~tie : 'tape .uriace, the tape In th• vake of the th1111b lifted fro. tho starfac~. bcH• lve thllllb preuure and •everal re pet l t lve rub• were requir•d to •~hi@Y11 a)ioa4et .. lnatln1 contact. lbh non• tick hehavior .-,( the t1.pe • tron~tv ~upported the conclu1lon that the aurface anltin& mattf!r va • pr~babt, 4oalnated by olly chnlcala. 1111., conclualon _vu rt'llch~d in vi•v of thf! ~-" 
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..... ,-ceetlal ,_ .u, ..Udale Hlauaacl .. a\ lwt(" CM .. ,...,.,. .... t1M 

....., .I.al; .. CM lahltl ... .,..url• cut - ...... ," t .......... NC 
dla .... u, C. • ellJ euface (tt.e ,.. ...... ef • •UJ Ill• .. rhe eUluae 
..,-. ._ .. cn,lte, vltll l•l'ltl-. ttw ,.,..ti• •t ttah elt. •f die 
c.ac'-elJ eAHlaa prlaar.y Nll 1e,.r). 

,._ -.U.-.-a.,.r, 1rNal-the-tla1rt,. effect ef tlte u,- o,,erley -• elu 
......... IIC tlM &1 .. u eh.e. A ta,- o,,ulaJ N the .., .. e"-4 -rr. elli,-CM,e 
_..._ ,....w die ca-pey prlaar1 ,c,U 1.,..., _, ale•" the..._, •• lllff• 

... I I., • ta,- enri., - tN prlaer, .. n i.,.r •ffer-4 • ur•ul-clHf' .,,.., 
uce die l11terl« et· ti. _,..,.. A ca,. .,,.rl•J " tM .....,..1w4 ... l1Yr4 
• Ui.c9M .... lee,....,, .. la• cr,etal,1...- effect, Mil the .. ...._, .. , --
.....,, --. ......... to .. frH ef a ,., laer, Nl I la,-r. 

,._ t1wN IOU 1.,.,!', ..... Hht.-ce •• l .. lcate4 froia flel4 
-••cntlw _.. ni..crace, l • flpn 1. !Ny u • M .. ,lp.ce4 _, .. fl-4 ,_ '-"'"'" ---'-" .. ,.,i.w., 

(1) I.a,- A. • pr~ ._,-_ la,- ef Nll tut !1 l'ffleuat-: h 
.....,.1 ., nla, , .... tac,>_, eAffl" h,e• 'llll• ,.,.., H4 eiat1 

'N r,.....,., .... , .. ·~bi.·· ·· 

(2) i:.,.. 1, • ...... .., ..,.,_,. ~-" ef Nll tllat le nehtaat to 
.. ~ "7 rala, ~ u • ....... u, rw• .. '1 wulll .. n ..... el,,. 
ca,-. 

(JJ te,.r c, • ,., ••rf•• ,.,.., of. •lrt tllat ~ .... ....,ll, ,...,._. 
., rala. '1M · .. pell of l•Jff C n.ctNt .. · wlth rala ,-nenu. 

:,::,:H,: 1t.e .~~W ~,~:ct~,.._.,, that<~f:.~a,-, & forae. h wlll .... 
•1?1lncd1 •'•t1te~ul0/..,.face•;-,•t1wa;,Ja,-.. Awlll .. 09etcNt .. whh 
!~ I, ... ldl. la ,.,.. tnU M Oftl'CMt_. •t.t• h,-r c. 

. . ,~:a,.,· . 

If~ A ..... _, fm, tlln la,-~ I •lll Iona ,lrectly oa t-.C 
..cert.I ...-face, ... ,..._ will .. Offl'CNt .. vlt9- Ja,-r c • 

. \, ,.. 1f 1-,.1' , .,_. tMtt fotW, ttwa ~17;J•,,.,. CwlU t'Hi .. °" th. .. terlal 
J ",..,,-.. 1N fleW -..nae lou ,t• aoto::(.,._lcat• h aay ••Y that 1•,H C wi l 1 

· 
1

• 'lfe,U. •lr•cCIJ N l•fff A, wlt11Nt c1te':'tlite.,....l•r, i..,.r •· 

la .cMI' .,... •• , the eolllftl ,-,ulbllhle4 .... to IM1 

(J) A • I• C 

(2) I • : 

(J) C et1lJ 

I 
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ripre 2. Behavior of latural Outdoor_, Soiling 

,, ,.,,.. . 

hhaYior of the eurface eoUina, which increaeea duriq dry period• and 

.. .:re•••• durina rainy period• • 

. _. . .,Acceptiq the •oil-layering concept, the curve __ in Figure 2 ahould 

·,_reflflct. the e:datence of rain-reaiatant and rain-reao,,able eoil la:,era. The 

, act•i line couectiq the aini_., therefore, b eaeociated 11ith the light 

:,;\L/~uratioa caueed by tlM. dnelopaent of the rain-rea\etant la:,en, either 

•.~/f(}ilayer•, .-:-, 1,. or, layer.'{1. alone.:: ~ncl)th•:--•oli~, oecll ht ins line riding . on 

~};J1•A;J&11ei:~~tedtllae~;,therefot•i'"bfaa(~latiadivlth the\l{sht obecu_ration CAUHd by 

J ? !tbe rala~oat~olled byes: c~ ' . •. ,,: ,,.,, . .. " . ' . 

J11itb; ~ ... eiu:eptloo ,o(t~ eoft eiticone ela•tOIM!r (Cl_ RVT-615) iat three 

eite•'~·• paeral char~terhtlc illuetrated in 1'\su~i 2 la that the dotted 

liae aHoclated wlth A and/or I foraatlon rbH Tepidly fot' the fint 30 to 

,,: i .. · .60 da1•, _. ·ther .. fter dove dr ... tically, nn1~n1,.for vuioue,C011bination• 

H:1:;.,:,,jof•t•_dale , ........ ,it•• _froa a virtual :~•Y,11Pt~t•:;;1:«;;;a/pe,::cept_a1,_1:, ·d11t,,ctab\e 

. . . ·: eio,e~ 'Yor the'toft elllcone af·PotncI;~c.•(lte,'.':~~a•~one, aitd1'·Tablti NQuntain, 

~r,·the dotted line continued to l~re••• ae ac:hnatlcally_ lllu•tnted in 

fipre 13, aod appeared to obey • eeaU:oaarit.hiNtlc 'relatlonehlp. , 

, . All eurclH can be done ln the realon of the JPL aoi Ung data aftu 

JO bt _60 day• (laference 9), where the alnlu of the curvH are anociated . 

with the llpt obecuratlon cauHd by raln~rHhtant 'layen (A+ I, Ot' I only), 

... the difference between thh • inl .. and the .:ad- obHrved pealt h 

.. •ociated with the ud ... llaht ·obecuntlon cauHd by layer C. 'nle latter 

caleulatioa h arbitrary, u there are other lnter• edhte hi1h• in the aoH ina 

, .. ta. fltue, the calculated •alue to be allocated to \ayer C reprHenu the 

-•'- .... ntltJ of la7er C aoil to have bHn preaent on the eut'fac. duri.na 

the outdoor ••po•ure period. 
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Ceaeral Pattern Ob1erved in JPL Outdoor Soiling Data for 

Cl at'V-615 Soft Silicone at Point Vicente, Cold1tonc and 

~•ble,Mountain, C.lifornia 

. 1.i&ht obecuTation ••lue, are deecribed in Table 1 ulint the JPL ,oiling 

4ata (lefereace 9) for ,even different 1ite1. The av4ilable data do not 

perait decoupliq of the • inillUII into 1eparate value• for A and B; therefore, 

.the • ilaiaa h considered tho? 1ua of A and B, u indicated in the colUl'lft 

headiq of Table. 1 ~ 

.. · M expected, the data indicate that the large1t quantity of 

.,rain-re1btanteoU (Columa A+ B) i1 found on the 10ft 1i1icone, foUowed 

·;~Mitt br. the}ee• ihard •illcone, and lut, by the reiaait1irig .five harder/,:., · : 

'/ .. teriah~. Although the nu• bera for thele Hve·u.teriah are .natl.' tlie~e'ie 

'ail'indicated ranldng. Co• paring the plutic fil1a1, the fluorocarbon '(Tedla~) 

b.••H1htly bett•r than the acrylic (ICorad). Comparing the glauee, the 

irankiq (in iaprovlng ordeL~) i• 1oda-1ime, aluaino1ili.-:ate, and borosilicate. 

Aa':vH obaeried ~for gla11 at Ala11ta, the JPL aoiling data indicate for aoae:· 

co• biutiona ol '1.itea and .. teriah that neither layer A nor layer B ha• · 

fonied (the 91lni~. of the aoi 1 ing curves are aero) •. ·.The.data •uneat · that ,the 

J~t,~ •t.~"";~.a.in;ruiatan~. •oil,layen are:;both,uterlal•!;an(::· ..... IF i. 
elte~ependenti,.t,.but that .. terul ,dependency d011inate1. .The trend of surface 

propertiea for, •inl• i&ing the fonaation of A and B layere, u revealed in 

Table 1; aupporu ·the ~oncept of the tl\eoret.ical ly derived •ix require .. nta of 

lov-1oilin1 aurfacu .aa deacribed above, in the 1ection on soil theor~. 

there (1 • 1tron1 lii4lcatlon ln the data that the ugnitude of la~-er ~ 

1ol lln1 h a'ite;.Jependent and • aterial-inJependent. Thia ia ""d"ritand.1blei 

given the developae11t of layer B, lt h on thi1 • urfAce, uther than tlle 

natural-attedal 1ur face, that layer C re, ide1. Thu,, the developae"t of 

layer I lead• to .. terlal independence. For tho1e 1aat~rial • that do not fora 

a layer I, thelr n1tura 1 •ur face 11u1t have propert ie1 • imi hr to thou of 

layer 1. 

II 
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Table l. JPL SoUlna:,,r.tot lQduct.!~11 ln Short•ClrciuJl rurr,•nt from Soll lnK l.ay'-'r•, %8 

!if>'' ;) . . .:>'. 

Site 
,)~l~t} 

hnaace '~l•eate 
,;1 . :.:,.111. 

Oot•d ... ·11ouauta 

Netedeh 

•• ,·c ,,,,.:,. ,· c i:tttrttc 
... ···~ ""• I 

Soft Sllic- zo 10 ' ' t ' ' ' an 6U 

s-iun 14 I 5 2 6 2 l ] 
Sili~-. 
Ql•Z577 

Acrylic filll. ] I 0 I 1 2 2 1 
ltoT .. 212 

rl-rocerboa l • 0 5 0 2 0 z 
fil•• Te4hr 

Sode-Liae Clu• z 6 1 4 2 2 0 z 
Ai.-1-•iliceu l 12 1 5 0 2 0 z 
Clue 

loroellicete 0 1 0 s 0 ,. 2 0 2 C:1••• 
hff ... ,_ ••• .~. 2 2 
I.ayer C 

~u rr- llcfer1nc1 9 .• 
>·, -~\-i•,;j}::, ' ·:::<··-'.1:,_--,,,.~;>:;\t;1_ -- ·-~ 

~uacleu atation of lou~~ ~~,$Air Qaalhr Nalli&ftllllt Dhtrlct. 

c14 •a alllil 45 de& tilt a1111~ll'r• 1rou•• 
: :,_; ~i.:~~l ( 1:./ ~t·~\ -,~: 

, _f _r-~.~:,.<~i>"---

......... 
. A • I C 

z, I 

17 l5 

5 14 

J 13 

J 9 

2 IZ 

l 11 

12.3 

~~ 

JPL 34-4ea 
lluc 

A • I C 

24 ,. 

16 12 

] 13 

I 16 

4 12 

2 ll 

I 15 

ll, 5 

"~"11--"·'='" 

Jn. •s-..1 
uuc 

A • I C 

24 1 

l5 I 

J 11 

z 12 

] 9 

2 11 

l I] 

10.6 

I\ " I'.\ ..... ~ 0 

' i 
I 
J 
i 



'Ille alt• depelldelh:y of layer C rel11te• to the atao•pheric concentratioaa 
of aoilln1 .. teriala, their type•, and raln cyr.le•. n,e avera1e of th• •ix or 
••"n •alu•• of llpt ob•curatloa by la,er Ci• al10 included in Table I. If 
the ... rap •alue for layer C h treated aa a -uure of. the 1oilin1 
characterlatica of an envlroraent, then (of th~ 1ite1 li1ted in Table I) Jr.. 
aad Paaaclen.a are the dirtieat, and Goldatone and Table Mountain are the 
cleaneat. 

1"e tvo JPL altea •••l1nated •• 34 des and 45 de1 are at the aaae 
location, differiq only in the an1le1 at which teat IIOdulea are tilted fre111 
the around. 'Die tilt-anal• dependence i• pli~d for layer C ia a reduction. in 
layer C acc..ulation with increaain1 tilt toward the vertical. Fisure 4 ia a 
linear plot of tilt-aa1le data for layer C. Although there are only tvo data 
point•, it la intere• ting to obaerve that a linear extrapolation would 1ugge•t 
DO la,er C dcpoaitioa at a near vertical alignaent. There appear• to be no 
tilt-anal• effect on the for• ation of rain-re1iatanc •oil layer• A and B. 

lxperiaental pro1r-. related to 1oilir1 generally conaider the 
developaent of laboratory technique• to acqui-e • oiled •urface1 for • tudy. 
liace the JPL aoili• data indicate that it u;•ea about JO to 60 day• for 

O 10 20 JO 40 !>O 60 70 110 90 

Tll T ANOU FAOM QAOUNO. dfo11 

: fipre 4, Effect of Tilt Anate on Accu11Ul.it ion of Soi I I.ayer C 
(Data Pro• Table 1, JPL Sitea) 

11 
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raln-Y'e• l • tant •oll l•1•r• to fora, lt can be •u11••ted that outdoor expo•ure at a • lt• wbere layer• A and I vlll fora • iaht bot pr~ferred exper'--ntally to laborator1 technique• of •oil • laulation. 

the indicated characterl• tlc~ of the •oilin1 l~y,ra au11eat for the 
laborator1 that an "onion-• tia" approach to peelin1 avay each of the layer• 
COQ\d be perfor.ed. Layer C could be ritt•Jed off vith vatPr, \ayer iJ -:ould be 
taken off vitb adhe• in tape, and layer A reaowed by acr~bbing. With the 
.. ..,..ntlal reaowal of each la1er, ch .. ical and particle-ai&P analy•i• of the .. tter ln eacb la:,er could be perfonaed, liaht trana• ittance lo11e• ~••ociated vith each layer could be aeaaured, and other cheaic• l, phyaical and optical 
teatin, cou~d be done. 

Pizur• 5 i • a plot of JPL aoiling ~~ta for lorad 212 acrylic fil•, for 
oae :,ear of outdoor expo• ure at Paaadeu. Each letter in Figure S identifiea 
a lorad fil• •-ple that va• re• oved froa the outdoor expo•ure rack• on the indicated date• for laborator1 liaht tran-• ittr.nce meaaurementa. No rainfall 
of any • ipificance occurred froc 5/1/79 to 9/28/79 1 vhereaa froa 9/28/79 to J/IZ/80, ezteaain and frequent rainfall occurre~ in the Paaadena area. 
ConaequentlJ, ower thia one-year period •-ple O acquired the -•i- qua~tity of acC1a11lated •oil, and vith the • tart of the winter rain•, layer C vaa 
l'eaOYed and the rain-re• i • tant ba•• layer• of A and 11 or I only, re-ined on uaplH P tbnu1h T. the. percentap of lou in light trans• ittance through 
--,le O aaouated to 19% vhlch, ba•ecl on thi• data plot, divided aa 14% for 
la:,er C and 5% for the rain-re• iataat ba•e layer•• 
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rlp,r• 5. ,.rcentaa• of bduction ln Solar-Cell Short-Circuit Current 
rroa lolllns of loud 212 Acrylic Fil• aa a Function of 
Dl·ratlon of lxpoaure at Pa• ad• na, California 
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la a aiapl• laboratory teat (lalerence 13), •••pl• O vaa aoaked in a 
patly 'qltated Hquld water bath for 24 hour•, then VH allowed to dry in 
alr. It• ll&ht traa .. lttanc• waa then r---••ured and ob•erved to -tch that 
of •-pl•• P throu&h T. '!he water •oaklng • l• ulated rain and effectively 
reao._. layer C. •xt, H a curlolity experiaent, ••ple · O vu • oaked in 
•-- for JO • iautea, vblch reaulted in no change ·in light trana• ie• ion. 
llbat.,,.r r ... ined on ••ple O a• aoil in the rain-reei • tant ba•e layer(a) va• 
•t affected by hexane. 

taat. a place of tranaparent ~jhe~ive tape va• affixed onto that eurface 
of aaaple O beariq th• rain-re• i • tant layer of •oil, fol loved by -a•ureaent 
of li&ht traaa• ittaace throuah thi• coapo• ite of tvo fil••• The light 
tra ... lttance increa• ed, e • aentially to -tch that of a clean piece of K~rad 
fil• • Thi• augeatad that the pri-ry .. chani•• for the reduction of light 
traa .. ittance aaaociated with the rain-reai • t-~t ba•e •oil layer(a) on 
--,le O i• back-•cattering rather than light ab• orption. Piaally, the tape 
vaa peeled off, with the vi • ual ob• ervation that additional •oil vae remov~d 
frca aaaple o, and light tran•• ittance through •ample O nov e •• entially 
-tched that of a clear. piece of Korad fila. No evidence for a layer A on 
thia, Korad fil• •-ple O could be deduced condu• ively. Nevertheleu, tl-ie 

.coacept of the experiaental technique for peeling avay the _separate aoil 
· " laj.ra:vaa deaonstrated in thi• tut. t. y;i .:·.,, ~,.the perapective of developing uintenance~lea~i~.:fit;~f;~f~~,~~~ l :,~ . · · tecluu.que8:•. the aoiHn1 atudie• augge• t that for hard aurface•;tl,ight; > •·•·• t\t,.;f<,)};~,lf!th., rain-re!iatant layers A and B ia lov, typical'..':•~h:'le!•·· tlian 

; .. , · · 41.• .flftie.•real proble• u the three layers that develop on aort O:'lc, ae• 1hard 
~facee, and layer Con hard Gurface•. Becau•e soft and • ew.ihard • urfacea 
are _ao_t. favored for •olar device•, requirement• for e • tabliahing • aintenance:-
cl~iq aethocl• ahould probably be related to layH' C behavio.r.on hard · 
aurfacea.," · 

f.,,J,!t{~h;!1>e.i111; •~Ue!~e,,d that. aaint~nance cleaning. tec .. niques for, hud .• 
•~r~~,.~~r,!!~J.fJ~tt ' i''""'~d fc,J J•1."r• A_·.and,B,_ vtlich_,se,-l'at,e;;,~ll• l••!!tT 
hgtst,t!tiecut•ti••tiu 5 .lch vould require the mo1t· deaanchnJ cleanin~ ·. .·•• ·· 
apptoache~J·•uch ••'extremely high-pre11ure water. Rather. clelinh,g 

,,·atra¢e1l••'·•h~ld ~:1;c1eveloped for .. layer c, perh•p• a lov-pre,,~ure "ater 
(r~!~l,7!M:t,ion)'d~itn:~ dry cyclu. · . . · . · ·.. _ · ,i~:f\1/: 

' !' .. econo• ica of field-deaning atrategie• 1hould be a\'t~'adeoff ...,,L_,..,n 
.,,.,et~~~~,,;~OIH9 by ,t~e -~ and B . lay~ra r the C, la7:~t;, _anctr}~J.Jt/r,~..-c~f ~ ,~,~~~~~,•.t• ,with •reas,oct to the A and·tJ· lay!r•: ~Th• JPJ;:a;91Ji,~;,atud\e• nu••t that A and I layera vould fora again w1thLn 30 to 60 daya. ~.~ter, 
,~twins. ' . 
. - ~0:':~\/-·• 

I. TH!OlETlCAL SPECULATIONS 
'-.., 

'Ihle 1ubHctlon •peculate• on che11ical and phy• ical principlu that • av 
N involved in the developnient and fonaatlon of raln-real • tant aoil layer, A 
and I. 111• principle• to be initially conaidered are tho•e that have been 
identified for ab• ,1:bed layen of at1101pherlc ga• e1 on M_tal\lc'.'11.1rfacu u 
illuatrated ln Pipre 6, adapted fr01• Reference 14. The,auu.ptlon to btt .. de 
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Figure 6. Hierarchy of Spoataneouely Adeorbed Layer• on a Metal Surface 

(Adapted PrOII lafereace 14) 

ia tlaat,tM ,;iociplea iDYOhed in the accuaul•tlon of abeorbed layer• of 
, < -•~~~iC\S!! •l•culea OIi aur,acea apply equally to the accuaalation of 

· ;_ ataoe~~lc·:;.QU!iparticlea. c;"· . • • · ··. . , 

··. :ii~ uaorptioa .of ataoapberlc &Hee c111 aetallic. aurfacea appear• to 
inoi.-' three cliatiact layer•~ H follovu · 

(1) tbe;c,helllical layers a layer of cheaical react~oa product• fonaed 
on:iher•tal aurface with reactbe .ataoapherlc: 1aeea,a..ch •• 
oxypa., ~ter, hydropa, SOz, etc •. Vbea all of _the ~heaically 
reactiYe•tal eurface ha• reacted, the ch•ical layer nope 
P'9"~!&• ,i.:'lhe>chealc,1 ,layer aclherea:,tenaci0ta~ly ito ·_the aetal . 

. ,!;l:l!JttGFf/ '•~t)/f.:;!fr::~t.41-:t~· ·}~itt(tJY' .... , ' . J§.;f ·{ ·>,\/::,'~\-:: .· .··, :_;,. ·.··· ... ,-' ·r}ih. 
'<2> 111e·•,p11,•lcal ,l~yers '1.ia ... ch'•• th•·,aurbce' ~f th;•ch;_,lcal ''ia:,er': U -

ha•'.• hi&h aurfac• enern, atrong 'pbjai.cd abac,r,ptioa of;atao::- .. 
''apberic a••n will occur.on thia 1udace •. · 'ffie phydcal·layer ao 
lnldated 1rova outvarclln auclla'v~y that ai:ranaitioa froiathe 
hlat(1a11rfac•.·•ner11.c,f ;the ch .. lral\thyel'.• to:a:l~r aurface_· 

•.·-.• '.".~.·,·.·•· ... •.·•.·.'.·.'.·.·,.:·-·.•._•.1 .. ' .. •····.·_•.·::•,:_~.'.·••-··,.'.·•.· ::,;,!(ea,irg/4,ccura.,i\,iia,,eeaeace,:.the:b°,i17alcall~,:absork",la7!r.b ., '"· . : i/ 'c~c~t.a\wtt1a:i:r1:t · "'~~t.n.t~<c~"'l1U~ir1tif~:a~-.·f.i:~;;; •• i~', 
pro~•••in1 · fro,lihraoiat eneri~leE•t· 'tiie'"'l1tterf•;·· vtth; the 
cheatc:a,t~,layer~to the leaat energettc· at the oppoatte outer, . 
-~rface/: '!'he COllpoaitlon of th• outer, eurfac• of th• phyalcal: 
layer coa•hta euentlally of thoH ataoapherlc &•H• ln the local 
ear,lroaaent that are the leaat enersetlc. When th• lovut enH"gy 
•"1rfac• atat• la rHchecl, th• ph:,!lcal layer atop• 1tovlq. 

. -.-._ .. ;.-- '·, ·,c'.::: 

(J) 'lb• laat layers euentlally a boundary byer of ataoaphH"lc 
1aaH, wlth a tranaltlonal coepoaltlon brldaln& between the 
ph7dcal layer and the •blent at:10aphH"•• , 'lb• laat layH" haa 

,ae1U1lble, if any, lclhulon to,th• ph:,iica\ layer. 
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•latlna &••-layer accu1MJlation to aoil-layer accuautatlon lead• to the 
folloviq con• ideration• 1 

l. Layer A 

Tvo option• for a tenacioualy adhering aoil layer can be 
P')•tulated1 

(1) aa-ical reaction between aoil -terial• end che• ically 
reactive • lte• on the aurface. 

(2) Strong phy• ical adheaion of ~oil particle• to a aticky 
• urface. Additionally, the aurface of a -terial outdoor• 
can be veather-ata~le, or undergo weathering deterioration, 
which could increasr the chemical reactivity of the • urface 
and/or increaae the atickine•• of the aurface. Layer A, and 
ita aaaociated light obacuration, therefore would be 
expected to • tabilize ~n a veather-atable aurface, or to 
change in accordance vith the weathering change• in the 
• urface. 

For euaple, .atuclie• of. the outdoor weathering of • oft • ilicone . 
elHto• er• .. u.e ti~"(•ference 15) that the • ilicone •urface vill under~,,:: 
alov UY ~t~i41a,,"lortj'.~vith .. a.uociated uptake of water.. 'lbe surface not ;.~ily . 

iNCo• ea aore 'piola~jf~t abo b,eco• ea .enriched in cheaical group• that could · · 
··react with atllO•~it'c:{aoU• ;'<riiure ·3 h an illuatt>atin plot of the ~-\ 
.JPL-• onltored aoUiiig behavior·of'RTV-615 •oft • ilicone at • o• e site•• 'lbe 
dotted line, identified vlth the developaent of the A and I layer•, VH ., 

,obeened .to increHe continuoualy at ao• e • lov rate, ra.ther than appro,cll an 
· a•y• ptote •• ~b•e,,-v~d for the .other • atuiale JFipro ~)~ <lt i • specula~ed .· 
· that the «:ontinuousJincreHe in the A and I layer• ,reaulu. fro• the ~,ther\ng 

of the •o-ft • ilicone eurface •.. For Point Vicente (Reference 15), the aeaa.ured 
rf lnt-orcl,f;reac.t~oa ,,rate, •Con• tant;,;,for ,:the . •urface;,veathering react io~ ,..,.~\:in,; 
\the ~r.~•t~: · · · j · · · 1,Jr'.d,,:i~li• ,, · · '1",',t.~rderOi••~tJ.,..;.rate · con• tant · j~;iiJl;" · ·"' 

xtractia:•1.fr .. ". ~lHni'~•ta.•c. n•'the'order. of 6'<x 10~ day-1./ >:1'8'{::i' .. 
~-.' ·-~:·--~;.(::~·;Y~\\;. _ .:, ~-:'.~ ,~:_t-~:!,<·--_:~,::,.<1£~~~~.. . _ , ::--~~J~--~ __ }~_-,._ >:~-~: 

In;1ener~J;:i~~~,a.-lc~U11.l11active, non• ti.ckY'; .and veather-• table)urfa~e· 

";;;!~{o:;~t••.:·,:···:,,~-;~ . :t~i\.t;! . ·...• · . .H"' 
,-~):,',,'fA'·lajefoF•oil that phy• lcalJy adheree,to'tJae •.urfaclli ' ayer' 0i: 

'tor ta·;tlMif•b~•~•!Pl:~l~yer A, to Othe\11~tlir·•1 •urface,o.f, ~terial fiaa;,d~•;,ii! .· 
IH layel" counterpartj lt effect• a trandtlon from ,high •urface energy to; lov 

•.. ·.•urface ener1y.;;.:i :;slnc:e ,,the energetic • of particlea ,decreHe• vi.th increa• in1 · 
.-,,;j1_: .;.rtlc;le~•Ju~,, -t~i!l;a le expected to have a 1radient in particle-• iae · 
$}?•l• hllnl~~tf0~~1.ij~l~1. fr011t{ta,;lnner. •urface to lt• outer aurf11ce.· 'lbe 
· .. x1- partlc-1eiillaH ·to be found at the outer aurface of layer .• are 

expected to be thoH that would ju• t rHht llft-off by vind forcea. In 
addition, particle energetic• would be expected • ho to be dictated by ;the . 

· ch-htry of the particle, end ln 1en11ral, it would be expected that otganic 
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particle• would be l••• ener1•tlc then .norganic particle• of th• .... •i&e. 

'lbu•, la:,er I -y have both a partlcle·•ise 1radient and a chemical gradient, 

both ••taJliehed by th• criterion of a progre •• ive outvard deer•••• in 

partiele enerptic•• 

It ie emri•iOCled ihat the particle• ln layer a are •patially fixed by 

being incorporated in a binder of vater-•oluble •alt• that have been depo• ited 

•••oil~ the aurfac••• flli• i• referred to a• ce•~tation (keference• 1, 2, 

aacl 5). At hi&h enough relative huaiditie •, or if th~ •urface• ~re covered 

with dew, the •alt •olution proTidee a fluid pha• e that facilitate• the 

aediae11tati011 of fine particle• toward the inner •urface of layer a. Vhen the 

•tar eTaporate• froa the •urface, the ealt precipitate, out of 1olution and 

bind• th• vate!-ineoluble particle,. 

Aa layer I la auigned the propert~• of accoepli1hing all outv.rd 

tra•ition froa high eurface energy to a lo,rer 1urface energy, theq the 

tbiclme•• of layer I -y be related to the 1urface-energy difference that a1et 

be bridged. Accepting thi•, •everal working con1ideration1 can be foraulated: 

(1) If weathering increaee• the •urtace energy of the aaterial, 

then the thickne••• and therefore light ob1curation, of 

layer B UJ increa•e proportionately. It va• noted abo,re 

that weathering increaeea the polari~y of eoft eUicone 

surface•, vbicb le aleo an increaee Ju eui'~ac41 'eneru • .'lbue 

it;ca "• a,-aculatecl. that '..t"e .ccmtiDt1~d·•inci41a•e,~i•,tbe .... ··• 
dottecl line of figure 3 for· the ailicoMtreil°#ltft~foia'a,; 

contillUOUa building .of both layer ,A and Ja~r;;.a,,:o'l,aye~;A 

continue• to build because of the inc:reaee'.;'{.i.'ch._i~t'f\ 

reactivity of the •urface, and layer • ~C~He' of tbe '.. 

a••ociated increaae in surface energy. · " · 

(2) 
••• i.·"·• . :,-__ -_· -, -_-.... -•·:)::(.~::_.{f)~-'._..c::.~:.~_(~::~~I~f;},:i~r:~Xi!~,~ 

If. the. eurface ener17 .. · of the natur,al ,· uter~al.{•'1l'fa,cfij.,;:itfJ 

leu than that which would be foraed on the 1,• urf•~~.-0(5:a ~,: . 

. la:,e~u•ing .. Jocal .. •oiling··.utei;ial•, th,eolloJ)! .. , 

fc,~~:· ~t:;,~}l!~r,~ ....... t.:•la~tph1•.i~a.H1:,•~!~•.;! 
.. layer. ot· tcf.~he!oatura l ·•urfaceiitflt:,ha•i~e1:1;;:;•b.,,_, 
.experiaeotaUy that the adheaion. •trength 1,>f 'clay'iii 

glau h a function of th!, pH of the ~~,.cia:, al"~U.•1-;.,' 
(leference ;16) •.. Adheaion h low. forac;ij;pB, .ailcl;'i~~-~ 

lncreaae•. rapidly aa pB increaeea lnto .~ba alltall11i,;:#1. 
'!be aoil at the Alaaka elte ia acidic, and thue •~ffi:c.l .. 
~d~ .• ~~reag~h to .1lau. to. aupJ»C).!.~ J~t•t .~:~lJ~ .. ,. 

fclerilop;:,~e11J~b~ptit.•u1 happe11£~,!'a~;}\l~~~Jl'1,!,, .. .. ~"~ 

. aarface enei:11.J"!:lt\ahould abo· be ,o{nt,.~;;.ou\~. > , . )Ii~, 
aedla can. etch eoft alUcone ~heaica'llf(.~l.~h.wa,tJ~N the· 

orl1ln of the aurface plttini obHiv.ed at Alaska; ).:ather 

than aandbla•tin1. · · · 

(3) . Olla, h:,drocarbone,, and orianica H aeroaoh and vapore are 

low-eurface-tendon'cont•inanu, at\d Hauch, if they are 

ln the local enviro ... nt, are .al110at alva:,• expec~ed to 

depoeli: aa a thin oU:, 'ftla on 1urface, .. \.;1'he te1ult~nt~oily 

aurface will then be a vehlcl• for retalnlng an adherent· 
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cruat of particulate•, which 111ay in turn organize to yield a low-ener17 outer aurface for • ub1equent layer C depo• ition. lbe 1oilln1 utter at the ~a1hington 1ite wa1 an oily fll• overcoatecl ~ith a cruet of ,oiled particulate,. The ab• ence of layer A on the 10ft 1ilicone at the Wa•hington 1ite i1 thou1ht to be cau1ed by a ,eating action of the oily fil•, which re1trict1 or 1lov1 1urface weathering. 

l. Layer C 

After la7"ra A and/or I have formed, •11ing local 1oilin,t aateriah 
for their conatruction. a new top 1urface i1 formed that i1 both che• ically 
i:tert a,ad.·at the love1t po11ible 1urface ener3y. Thereafter, tftere i1 
apparently no additional deaand of either a chet9ica1 or phy1ical nature to 
retain additional aoil that continuoa1ly and natur4lly 1ettle1 onto the 
aurface for layer• A and/or B; thus thia unneeded soil is removed turin~ rainy 
period•. Of courae, Band/or A ne•d not for. if the natural 1urface has the 
requlaite ch .. ical inertne•• a~d low surface energy. but layer C vill still 
fora during dry period•, and be removed during rainy periods •. 

'l'be particle. aice diatribution in layer C will probably be le11 than 
50,-:a, aa,,particle! .larger.than 5011-• are easily re1DOved by wind Layer C will fluctuate .in. quaatit.y vith rain patterns. 
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S!CT101' IV 

LOW-SOILING OOAT11'GS 

Field 1oilina ob1ervation1 and JPL •oiling data indicate that ch~r-. are 
two diatinct aoilin1 problem, to be dealt with to-achieve lov ,oiling. 'ffle 
firat ia to have top aurface1 that reaiat the fonution of the nin-re1i1tant 
•oil layera; the 1econd is related to the rain-removable layer. 

Aa aentioned in Secti~n I, there are 1ix characteri1tic1 of lov-1oiling 
1urface1, poatulated in laference la 

(1) Rardneu 

(2) Saoothneu 

(J) Hydrophobicity 

(4) Low aurface energy 

(S) 1'onatickineaa (chemically clean of aticky -teri•l•, aurface and 
bulk) 

(6) Cleanlineu (ch•ically c:lean of vater-aoluble aalta and 
:fint~l'iod .l ... nta,,,,eutface._ancl.bulk) 

,. ;_:-~ ,,[-)--? -·; ~- ~."'. ;,, .·-'.• ,-.. i.:;<•~-<~~~:;;-;7t·~:. ·, .... ; . 

. • .·... To ·thia lbt:auat nov be dct~'.ii.~eventh poatulate: weather atablity,· or 
ti•/ ;altenatbely, real"11t111aee to ·ttV'pcotooiticlatioa. and/or hydrolyaia. 'l'beae aeven 

· poatulatea relate to aurface requireaenta for reaiating the formation of 
rain-reaiatant aoil la:,en, and taken in total, lead to the concluaion that 

.. _the top audace au•~ b,• a hard, a1100~h, ,fluorocarbon -te_rial, or ~;'ver:, th~n 
:t-, .· .(aicr011e~etalccoati11&•of a fluorocarbon .. on a hard , .. nooth backi~~:(i:.e., 

;\J:ila111)~1 "It would, aeea .reaaonable that co•t~ffective Uuorocarbon\'coatinga 
· ··:,:,:0•~the applied .to aoln~ul4t aurfacea to ach~ev.e _lov •,aiatenanc11,,c:c,a,t9 

'. ,preaene·the ,effectiwe".;l•..-tation >o(;pover __ ft'Oll _th4t!•Jdevic:~-~\'.{(, ./ .. 
,:~\-\ ~~~i/~::\;~; __ :_-~ .. <-0i.~;;: _ .;~,::~~)\;;\'.-~~,.',\. "-:<~'.~-·'""~;~;:~t~:>j~,::,J~'.-" :::.:'-~.~:/._~.-;; /~\~:-'-:, '.,-.·· ... , ·~ .,:-::· .: <, ,,'. ·:,: .·.' ·-~~f ... ,:-__ -'· ,-·,· \ ; .-: .~~>,;-,'.-,:} · ,:.'·'·,·,. ,<: . "~i~ct'icta'te''~t;riat•:,to'r 'the ~i:--~)-~rfacea of :phot~v'attaic aoclulea 

;i;~'currently conalat of :tow-iron 1lau, .. 'l'ed_lar ,Uue>rocarbon fi la (Du Pont 
i~j.C:O. · 1001G30UT) .. and i,,bia~{ally,odente~?acryl{c{Uia, ·Acrylar (3M-Corp. 
"<,i~U417) (~ference;'17)••; ,'lbeae aater!•!• :~r• all relatively hard, .•aooth, and 

Jree of vat•l'.""IOluble reaiduea. ;)Experllienta were conducted to detenaine if an 
J-,~ ... ntJ11.•oiJlna rH{~t:911c::e)couici,.betc:il,t~!ned b:,<_the ,appUc::ation of .·lov; 

,,;ttudau~r11:'. treatilente'.i;;c:,}f~iutte,- ;(~tef~i~'.JU)c>f. coatina:;~~uialai'~o¼~C\• ,:. 
'''6-acl~;tliaf ••rf'tw'~~i-l:tl'ti=t•rl'a:dr!iiixlai'.fthat c:oulclc k.'ua•ful ·foi- thh 

purpon~ <•vertheleaa, .tvo. ~andidate:::fJ:u1>~~•il>on_,coa~Jn1;-t_eriah were 
~f•ntUledr: · · ,· · ',> >'.·> ':";t',"i71J??O'J ;,t?;·'. · · 

(1) - £'-1668, an ex~ri•ntal fluoroch .. ic:al 1Uane produced by 3M Corp • 
. t~lt, h uaed ,to bapart_ water and oil .repeUenc:, to glue 
1udacea. 'l'bh uterial will bond chealcally ,to glau,aurfacee. 

(2) Dov Cornln1 Corp. l-3820-1031, an experi•ntal treataent· 
condtttln1 of perfluorodeca~lc acid chemically rea~.~•d vith • Dov. 
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Corning ailane, Z-6020, Thia c011pound, which is not coaaercially 

available, will bond chemically to glass surfaces. 

In a trial teat, each of these two fluorocarbon coatings, which are 

supplied in solvent solutions, were brushed onto the surface• of the three 

outer-surface candidate .. terial•, and allowed to dry in air and react 

cheaically for 24 hours, The treatftd materiala were then aoalted i.n water, 

aiaulating rain, to deteraine if they were adequatel) attache~ chemically. 

The criterion for judging this attachment was whether water would bead up, or 

-t and spread on the surfaces when the matftrials were periodically removed 

from the vater bath. By this criterion, ~oth coatings were judged to have 

becoae permanently attached to glass, the E-3820 to have become attached to 

the Tedlar, and the L-1668 to have become attached to the Acrylar. Droplets 

of liquid water on the Tedlar treated with L-1668, and on the Acrylar treated 

with E-3820, tended to wet and spread. 

To pr~te chemical attachment of the L-1668 on Tedlar, and the E-3820 

on Acrylar, the surfaces of both of these films were first activated by 

exposure to ozone, to generate surface polar group• that would react . 

chemically "ith the silanea, followed by bruahing on the. fluor.ocarbon coating. 

aolut~on•. Thia technique worked excellently;, . Therefore,, aa:ian additJona,l;1f::.: 

)~jt~l"~nt ef~ort,,. .i::-3~2~ vaa:•,aiao applied to'.~n o.,~!t{t,e~,f:,,t~,dl~~t:,~i,{f,¢~;;._ 
ancl ~-1668 vaa •ho apphed to an ozone-treated Acryl•f~'aur.face,\e~f!#hO\igl:t,:c 

tll4l;-,_~rlier. tria.+ ~e•t~ng did not indicate· au.ch '! .n~~~~~/~ei4:~nceP,f~,•:~~•t 
the ocone. treatae"t uy alao enhanc,.·the adheaion of •thea~/fluorocarboi(."t 1 " 

coatings on the plastic fil1111, Class and the plastic fflaa coated vhh the 

fluorocarboncoatinrs were then aounted in outdoor rack• on the roof of 

· Spri~gbom:,t.boratoriea• facilities in_ Enfield, Connecticut. Evaluation ,was 

perfonaed ilonthly ·and ,a Tecord of rainfall VH kept lo correlate soiHng ' 

,·. \'·effect• vith precipitation •. The surface• of these teat aped~t1s.vere;noi 

waahed or.touched.viththe hands. 

1!;1~i){;;t~}·~~k~~.,J.~ . :,b~U:ng !; the ieat apeiiraen• .;~~4t{oVJ{~-
·of · the' ~rcentag ·. f :ciecreaae in the short-circuit current (lac) 

standard<aflic:on sola'r~~cell positioned behind the- aoil~d.tea,t' • ' 
deacribed above for the; ,IPL, •oiling ,studies. . ' ' >¾rk:')' //) 

'/ - . . . ,,. ,, - •, ,:;··.)\t ,·-,_,: 

Table 2 records the percentage of nduction.in ;, 
apeciaen1 ov~r 28 II03th• of continuoua outdoor expoju~ 

!fedlai:,L~h!:,~•~ coat~q la found ,to be, 1-~a29, ,~~~.~~{ 
0 •otlin1• tietia·Ho," of uncoated Tedhr. (cont·rolr"'ancl"g~8,. -t"•·" ,. q. 

~rylar, the beat coating ii found to be E-3820 in coabt;.-a,~!~n;.·, . ., _ef-'.• ... 

Figure 8 compares the aoilin{. behavior of uncoated Acrylart,(~6nfrol);,~'ii:a;.ttie't 

1-3820-ozone-coated Acrylar 1pec imen. For glHs, 1 ittle difference ia,<rioted ' 

c011paring E-3820 and L-1668, but E-3820 •ight be. a lightly:, better CJtaiure 9). 

1,· . . •. -~ . ' L .:"'·,(;~-·.;· __ :. ·-<:"._ -· ',.}i:>- ·- t:}/\:-: 
. ,Comparing the uncoated control•, glau hH the leaat ,tendency -to 'tetain 

natural aoll, followed by Tedlar and then Acrylar, both having Rreater 

tendencle1 to retain natural 1oil. Thia difference in 1oillng behavior 

between glau and plutic film• had been obaerved earlier (References 8 and 

9). However, vlth th• fluorocarbon antlaolllng coati.na•• the • oiling b.havlor 

of all three .. terlala becomes euentlally the. aaM.. Thu• 1oilinR-"r'!hted 

optical lo•••• of gla11 1uper1trate design• and 1ub1trate deRiRnR with plastic 

fil• outer cover, will be e11entlally the same, 
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0 ~~lgu~~ 10 ia a plot of the rainfall pattern in•;i~t~tr:~~i~nj~"f\cut\ 
~er)i~~ ;soiling exposure period. The data are plotted:•~ mllt~l:,(ni,~fall . 
otalaln i:nct.ea verau• the month in which the rainfal 1 occul'recl~k-'lbe high•". 

\and \ova in the rainfall totals genera Uy correlate with the soiling high• and 
\,,,; .,,,,; .,1~11,lhovn in Figure• 7, 8 and 9. A sustained dry period with little rain 

~JJ~f¥"'\f~~i:it~,d~r~ng, the fo'1rth t~ the 10th -?nth,. with~~o rain at_>•l! i~ t~e < ··.• . 
>t:i: . ,,e1ghth>atnd ,unth; months. Thu resulted. 1~ the aax1am accWM1lat1on ~f/aurfacc: 
\'~:~;; . . • ' aol\'.1111·.·~baerved :>from all teat specimens ov'er th~. entire' ~utdbor, expo·•~re . . 

.. ~;~'i'l\,;Afteriit}le:ninth and 10th montha,,,,rdnfaU hegan.ioiJn.creaa~,,and the ·. ·,.·· 

.. ·•~""'-·}··t~1~1tl·i~0i,~:··· ·_. ;i,ii~il.·. ~- .· ... )ft.,i~--1ft~:.)- f:~i,J4~~~1f}iJl_i;it~\ii?, -s~_-;1\t1,2 ),)~:,:. 
period~ the[ao'nthly rainfall tot'al.,:'.~re'"accuiaulated ,·· :· · .. · 

r .· ... _··· .. Clair .-uabe~ of rainstorms d~•tributed. thra,uihout;. the{11011t°ll~.•••l~,'the_ · 
·t~t'r-'°eth • h~vur an ea pee ia 11:i :(ntenae · .. and'' lleavv:iain•tl'.,.:~;f:'1aevera 1rl 
•f ~ .. ,\~~~ratl°'1~~.c~i.t!d • !or .. alac>a t. a.1.1 o t:~he .~nth;t,f·:t,~1~~'1;ftl?4/~~~:~~;. · · 
.isure••:'7{8 and',, · th1:• lntenae:rnnatora removed virtua. ?•ll· of ·~he. · · 

:: Jj:~r~ff ,tr·;!t:z:ira1~~1~;c, ' · . · . . , . · .. 
,.,., ~J,~:-•i:sa.eat that littlf', if any at all, o.r,.·~ra.ln~e·~i•t.ai,~;"o,.l~tt~! ~~d•:i 
fo.raed .on these aut'facu, vhereu inspection -of' the•contr-ol•data cu~ea._1n ,the:, 
•- .figure• reveals the formation of a rain-relilatant soil baae on each of . 
the three_,aateriah. 

i, ' ' ' ' 

--~~ ')t•:·.?f~i~~\;:,:,_' 

/!}ti 
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.lisure 10. Rainfall-. in Enfield, Connecticut, Over a 28-Konth Period 
·--.;:-... ,.-<' ',' 

· . ':.;1hf.~,d~ti,.-{,tii;,Ja~l~~'!•~i•·•••t•1~';~;•t;~Jh~ 28 aonth_ period, and, the. . 
t1-~mi'a1edf:~a1ue·•?•!ilai.•in}1'abt•·t,~:t1,:,aegla• acontrol eaaple realised. 
aG aver•~~ptl~ftJtp:11~j(}~bot.tt'.~r6~t~er -the· 281onth period, vhereaa the_ 
TC'dlar -control cTeaU:aedte11,avera1e.,·lf)Hiof .•bout 5. 38% and the Acnlar control 
apeciaen realised an aYei-age loH of about 7.20%. Soiling data aea•ured on 
aiailar uteriala in Paaadena (Table 1), ahoved about 3% 1011 for gl•••• 3% 
loH:for·tedl•r•·a~):5% e11,Jorhr11d_11cr:,Hc fil•, which is aimHar in 
ch-i•t~J:,;~r:,l~!~~• ;ii,),, . r, : ~· <\ - · - . 

. ,,,, y/ :; > ~;*/{-:L --- - -
-· · ·· J•.0~1r••~l,:111o,-r~.,clearly that the ,,ette-r-pei-fonaing. 

},;_~-•.-.'.·.;_;_--.. _'.•.-.: .. -.·'.··.•· fluorocarboil·coat . . . Mt~,:eeJ~(•tJ.il•;:J.11;£-3820. ;J)ll glau,·.~he E-3820 > ,, 
;; , . coat laa T••'~ted':t\a . __ -· '"if.oui~l~:C,J\'t~elated; ppt ica}-llo•ae• 'fr01ap2~ 65%:,: ,;t?i;;i;:'c, 

· to 1.Ss~:;;:.fetr' uaveraa~t:fo~ncet'jaJ;;:o'f>nearly l.1%rr Similarly; on •· 
Ted lar, J~,;;J;"3~~0,:J:t-~,~. · Jjn;:.~" J~p~~~11~ _f,i-011 5 ~ 38% to 1. 70% foi- an 
.. erase 1"1,~c,raa~c11l:'ial (fcui:\t'ft~ll~'i\t~IMl:krylar Hal ised an average 
perfol'Uft¢•~•l~;-of<fM'.• , 4,.511•·•# "•·"i"rforunce gain• can be economicall:, 

'-•;:'"'i,~'.'"~i£••··"l·e: ·r-....~~1~;;~;:;:::,·~,.-.. , .. 
raia--n9'1ta fti .• ._ .. -_ ,· .. . . > , _ /B-3820':ce>ated'glaH:apecl•n,: • 
then .. theitlae~• .. r•p;~.;1..-ii>dl'.~SSZi;JTabl~:3) CAIi be: cone.idei-ed·&e _the·· 
tllie~r•raie optlcalitc,1'aff.1~~t.t•ilt'vltla\:thefcyc llcal ':CSepo• itloll and rain 
teao.al of la:,e~ C-~.o\t;, 111 ,lnfie.i~i{ ~necticut. 111e higher • ini-• 
obeerve'9 f~r Tecllar"ancli~rylar, ,l'eapectbel:, 1. 70% and 2.59l, uy i-eflect the -

fonutj~,~~;•~~~,J:~r.er•:-~ha~;.re~J•f.'.r,~•l b7•~~~~!• . .rainf~,~!.t·.-but.~~~\-,,,. 
lat•n•• rainfall H:occurrecl '•ln the 2lat ac,nth·of outdoor•ezpoaure~ ,.·,11th · · ·,. ·• 
eua&Hta. poulbllltl•• for. further perfc,nunce gain•· from the uae of improved 
fluorocarboti;coatlq .. t•~lala, vhlcll/,!•,;the:eubject of ongoing FSA reaeuch 

ac,t1•~~1:.; ,.,,,;,r, ·,, :\ . t .. ::•iif ··- . {ffikY;"}{\ . 
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Table 3. Ti--Averagecl Value• of the 28-Honth Soiling 
Data Given in Table 2 

Kateriah 

Glau 

Control 
with E-3820 
vith L-1668 

Tedlar 

Control 
with E-3820 
with L-1668/ozone 
with L-1668 
with E-3820/osone 

Acrylar .-

~troi 
vi.th E-3820/ozone 
vitli t-1668 ... -
vi.th E-3820 
with L-1668/ozone 

Ti11e-Averaged 
Optical Lo••••, t 

2.65 
t.55 
1.59 

5.38 
1.70 
4.28 
4.43 
4.68 

7.20 
2.59 
4.21 
4.44 
5.15 

·<· . ::, .• • ... · I~ concl'u• ion' · .. lov-•M;face-e11•r•1 treat:ae11t• ~!•ed\~ll U1.1c,ro1 il ane '··'.jtt:l~ttt::::ott1i1:~~,:t~,itliz~!i :· ei•i:~{i:it~:\~t~t-1!!:t::~:!c!~~:n:n 
th

e?·.'~'. . f~reatlM!'.-.ti.:•,identifiedti(ofdate;~rea;·f orc,Sunad~x cgli1j•}t!-~820; . .for Acrylar, ·ozone actfvati~~-J~~t~fbJ,:<,E:-382,0;t~~~J.l~tf!Jed_l~!'t't~r•,~~nt_ vi.th E-3820. 
·_·.· ~fter l;f,;~;';t~/.';~il~J.;i},;,;i;:;~~1~L1J~~tir~reataent •. re1u 1 tecl. in. perfonunce 1a'in1:fr011 nearly 1% for'.''gl~••'\tc(4%, for

0

Acrylar in light throushput;llf!&,1ur.~cl .vtth·;a_ -~•nd•r~i~~U•i~,~fl~iht.•~r~ii-~<'.lbe.re~'ir~l-. of ;;.·,:,,: .. :~4::c•l•td,•~JJ}(:or:r~,~•t:~d,;_~.~f:!!f~t~Ji_!,.Jl1~11t:iJ1,~J,J~li;precipi'tation a 0c,!!·{•1K>VfaU. 1bee_e 28 aonthe'of exper.•ntal eff,ort provided. •upport for the ·.theoretically dnived .con1id~ratic,n~."for lCMi:-a9Uin1.c~•tings, .·and • rationale )or future actlvitiea_.for i • proveaent• (n !~\~~rocarbon coating chemistry. as well· u con1ide.ratione relative to' ainiaii:ing the effect• of layer C. •." ~pe~iaental evidence eugge1t1 that l&!'9r _C2_h eite-dependent, rain-frequency:--. }~~~,~•n,t;;~•n,,cli JIO:!.•JJ>lf.tilt~~-~"1~n.t.~t;' ~i11i• iut~~Lo~ l•~e.,.f.C, l-y eith,!\,:(,~} :,Yunder:stand1ng,,itt:i;natut'al properttea,or,:,\l;y-.. ifttenance, avut•"a .better ·.··· , ,~.,,~•~··c, .... ,·;:,{,_,3",j-;-,.-.~,",-•~ pj,.•,;c·•••~•· . . '·••:-"-;''.:··, • ' - -. undu1t~nd1ng.~"' · · · 
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SECTION V 

SUMKAJlY 

Ee•ential finding• and conclu• ion• can be •u-.ri&ed a• follows: 

(1) All aurfacea expo• ed outdoor• appear to be •u• ceptible to soil 
accu.Jlationr aagnitude i • both •ite-dependent and .. terial
dependent. 

(2) Soil accuailation appear• to involve up to three di• tinct layer•, 
which we de•ignate a• t 

(3) 

Layer Aa 

Layer a: 

Layer'ca 

A •oil layer i-diately on the •urface of the exposed 
material that i• tenaciou•ly attached, re•i•tant to 
reaoval by rain, and require• extremely abra•ive 
cleaning technique• for it• re1110val. 

A le•• tenacicu• •oil layer that can fora on layer A 
or on the natural •urface if no layer A ha• foraed. 
lhi• layer i• aleo re•i•tant to reaoval by rain, but 
le euily reac,,,ed by coaaon cleaning techniquee, euch 
ae waahias with a eoap and water eoluti.011. ,: 

• :.

0

; .>.· .. .. ,!'- - .. _. -.' .: -· .. . _:. :_t- -<·.--·: - :~_,_~~;r:•:;:c, i_~~l :~:~:i\\':..:~-~t-::\i~tr~t~~:~i'?~'. 
A third :aoll layer that can fora on:byer:'.'l"or·,on 
aat,11:at.•urface; if iflO layer A·andrla,er ~:h'°" ; 'f'f, 
foraed •. , ?hie eoil layer la readily reao-,ed >by 'rain.; .. ·· 

Raia i• the ac,et effective environmental agent for natural 
cleaning of layer,c. All other environmental agent• ;·,auch ••· wind 
and(aDOV; ,have aiaiaal or negligible natural cleaning qualitie'a.' 

":;C' . ' , _, - -

4) the characterbtice of eurfaces having the aoet 
;:;~>:,:.]:foru:~Joa of layer• A and a:appear, to be: 

;: j-~'.: ::.., -.,,_\•~-:;./£7${}-\.;;;-y ;·i':t;/>i·~"', 

(a)' .'i;Ba~daeH .. 
,- - . ' ~ 

(b) > :,laoothaeaa 
- :~1½-<}J/ .. -·{ _:·,-~_-),c-- -·:d~~}~~~'-:

. Cc) llydrophob~cfty 

'.'>;<',''.' ,·:r.:,-•~rf•c•'~~:11' .. ··•·' .,};i~·,mri· 
Ce) loaetickineH (cheaicall:, clean of atick:, aaterJ~ :;_ and INlk) , , ', ~ -,-,-.,,. 

(fl Cleanlineu (chnically clean of water-aoluble Hl.t;' 
. f~rat-pu_lod eleaente, eurface. bulk) ,',.; 

(a) V.atherlns etabillty (reeiatance to UV-pllotooxldatlon and/or 

rm::~•:.:m: n~,~~;OT ~m,rn k ~~-\~ 
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(S) tov-surface-ener11 fluorocarbon coapound• .cheaically attached to 
alaaa and pol:,aer aurfac•• are bein1 found to result in 
1ipificant reduction• in the quantity of retained 1oil on the 
1urface• of tho•• aaterl•l•. 
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