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Renl~ S· Ri~ro 
~~&~~· Ety~sa Br~~ileü:~ de;AeronãU:~~ SA 
1-~V..llll::l· Sao:José,dos G.ampos, SP. BrazU 

'At:isttac' 
.l"l)$.:f!>~·11p ptoc'e~ of vo~~ ~ genera,eil br wms.s (w.itll a $tl<ligbqra,lllng ~~ge)' ts <::001p~~ ~!h.~ e ~ 
,õftW&:ari:d ilíree:.(fuuensional vortex-in·cell mefuo&. Results l!Dd OQmpo,CatlQruif ~tfon ?fthe tw9.~~~..'! ?
.,çl}mpílred, and iii e accuracy· ot ttaditionat :assumptlons made to allow the solution ôf fbe" pfo.blêm iíftJJe;H:Vo~ 
(j.iôi~JJ,SiÇnaJ d.õm:ain is investigated.. 
Kf,Wor.d1~ Wlng. Yort:e)( Ro11"Up, V.O~-in-~ll Metftod 

rntroduction 
The computation ofwing-toll-up is of importance in severa! aírcrafi analysi.s·prQbl~ms like 

.canar4-wlng interference, induced downwash <letermination. and tlte interferencç s.uffer~ by an· 
~rcraft taking off shortly after another. Early attempts to solve the problem separate.<J tbe wakej~ 
portions .near and far from the wing, ab<l adopted diffetent srmplifying assumptions for-eac~.t,~gí~tl 
(~P.~iter and Sacks, 1951). A widely stodi~d two-díqlensional model solves the problem in ~~ l'rt~ 

·~táll'e, osln.g point vortices. This model, altlwugh simpl~. provrdes good ínsighf lnto lhe wake ro1J·uf 
:liyiiàml'cs: The iliclusion·of 3~d effecls 1s ·~sseiltiat when tw'o or more.Ufting sutfaces. inte~W·ol:·tJt~ 
'iirül.uenc.eof.'the wake Sha:pe lnthe wing·ciroulation is important Tbreo-dimensional oomputatíõn.s·bav.e 
latgel}' used srn~larlt_r'aúd panei metbods to répreseilt wings·aod wàkes. .Sa:rpkay&.0-9&9)-á\~ 
J{p~ijin:akers (198j) P.J'êsent·a thorou:gh review of'2·"li and 3-d v<Jrtex methods applied· to probtem~in 
'fluíd dynamics. · 

The vortex-1n-cell mtthodoJogy ean improve the computatlofial tfficieney·of,2·d an4.1~ 
V.ortex mctbods. lts advantages are greater when a Large number oi singulartties is used, lliÍ\"ee ·.ii 
redtlces ~omputational times and removes Large scale instabilities. Tberefore, v(utex-in~ceJJ m~tJlQ!i$:. 
·~ espec!ally soitable for compuration of decailed wake-shapes. 

This study applies 2-d and 3-d wake roU-up methods based in the vortex-\n-aell apprôa,c;j·To; 
·severa! wing geometries, in ordef to invcstjg.atc some Aspécts of wloog wake dyn:amt.cs,..rhese imJfúd~ 
tlíe,sim;pllfy.ing..asswnptions made·in 2--tt: modclsJ.downwashd1stribútion, and wing aspect..l'éltio.4(ee't. 

Cônsider a wing in steady, l:riw-stibsorué fidw. A -éoordinató sy.Stem is atta:e.ned' tcrit; willl Ui~ 
~ axis á:lig:ned Wifh lhe undisturbe&' fl.ow velooicy, U 110 , ·y -pracé:i:l aiongth'e span and z pointíhgo up~at<t. 
'ê~ngil\s are .mad'e non·dimensional·retative to the semi-span s,:and velocities .atereláti.ve-to, O'Pcl .. Fo . a:
®tl 'Wing at-lo:w lfnk!e bf'attaek;othe·flow can oe considéiêd invisdd anél inéom'presstbie, ~911ja . 'IL~ 
~ ihe ~neompressibte p(>teritiál equation. Sinf!'e tlie ptoblem ís Unear; a solutiim ean 1». élitáln.çd; 
b ' the su:perposition offundamentai singuJar·solutions, piaeed·.on the flow intem.al.boun'CJ'atÍ'os.'1lí ' 
setuti,oos'c'hosetl here lffe .~ó~X po.!JitS ht U\''() di.rn:ensjonS. at'fd.Sttaight VOrt~X ·s~gm!!'nts Íli tJ\ttk;' 
~.~~®$; 

AS th.e win,g ~oerates Jifl. lt creates beni.nd it a thin sh:cet ofvoroity. wbiob can b~·mti<[el~ 
as a 'SUr.faoe ofdiScQntlnuity ·in potential.ln a further simp1ificatióll'. lhe sheet is re'preseiitea b~ a sef~t'
Jl .bi'tfiies· O:fíú st}l.rt:at'tlle tlailing edge of tfte wing ruíd proeeed dt>wnStteai.t'dl:iwar{IS mfinitt. 'ii11);'t( 
y~J1~ lheorems o.fftelmho!tz and Kelvin staté thát fraevortex •llnes em~edded in 'f'0ten6al l:'ruw-mpv.e
\\ijfll·llietocal velocity. This n~n.finear boundary condition ensureHhat thewmg wàl(ê'iS"1ooh~j~t'e&' 
tq fdrceS] ailcil>rodoce,s roll~d-uJ5 wake sba-pes. 

t>rf®ó~~fift'l' ~!#,Jijanll\erroal- Sçlenc.e'.$1.4~ng., Sã.o."Paulp, SP D!;l«!mber 7 ~~ 1994 'f~Çhnicai ,'E9jto!Sffip 
~cl'f.Ed(t'o_ctai~ommitteé 



TbTee-Di:meJtnctnal Borni,.alútctll . 't'hc Win$ ls JCflrç&çoted 'bJI.A nctwork of vortc~ 
segments. te., -a v,o.ttex: ~ttt~, llte p~~nt IP.çfttod .<Jtitiei~, '1m; Ai,~fto-afJjt.~; · ~' ~~~ 
yottex rings ln onler to ~asily conserve total eircuía:tion. Tite lio\1ndary ®.ndttfon of ze~,n9"V'~ R,ow 
ts cntorced at conlt'ol pomts on lhe oenter of1he w.i.Qg vo~ rliigs. Thc wake filamen~~ó. SJippó$edrto 
be lnitiaUy sttaight and aligncd with íhe dilec:tion of u •. Thc vorta· lattice solut:ion fór tlris sWti~ 
geometty provides tbe wing and wake circulation 4istnl>utions, whicb are kept raxtd dlroughollt th'ó 
roll-up process. A sub-vol'tex ~hnique ~cates adcti.tional-vo:~e:es Wi: the wale, nlling tht space 
between tbe vortex !ines tllat originate at vorteX rin:g segments. Thls technique d1stri:butes better the 
wak.e vorticlty a1on~ the span, i'? pr~~tioll t'or the vortex·in.-o.eJI calcula:tion. The wake Y~r!e~~ 
segments are cremd so thilt thcir oxtremJtios. or nodes. Jie ln x • const eross-Oow ,planes. This l:S 
solely a c:hoic::e of ~on ofthe ~ nota resmction of me metb'od. 'I'hé wâke is cut-off at a 
ccrtain distancc ~ down.strtaln ofthe w'mg. 

After velocities are <ietcnnined on the wake, a r:eláXation proct.dúre oh,anges .tb.e wak'e 
geomelt)'. aJignlns fts segme:nts whb th:e lont flow v.elocity. lf o~ indioms .the velo'cllif at the 
upstream node of a wake scgm.ent, and r~ íts position. both at relaxatlbn iteration n. the new position 
ofthe seg.tllent'S downslre$m node is given by 

( l) 

(2) 

Ax ~ the x dJs1anc:e be&weenthe wákc ctoSS~8ow plãru!lS thaimammlns tlte Wále nodes always a& Ute 
sam.e oross-tlow planes. At ~oh n;laxation itenniollto th,e vo~·ln-ccll method compllfes tho ~loçiti~ 
11~ lnduoed by aO tbe vottex segments on tbe·wab nodés.1111d lliett aU wake.node~ are m.oved The 

p.tocess is rcputed until the maximum node dlsplaoemenl is .sJllllllcr tban.a spooified eonv.ergenoo 
factor. 

where 1ft is the,vector potentiaJ of the pertw<bJUlon ve-tocily tkJ<l U;t and is defined by u = V XIV • 
Vorticity. (I), is defincd by m .. Vxu . Thó méthod..ha:sbasiéally :tfiree.phases. Fiml;. a Cartesian mcsb 
Is superímposed oveT tbe wtng and wake vomx network. The votticity conc:entrate4 in the vortex 
segmeQts is then dístríbutcd to ·the grfd, so as to pr:oduce a. dl~ rep~pf!l:tion Cl)JJ\. ot. the sit~W8r 
fie ld. m (x.y.z). The spreading of tbe vorticlty fn one segmellt ts perfilrlit'ed b.y applymg à'three>
dimcnsional spreaditl:g fun<:tion on .all afi.tspoints, :(bat g~ne~tes a l!ne iilt~gral, ~hieh can be 
approxitnated by Gauss-Lcgend:re two-:point quadraturcs. ~uprea4ing,Iu,ooclion bnow çplied to~ 
portion at vorttçity alloelUed to cacb q~l"6 po,int. The spteading fund-ion i.J ~m.blcd tlttougb 
the product cfthrec one-dimensional functlons. These are quadmtic "Pifne$ tiW SJ)~ 3 3fid-eell 
lengths in eacl:l CarteS'ian din:çtion. A qlilldmturo point dísin'btttes yortiçity W.th~ ~losest 27. grükclls. 

The secón.d phase is tb:o solution ofthe seoond-ordet dlsel'etct:Yetsiona t;~f. the t]lree sealar 
Pólsson equat:lunsín (3). A Fast Polsson Solver, basedo.n FastSine and Cosine TransfuJ'IIlS, is uséd. A. 
fà.st convoJutlon proeedurc is lntroduced in ordet to satisfy th~ boundàly condition of vanisbln.g 
pà'tUlbàtions 81 mfini\y. Thc influcnce·ofa portionot'Jhe ~$atQrteJ.tds bc(yod1he.co)Dpotational 
box (~e, " > Xonotf) is takeo lato U(:OUU1 b.y an artirLCe illiroduccd ln Ute c~>twot\ltion sdtemo. This 
rutifice effectlvely doubles thc wake lenzth irt the x directien fo1' calculation. pun)OSC!S, with negJig,tble 
iner~~ in co.rnputationaJ Ltr:ne. Velocili~s oa .g:rid poinfs are çOmputl!d frorn the solution coij by 
seoo.nd.-ordcr çentral finite-<ilflertaces. 

ln tbe final phase, vclodües at points of interest (wakc ,ségments node~ tn this ~o) !lU'e 

interpolatcd ftom grid point values. The interpolat.ion proceduro uses lhe same qu!14ratjç sp'Unes of t.be 
spresding scheme. 'Tbe appn~tlon ofthc vol'teXI-in~ell metbod presents two 'basic .advantages, Tb:e 



Córni'Qtallonal Aspecà of'~Mll:g- \fol:1u Wake ftOit-Up SQ'f 

e:ffcct of tho spreadinglioteq>oliltf1ln pDX!edu~ is analQ&ous ro thc únroducdorr of a visc4)ut~~ .W 
the v~ .segrncnts_ 1'he ~loeily sinplarity at the segment poshiott .is removed. amf lhe effech\t~ 
eoic fias a. radius- of..àbout 1 S ~.cell lengUB. 1\b:e secoud ~ant.aJe apy~ahrwhen detailed 
desertptioM of fbG wakc-1lnt destred. TKc mefhod b!B C!Onq)Utàtiorud time o:ttho qtde(:~.l· l~&;z "M. 
where M is tbc l)}lmber ofgrid.çells, whíle tbe inrerpo1atfón.mid freaditlf'Scberne-s bavo tifnts'nf'the' 
otder of the llúDtber af w:rtex..segm1:rds. N. "rh~íote,.litc N dtpendellec o! ttaditloo:'al \'o'~~ 
melhods is removed, and waJcçs wilh a lllfg~ QUm:ber of vo:rtiees çan be computcd mocb fã:sfe-r. I I ' 

Two-Dimenslonal Fol'muJation. The ro1l•up proceS's ofwing walri~Han'Qo simuJated 
approximate'ly by dlsregarding fl:le wmt influcnoe.a.Jtd rhé wakc·wrva:fute ~h tlrel.str~a:mwlse 
direotion. Su:eh· eypotheses perm l~·lhe -rept~entatlon: of ~tb~ dlscre~ed wake by ·straig;b'~ 'pat<á$Íêt' 
infinitc ovórticcs~ whieh moveund:er tbclr lnduct:d velootties. These;~tocítles-have componeú.fs óliJy· 
in thc yz plane and can be cmmputed from a oo«espondlng setof 2-d l'Obit Wrtioes, ln ctà$~:tlo.WJ 
planes of fbe wake. Althougb, thesc símp1ificaticw ~ \'Mid-only at far .dlstane:es downstream("L~ at · 
tbe 1'refl\z plane). a fust ap]lf011imation of the wab.shape GJYbc-obtafned by usfng1he 2-dmbdefti-:
soon as tbe wah leavcs tlte wtng.. ln tbe 2-4 lb:ttit. tbo ~.eoo,tdinate ts idco~ wllh.-.;pseudo-timc 
variab~ t. so that Uoot . ~ *is m• non-dirneoslona:l Felalfvc to $/ U 411 , oné has-slmply lf = t. 

--Wtn91 

0.200 
- - WinQ2 
--WingS 

0.050 

O.OOQ . - 00 
tO,OO 0..25 OlSO 0.75 1. 

'y/s 
F.lg. 1 ·Bouncl clrcblltlOll dfjttlb1160n fór the comput.d wtna• 

Tbc 2-d computation start:s.wltb lhe3,d .wBke at tho wfng ttailing-edge .cross-flow, whlch 
provides thc startins positions and thecir:eulations Cor lhe 2-d point vorlices. The Wllltcrolklp methód 
in 2-d fs a pseudo-tlme lnteptfon. anda súnplc ~ater scbeme is anplnyed ~lere. ln ana:Jogy to the 3-éJ, 
relaxation schcm~ the position of vortClC. i at time (c!) + 1) AI: ís g.iven by 

(4) 

r denotes now lhe position of·a :polnt vortex on thc: yz. plane. The vclocitle~ u;. are .computed ~y a1·d 
verslon ofthe vortêX-tn-oeU n:relhod described abov~ wbicb solves lhe scalar Palsson .equatton gjven 
by 

vlljl - -<O I X (5) 

Observe thãt only the x ~:ónen~ of ventor potential and v.orüo[ty a:n: nced'ed. ln faã&;. 
'V .1( is lch:ntificd as lhe 1-dstream functi'ori'm tb:b case. 



Reaults 
Both wak.~ tolkp.Jttethods were ~J)lied tõ:three wings wflb de~g.:aspeçt,.Jilfo :Qld no 

tw,ist, .0 tt s<~ ~gl~.O:t:l!ttà-ok. Mng 1 WIJS téCtaJ®llat-i@d llád ,aspett";J'trtÍO. ~-~~J;tl to ~ 0. 'W!ng 2 
was atso re:ctangJJlar"" and .b:ac:t AR ='S. Wiog 3:wilsa deltà:Win,a~iíh :4:R!= ~' F~1 showsr~e 
-c:ircul.ation distrtbution fol' (bo 1hreo wli\&S; 'fb.e tlt\ cnefficjç!JtfOJ! Wlii~ l, ·~ 4nd ] . WB$ iQ.l3, Q:.28·and 
0.1~ re:specti\1\",ly.. 

Al1 3-d wab rott-up cmnputations USfdgrid-cetl Lenstbs-equaho (U 1C (M)4 ~.0,04 for um 
vortcx-m-ceU method. Tbo'X--dire41tlOD 1Mglh oftbe"wakc.se~ents~ ~ .WliS.equal to (l. l. All~d 
e:omr;utat1on:o us:ed 1be sarne gri:d-teil stu-s fõttheJ..and·~ <Cl~ttlons. anda ~udo-:firo:e incremetit 
(ót} equal to O. 1, to mafntain ooae~pomJ,enac to the 3-d ~ations.. 'ThcWâke tenstb fn the x 

d:itectiOll· was. S win,g spans <atootott~ lOs}. hUl\~ 3-d, ·case; tlle con~ergeno.e-: fà~tQr for tb.e w,akecwas 
o,os% of s~ &ynunelr)' was not mc:pJ&~d' in ~tbe é!ompota.tfQns; .so thJn thé'Wh.O'le·w.Ql~ ;81)(1. w~ .wére 
rnodeled., The eoordioatc sys.ttm origin was placed.at'the ltailJng edgo·e!-the:tbo.l <Çhord. 

Wmgs 1 ana '2 bad 1 11 panç~s along tbC s"J)~ áí'ily one ~ ~atong lhe dlOtd, and lhe wáke 
. was f()rtned by i 000 vortex Unes. Wmg 3 had l 02 pattels -afoogthc span.. 2 along t)le Qbor(l. and 919 
vonices in the wake. 

1
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0.0 - =-

:~~~ 
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Fig, 4 Downwash dlstrlbutlon at the wlng tralllng edge ·for Wlng 1 
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Fig. li Comparison oJcompute:d wake shapes4orWing 2 
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Fig. 6 Peth ofthe 2-d l<ltnter.ofgravlty ofvortlclty fOrWing 2 
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Fig. 7 Downwub dlstriblltion «lhe w~ trailing ectge for Wlng 2 

Observ-e i o Flg. nhat the wak:e shape_! cornpoted for Wing 1 by. tlte 2-d and 3-d r:nethods 
werc practlcally idc;ntical for-aD oross-finw plane$ shown. except t'or smaiJ downward sbi:fts for the 3-d 
wâke. Figure 3 shows the position ofthe center of gravity of vonlcity-in1he cro~tlow planes. Notice 
t:bm the y position of thc -c.g. n:mained. essentially constant for botb COJliJ)tltaiions. in ~ement witb 
theoretical2-ó wake roll-up considerntions (Spreíter and Saoks, 1951 ). 'The vertical position of1bc c.g. 
oftbe 3-d wake dcpartcd marlcedly from thc 2-d wake põsition as soon as lho wakes left the wing 
trailing edgc. HoweveJ, a1 a dlstance of about onc span beblnd tbe wfug, thc: downward shift bad 
essentially reached a constanL value. The reason for th is diífercm,ee i:n wake dlsplaeement close to the 
wing is inustrated ln Figure 4. that shows downwash diStrfbutions -at tht wlng traillng edge.. The 3-d 
v alues were tn avcrage 4 times those of lhe 2-d oaloulation. This -sbows tbat, forthis bigb~aspect wi:ng, 
thedecrease in downwash dueto thc rcmoval oflbc wing eft'ect is mucb largct thli.n lihe incresse d.ue to 
the addition oftbe upstteam seml--inflntte wake extens:ion ln 1he.2-d romu.úalion. 
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fig. a Compartsoo ot compoted wake shapes tor Wlng S 
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Fig. 9 Pllfh ol 'tM 11-d·c.m.t'of: QI'IVIlY óf.vortiç~ fot"WIW9S 
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Fig. 10 Downwab dktrtbulloft ilt tM w1n9 tralllnlf ectge fof Wtnu a 

.Figllros S to 10 show results for Wings2 aod 3. Noti~ the incn:asing dcgr:cc ofrolf..up ofthe 
wakcs, dçc to the bigber clrçulation oftbc wake vortices. The same observations ~ru:eming; wak.o 
:shapes and vorticity c,g. position apply hcrc. For Wlng 2 (F"tg. 7). the l-d downwasb Ylllues were sifD 
larger tban the 2-d ones, bot the- dül'eren<tc deereased. Tlle discrepancy in downwash magnitude 
,decJUSed cven f'utther for Wtng 3, but thc dístributi:oos had differences in sbape closó to the wing root. 

The last grid used by the ~ vortex-in-ceJl method for Wing 3 had dimensioos equal to 129 
~ 5 x 33. Wake convêrgenee was reaebed after 203 relaxation i~rati,aos. The 3-d oomputalfop too:JC. 
_l,S~ rCPU hours In an mM-RISC6000/34Ó worksíation. ln contrast.. tbe 2-d compu:tation used an[y lO 
.SCçQJlds. 

qQJtclusions and Commenta 

Tbe wake shapes CQmputed by tbc :2--d anel 3-d approaebes we~ surprisingly .símilar. Thc l--<1. 
vt8Jçcs prcsentcd a dOwnward sblft. due to tbe bigtiet downwasb io fbo prox:imity of the wm-. Howcvcr, 
~~owed hy 1h~ vertical posllion oftbc c:entec of ~vity ofvort[c[ty, the vertical sbift ~matned 
~~t!llly Ule samc:afte_r about one $pltl\ behind thc trailing-edge. Thc m~llnde oftltis.Siiíft~~~ 
frott).t)f9 t~ t t% of th~ semi-span, wllcte lhe higbcr vatues .ooeurred for tbe wings wj_th t~wer aspect 
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ratio. On the otb.er hand. tbe h0rlzontal positloA ofthe c.g. could be consldered constl\nt for both 
eomputations. Sucb smatl dlfferences betweM tbe ~u1ts of thc two mdhods reafiinn lhe -aru>licabiUty 
ofthe ~ approacb for tbcse wings with straigbttnUliDg edges. Tbc spee4ofthe 2.-d metbod Iargely 
com,pensates for its inaccuracies, espeeiatly if o:nc fs 1nterestcd in WJ.ke shapcs at dtstan~ w more 
than one semiMspan behil'ld the tnriling edge. This su~ests tlía1 a 2·d roU~up tnethod dtat inchrdes 3.-d 
efiects, liko the one by Nlkolic ct ai. (1992), wnieh takes into account the fnfluenee ofthe wing·bound 
vortioity. should provide very ace\l]"ate res.ults tor suob wtngs. f\il'Jher s~dles sliouid inYestigaté tbe 
ease of willg,5 with swcpt trailing edges.. 
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Abstract 
There has been aarried out a work coosistíng .ln tbe·lipplication ofthe System Theory and lfl.e Bxetgy Analysis 
Method, including Thermoeconomie Teehnique~.: to·fue indus~ial processes Jn lhe B.asque Cçluntry (Spain), ln 
this analysis, the irr~er.s.ibilities ín each basic operation Jlave lie~ quaotifted .aod 1he e~er~etic a;nd e~ergetk 
efficiencies have been evaluated. The ~r:~ijç cos_IS b~v.e bçtm lllso calcvlated for ey,ccy Çoergy IIP.d mate~~âi 
flow, as well a~ ~heir -corresponding econc.rmic costs. Resides, there is intonded to value tlle ·etfects on thc 
COllSUliiPtion of energy I:Uld ntaterials when new tecln;l~Iogies ate fntroduced. 
The basic aims ofthls study are. 0n the one h;md, to devecJop lt ·sys1em of sttategíc planning :líi the 'fielifM 
energetic teohnologies and, on tbe olfler band, to define a strategy plan for equipmeotS,. processes, tec'hnólógiés 
and areas (industrial, seiVices md;resitlçnl:iai.sectQI's), consumilJ.g energy andlot: ma[Ç{i»Js,. rç~,[J1\.d to the'Bâ$q\le 
Country as a framework. The above-mentioned study bas been appl:ied. as an example, to tbe green glass 
manufacturlng area. 
Ke,ywords: Ene~:getic Analysis. Thennoeconomlc Analysis. Industrial Processes. Green Glass ManufactUI'Íi'lg 

lntroduction 

Effiolency on the use of energy is bejng constantly analysed. Tbe depth 'Of these studies is 
certajnly variable by always aiming to evAluate the specific consUmptions fu the dí:fferent processt1S 
and uses. 

A few years ago, these analysis restricted their field lo relate the usefu] energy a1 the ot.cput 
of an equipmcnt with tho energy supplied to it. in ordet to show tbe possible improvernents to increase 
that quotient Together with th~se stodies,. an idea is emerging and its devetopment ís becoming ·more 
and more necessary: the quallty of tho energy aod the differentation of the energetia tlows. not on,ly 
bccause of its energetic oontent but also beoause of íts exergetic cóntent. 

This other type of analysi s, carried out from the view of the Se<:ond Principie of" 
Thermodynamics, intends to evafuate with a greater scientífic rigour tbe eff.icíe.ncy in the use bf 
tnC'1:,')'. 

' Objectives 

Every ye!ll", since 1982, the Energy Oepartment of tbe B:asque 00verrunénl picksup 
info.rmation about the consumptions of energy.and raw materl~s in the more tepresentat~ve m.(lusllial 
arcas; what affects in whole tó 320 entemrises, 21 subseotors. 50 pro.cesscs.. ~ .800 raw materlaii$1Ítld 
<\400 basíc operations, involving 960 fumaces and 400 b~il~rs. Th.is infoill\ations, Store(.l iil .su!Q~Je 
:4{ltabases, is the starting point ofthe project wbose main Unes are p-extrPrcscnt~\1-. 

"''his project háS a double objective: 
To dev.elop a systein of St:nlteglc planning in the fietd of enét-getic tecbnologies; and 

• To define -a strategy plan for equipments., processes, technologics- and' ~eetors étlnsumill:g 
energy andfor raw materials, analysing the e.ffects ofintroducing new systems: anddisposing,.U, 

Pre$enle'd at the'Fiflh Brazilian lbennal SeieocesMeell'ng, Sâo PaulO. S'P .De.eefllber 7-9. 1!194 l'écl:ini®rEditQtiti JY.. 
ENOlT Editorial OOmmittee-
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short term, of an ~c methodofO&Y to foUow thc actnall~els avollltian. 
Thcn bas betn liccessary. in ordtr 'to reatll' thls dou~Je aim. tD d&velop a"Sofiwai:C packag_e 

with a. modular stru.ctuRI which. 4Uows ~~'cWfercnt OlSks such ~ 
Simple updating of auxlUary files concer.nthg raw materiais. energie~. ·equl.pments, and so on; 

• Homogeneons and intcgrated evaluation fit SClectad procestes, m Suc.b 8 WB)' tbat diffcrent: 
pointers can easUy be obtained (i.e .• mean efficlency o r a basic operation. mean efiicl:ency of a 
process, cto.); 

• Quick cstimation ofthc effect of ÚlnQvation of cquipmc:nts ond processes on lhe eo:nstnnpd'ons 
of raw materials and mergy as weU as on the différent efficien.ci~ an<:t 

• lnclusjon ofa system of graphlc support consistlng on talrles lllld drawing whicb ald to 
systemat12e tbc .results. 

Methodology 

There has b.ecn çaleulated, for ~h ooe of thé 320 pJants beíng anatysed. the v~ ofthe 
energetio -and exergetta cffic:lcncics and the cxcrgy dcstnunion tn evccy basic ope:mtion, as weD as the 
energetie. eJrergdi:c and «anomic çosts of lbc difl"ercnt flows. .SO.-wo have folfow.ed these steps: 

Definifio.n of tlie Lógital Sffii~ture of fhe Plant. The sttucture of an ln<Ulstrial plant is 
shown as a serlcs of'blocks. eacb on.c represe.nfuts a bas:iç op~ration involVing excha,nge .Bows of 
materiais and enet'gÍt;$ and wbose alm is lhe il'ansfonnation of some fliocUo.n:al products (Fueb) tnto 
others with a blgller add~<Lrv:a:J:ue {Products). 

1'h.e felati.on ~n tlows lllld b.asJe \jj)emions Ls t!StabUshedthrough fb.c incldcnçe matrix. 
A(n,m}. The e!cments of such matrix.lljj• oorne-to +I ifflow j entcn 11m baslc·operatíon i. to - 1 tf il 
lcavcs and to O lf no physic:al relation ex~sts between tbem. 

Calco lation of the ttlergy alld Enrgy ot Eaclt }'iow. Sl:lJiting ftom tho data supplled by 
the inquests fulfiUed evcry year for eacb plont, lt i~ posslble 1<l get the values ofthe physical md 
chcmleaJ entha.Jpies, as w~ll as lhe pbysi~aJ ánd chemieal exe.tg,les oftbe diffet~t flo'Ws. Trhe
calculations are carried oul at:cording to thc md.hod of Sz.argut ( J 986}. 

Mass. euergy and e~er,gy balan~es. These balances eonsl.SI on tb._e estabHsbraent and the 
solving ofthe next system ofmalrix eqoatfons.: 

AxM -= 0 (1) 

AxE=O (2) 

where M, E and B are fhe coluiD1l-vcctors (dimensmn mx1) whose elemenlS correspond.to the .mass. 
respecllvely, to the mass, energy and e~crgy of the diffcrent f]ows, and D is the colwnn vector 
( dimcnsion me 1) reprcsenting tbe exergy dcstroctions. 

The mat.ríx 'Eqs. (1) and (2) we are basis of lhe m:ethod of traditionai lmlllysis. Hnwevcr" Eq.. 
(3) aUows the oálculati<m o filie ~iagnostio vector D, that Is. tbo exergy déstruotion fn eaeh beic 
operation as a resuJt of thc irrevClSlbllitics. 

Definiúon of Fuell"frod:ud-Loss, Any Industrial 'plant cm be çons1d'ered as a serlcS of 
subsystems mowally .rdated througll mass. eneig)' and exergy flows, ai:mlng to reacb .a detennin~ 
productivc objective. Applying tbis fim&timml.analysis. to each ba:sic of*Qtion belon~1ns to a given 
process. we define lhe fuel (F). products (P) and:l<JSSO$ (t.) through the equatfon 

F-P = L +O"" I (4} 



wltere O is almtdy known and I repr~ts tbe total irreversiblliries. 

Stamng with lhe definition o( F, P and L.tbc malrices AF• Ap und At.. (dimcosion nx m} are 
builL what afiows the detmnínation ofthe fuel and producl exergles for~eh ba$k operati:on. 

CakuJatio~ of Effidem;ie.s. Next step ís to proceed to estimare thc values oft.he energetic 
effic:iencres (conventíonal vatues) and thc exergetic efficiencres for each b~e Qp«<llio:n. So, we .bave 
roferrcd to lhe operation k 

pi li 
TJbi = -F = 1 - -

I FI 

lffr rncans lhe total fuel used in the plant. and PT rders tbe wl}ole product. lhe efficiency of 
the plant will bc 

PT 
TJr = - = 

Fr 
(6) 

Excrgctle Costs of the Ftows. Tbe energy of any fl.O\Y does nat dapend o.o llle process 
followcd to obtnin tha1 tlow. but the ex:ergy varies e.ccording \Vfth lhe process particularly1'o~lowed. 
The exe·rgy amount necessary ro gelletate a detetmincd. tlow isjust its exérgetic Cóst, a.•. 

for each basic operation ln an tndustrlal plant. llrefolh1wlng balanceófexergedc C(}StS is 
saüsfied: 

fa7 = ±s; 
i 

where e and s represeni., respeetive:ly, tbe number of input and output flows. So, foT the whole prncess 
(n basic openuions) the next matrix equatioo comes troe 

A x a• · o (8) 

Taking into account that tho number of unknown quantities. (ill) is ,sreater tltan that.OJ.:th~ 
basic operations (n). m-n additional cquations are rcquired. V~rlero ( 1986) shows diat thcse tq1Jations 
are obtalned through the establishment of a serles .o r proposals. Once the mnmx a• is lr,nl)'-'ffl. úte 
~ergetlc costS oflhc fuels (?) and product'i (P•) are iomediatly found, smce 

(9) 

P* .. Ap X Ir' ( lO) 

Tec:hnologic.al innovatlons IHld opcratlonaJ improvements. Onc of tl~e obJec~ives oíthi~ 
study is lo evahuue tllc savings in materiais n:nd eoergies W'hich are reaehed eflfler when introducitt~ 

- improvements in lhe equipments lnvolved in any basl.c o,peration or ~>ben mcorporaung t«hnoLog:jQJ 
,innovatlons. 

'11termoeconomics states that there is no cquivo.Jence between dlffercnt basic ope:ratiçms 
irreversibilities. This means that. for 8 glven operatlon. lhe gremer thc ueractic co.st orthe fuel is. lhe 
grcater the ~':ioo on lhe fud coosumptioo 31e. 

Thcrmoe:conomics s~ows Lhat wben a basjc opcra:tion i is modlfrod so that its efílcieney 
impro.vcs. thc eom.'lp(Jndln~ fuel !)1\ving (Aj) aM bé evaluatcd lhrougb lhe: expregsÍOQ 
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• Ãl"'b 
AI= KF. ·'P, ·~ 

T)~ 

whert KFJ is the exergetio cost of the fuel fCJr thal. basit opemlon. P1 ig1fle corresponding product. 
and A11b represcnts the varlation ofthe_exergctic cfficiency. Tbe above expresslon ts eniy valtê:lwbén 
Al'Jb ncither impHes any .modlfication in the rest of basJe opera:tlons of the ·CU.rrenl process nor ln the 

exergetio relations Cóncernio.g pessíble recircutations. 
For eacb indostrial proeess 1b.ete bas been defin~ 

• The minfmum ex~. that b. tbe exétgy ottbe produçt; 
• Tbe ideal similar process.. Thesc ideal processes .am esta.bUsb:ed for the cWl'erent pbysicat,. 

cltemleal transfotmations. ln such proecsses all the lost energíes are recovm.bte and theJ"C .is .no 
exergy destruction ln th:c equ1pments; 

• The theoretiçal tecb.nical ptoces.s. The mínimum e.xergy loss and de.struotion are viewed 'bolb ln 
tbo pnx:ess and the cquipmcots; and 

• Tbe ret'ererule pr()(:CSS. lt corresponds to 1he equiva1cot tndustdal proccss. perf01"1lled witb lhe 
highcst efficiency among an tbose ftom whiéb fhertJ is brlômlari.on in 1hc ditl'crent co!IDtries. 
.E~onom fel Co$tS of ttle Flows. w~ h ave; ~soc.iated lO cach flnw· of an industrial process its 

economic oos.t, wbicb tepresents the nurober otmonctary. units .pçr !!CQOild d.!aur_e,Teq\.liré;d to produce 
that flow. nus vaJue will be lhe rcsul1 of two QOotrlbntions, one ofdtem ooming fiom the mon.ctazy: cost 
of lhe- input cxetgy in ilie plant (fuel, electticity arul materials) and íh:c Qrder o_ne l.noJuding the paying
off costs a.nd the maintenance c:ostS. 

The economic: balance for a whole process ean be- stated as the folfowio.g matrix equatio.n 

(Ax il )+.z .... o ( 12) 

\Yhere A is the lnoldence matrix (aln:ady reftrred}. JJ is the matiix eontaining tlte ccoóomic coSts of 
ee:ch flow, and Z represents the ecao.omic matrix conceming fhe pay(ng-off an malntenanoe coses. 

AppOcatlol'l to the Glasa lndustry 

Nat we represent the n:sults we ~ througb-'fbe application oftbe llb<Ml ~ogyto lh.e 
gtass in.dustry, spéOifiçaJ}y 10 the g~;~ren gtass area. 

Raw Materials a.nd Produdions. According wiffl the avaUabl'e tnformatlon corresponcllng 
to 1992. tbc amounts of raw maliCt'ials con.stuned .an.d green glMS produced for ·that ycar are s'hown ln 
tbe fo1Jowing table. 

TU.1 

Raw MatoriaJ lcglprod.t 
G(eensand 34,900 483.2 
N!lspar sand 7,~6 g7.5 

NaOH 21~5 303.4 

Suipbates 194 11.0 

Dblomite 7,211 99.8 

Gree glass ftagmet~1s 9,68.5 13+.1 
Glass hgtnents a,ns 93.6 

Reeyclecf glaSs 7,200 99.7 

Total 95-.536 1.322.5 

Producllon 72,239 
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Flow Diagr•m. Bi~t basie.opérations have heen consi<leredi n tl\ç,pioduct.jón p.rocess ~ 
well as a whole of forty flows. Tbere{or~. an incidence matD.x oidimension &x-.4_9. fj~~ ~ -reJ?resey~
tbe flow diagram. There have supposed that main flow condíHons at the outpufof eàcn basio opeoúian 
are the one corresponding to the input to next operation. Elgb't residuaty beat fluws bave als~ b~en 
included (one for each hasic operation). 

Flg.1 

MeJtln.g ModeJ. A series of chemlcal reactions occur during m~ting .in Y{hí~ cJifferent kfud 
of silicates are formed. When produclng tbese sUicates, the solution ofsirtceóus acid in excess begins 
as weU as the mutual selution ofthe diff-erent sfficates until tbe whole me'lting is reaohed. 

The main chemical teacrions wruch typify the melting operation in our reference proc~ss are 
the following: 

Al2Üj + Si~ ~ Al2Sr05 
Fe2ÜJ + 2Si02 --+ 2FeSi03 + ~02 
K20 + Si02 ~ K2Si03 
CaO + Si02 ~ CaSiO~ 
2NaOH + SiOz ~ Na2Si03 + H20 
BaS04 + Si02 -+ BaSi03 + S02 + 'h~ 
Na2804 + SiOz-+ Na2Si03 + S02 + !.G02 
CaC03 + MgC03 + 2Si0z -+ CaSi03 + MgSi03 + 2C02 

(13) 

Tbermod,ynamie Data. Tbe values ofthe formation enthalpy are obtained from Per.ry 
(1992). With regard to the standard chemícal exergy eiíberwe have réferred to the values.fomished by 
Szargut (1986) or we bave directly proceeded to calculations when missing. 

Mass. Energy and Exergy balance.s. Table 2 shows the mass, energy and exergy of the 
different tlows belonging to the reference process. 

Flow 
Raw materiais ry\1) . 

Bottle gl. frag. (w) 

Recycled glass (w) 

Electricity 

E!ectricity 

Fuel (meltírig) 

Air (melt.) 

1'able 2 

Mass (t) 

78,651 

9,685 

7,200 

625 

13,094 

Energy (Gl) Energy (OJ) 
16,102 45,514 

4,146 2,934 

3,082 2,178 

neg.ligible ne.glig.ible 

negliglble. negligible 

33,225 31,076 

o o 
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Flbw Mass (1) En~(OJ) 

Gases (meltJ 2i,tee tt,~9 

61assfnlg. {me1l) 7,650 3,$5 

Fuel (cond.) 18 933 

Alr{cond.) 317 o 
Gnes (oonó.) 3e5 212 

GIQs·fr8g. (con~~ négJigfble ,oegllgible 

Eledricity 54,929 

Gtass falg. {fbnn) oegljgible negligibtt, 

Fuel (anneal) 28 1,452 
Aif (enn.) 586 o 
Gases (ann.) 614 330 

Glaas frag. {11nn.~ n~llgfble negfigible 

G.las-s frag. fq.c.) 7~00 õ3.082 
F uel (retrao.) 3 197 
Alr (retf.ac) 63 o 
Plastlo {rettac.) negligible negJiglble 

Gases (re.ttaQ.) 66 36 

GREEN GL.ASS 12,239 30,918 

Output·1 (welg) 95,536 23..-3-30 

Ot~tpul•2 (míX} 95.536 24,233 
Olitput-3 (melt.) 79,439 34,929 

OVtpul-4 fcond.) 79,439 34,929 

output-S (form.> 79,439 34.040 

Output-s (ann.) 79,439 34,000 

Output-7 (q.c.) 72,239 30.918 

Heat Loss.-3 7,245 

HeatLoss-4 721 
Heatloss-5 55,8'18 

Heat Loss-6 1, 1;62 
Heat L.oss-8 1&1 

Table 3 lndi.cates lhe excrgy destructioos ln eaçh basiç o()el'lltioo. 

'Tlble-3 

BasJc Opcration Exergy D~ction ('GJ) 

Wefghing 9 
MlXlog o 
MBIUng 43;696 

Condlt!Oning 203 

Formlng 19,742 

Aoneallng 374 
QualilY Control o 
Retraoting 170 

!nei-~y"((JJ)' 

4,792 

2,,3&1 

873 
o 
85 
Aegliglble 

54,928 

negigfble 

1..358 
o 
133 
neglig!Die 
2.183 

184 
o 
negf~glbJe 

14 

21 ,897 

501626 

50t6l6 

24,831 

24,&31 
24,096 

24,0$0 
21 ,897 

5,992 

585 
34,282 

866 
negllglblé 
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Energetíc and Exergetic Efficiencies .. Once lhe funct1onal analysrs has beert petfbtm:ed an(l 
the Fuels and Products bave been defined for eaeh: basfc opei'ation, th(: efficlenc~es can bé calculated. 
Table 4 sbows these values. · 

Table4 

Basic Operation llen 'llex 

Weighing 1 1 

Mixing 1 

Meltlng 0,723 0,341 

Condifioning 0,993 0,991 

Formlng 0.3~2 0,305 

Annealing 0,987 O,$l83 

Quality Contro1 1 1 

RetJ:acttng 0,995 0,993 

As a oonsequence ofthe starting hypothesis, the operations ofWeigbing, Mixing and Quality 
Control tum to reach unitary efficiencies. 

Tbe lesser effidency operations ato .Fonning and Melting . Concerning the operation ,of 
Forming, tbat is dueto tbe fact that tn such :an action the consumption of e1ectricity coincides wltlrthe 
destruction Gf exergy, since ali the e lectric powet becomes lost heat, whose exergy is a p~rt o~ th.~. total 
losses, L. On the other hand, the low melting operation exergetlc efficiency is a consequeneé óf the 
important irreversibi.litles inherent to both tbe combusti:on and silicato forrnation re'acti'ónl; anel,, 
besides, to the heat transferprocesses. 

Exergetic Costs. By using the eight equations, resulted from the .application of exetgetiQ, 
cost balance to each operatíon, .and the additional thirty two relattons, obtained thtough .an ·ox-ergetic 
cost assignment method based on Tbermoeéonomrcs, we can calcoJate tbe exergetic cost of each flow, 
as well as their unitary costs (see Tahle 5). 

Tabte 5 

Flow Exergetíc Cost (GJ) Vrút. E,xerget.ic Cost 
Economic Oost 
~x.t'or6 j>tas 1992} 

Raw materiais 41 ,3"\2 538.9· 
Bottle frag . gl. 15,653 5.908 107.4 
Electricity (w) -o -1 -o 
E-lect. ( miX) -o -1 -o 
Fuel (melting) 22,301 1 106,8 
Fuel (cond.) 203 1.1 
Elect. (form) 49,436 131 ,4 
Fuel (ann.) 360 1 1,.8 
Fuel (retr.) 170 1 ·o,7 
Plastic -o ..:.o -o 
Output (weigh) 56,965 1.2954 64&:3 
Output (mix) 56,965 1.29~4 ·64Et3 
Output (melt.) 79,266 3.5105 753.1: 
Output (cond.) 79,469 3.5195 754.2 
Output (form.) 128,905 5.8832 88~.6 

Output (ann.) 129,265 5.9~34 887A 
Output (q.c,) 129~265 5.9034 887.4 
Output (retr.) 129,435 '5.911 ~8,11 
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TabLe s makes olear t:ba~ as we go ahea(ftb:ro~.SJi ~ess, td(*"Y:e~~tic ~st ~mes 
grealcr. siru:e exergetic contribution to producc a·detemthied .flow iS .all the grolí.fer be-u.usc th<i-tlów (5 

more ahead in tlle proccss tlow diagram. 
So. as an example. tbe eurgetic cost of t.he smap glass in meltin;g is about 4.54, whereas the 

exergetlc cost oftho scrap glass in.Ule quatity control tums to bc 7.05, The"Uilitar)' exergerle costofthél 
grecn giass (final product:) is about 7.06, 1his is, to prodttee I kJ of ~ergy tlrerc !'las been neoessary to 
use 7.06 kJ along lhe process. 

Snlng MeasiiJ'eS nd TedníolotlcaJ ldiióutioD> lberc has bl:cn-also eval:w!.ted lhe effect 
on lho Pue1 consutnption (etlergy aQd raw materWs) derivect from botb tlle applicatlon of saYing 
m~ and tedmologícal innovatíons. Tabte 6 ~íc:ks up th~ resuJts obta~ wben :improvements ln 
basic open~tions lead to incre~ oftfle global ~crgetíc eftieicncy ofl%, S% and 9o/o.. 

r.a.e 
Basic ()peratioo I<, KFJP1(0J) À.llb· -l% 1 Âlllij ""5o/o ÂlJ),j ot9% 
Welghlng 1 9253n,3 

MiXIng 1 92645,6 
Melting 3 41105.2 10171 .. 6 t6075~ 28450,1 

Conditlonlng 1,03 109753,0 2.851,8 
Formlng 3.31 50140~ 1Sllt8,0 23848;8 4i 813.1 
Anneallng 1,06 159891,2 5661 ,7 

Quality Contrai 1 170004,8 

Retracting 1,01 153279 

As it can be easHy observed. tbr agiven inc:reasc oftõe pl'9(:ess enér&e~ccfi'içig:J,cy., the best 
result is reached wtum lhe impl'D'vemenl OCC(ll'$ in th,e opeml.iljlns .c>f McU.ing. Anncaling and 
Condíliorung (.in thls order). 

Flows E«oomic Costs. &onomic cost of eaoh flow has beco cstlmatedt just Qlkin.g .inti> 
aCCóunt th~ manetary co~ ofthe ful.lls1 raw materl#lis .an:d electrlol:\y. Thr& eaJculation hàs been 
pc:rfonned m such a Wl\Y smce we have not been able a> get any inionnation: on tb.e money eosts, 
maintenance eosts and so on. Last'"column on TabJe S pr.eseríls t~ vJI.lues into 1992· pesetas. 

Conclusions 

There has beco developed a osefuJ lmplement for technologicaJ evalúation. maklng 'leasible 
diffcrent. techno.Jogioallroprovement ln tqu[pmcnt, basic operatrons md proeess~pássib'iÚties 
assessment. We are ín :ftont of a system. open and integratcd. w:hll:h allows us to plan :and establish 
glob~ strategies in tb:e fleld oftbe teetmological devôlopment. 

Such a systcm is based on lhe use rif lho System Theor:yum<l the :b:taotpQtationof both tbe 
Exergetic Analysls Method and the Tlteonoeconomies. what leads to thá' d:etcrminatioq1Qf -~ 
efficicncies in basiç operations as w~fl as the csttmati:on Gl ex.e.rgctii: and econonúc costs &.f lhe 
differen1 flows taki~g part ril eá.eh proquct.íon proooss. 

As an cxample. we havc off«ed dte results obtllined wl:len :applyin& lhe .àbove.-a:p}àined 
methodoJogy to the green glass fndt:rsttlal area. Tbls application more outstanding tx>inls are: 

• Greatest CX.eJI&Y destructlons occur in melting opcration (93.696 OJ) and Fomi'ilia óperation 
(21 ,062 GJ). 

• Main flow unitaty exergetie cosu gradually inetta$e in foll«WWing basic operations (frorn a 
valuc of 1.83 in 1he firSt operatíon up to a value of 7 .~ m tast opemtlon); and' 

• Green glass cconom:ic eost {witltout consldering money and malntctnUlce CQSU) goes ~p to 14.5 
ptslkg (abóut 0.11 U .S. $/kg). 
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We can finally concludc that therç has been deye,)oped asystem be:ing able tq ~ive tm9rit}t ;to 
the basic din:ctives concerni"ng energetíc lnóovatión., raw materiais and enmonmenf. 1 1 
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Application of Co:mp~ehensjve Simul,ation .af 
Fluidized-Bed Reactors to the Pressurized 
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Absttact 

The first attempl to apply a previously devcto,ped computer .PFOgtam to scim~ilate. a pc~sumed flU:idiz~.d..bed 
gasifier for wood is descnõed. The experimental tests Welll tc,ported by thQ ln$titu.te of Oas. Teclm.olggy_ (ttS.A. ), 
whlch developed the pt:ocess and the equipment. .Among lhe óverall and internal cbaract~fi$tics o'f•the eq:Ülpmeot 
operation obtai.ned by simulation. lhe paper IUustrates various àspects oftemperature, composltion.;p.aiticlc-size 
distribution proftl.es th.rougbout tbe bed anil fteeboard. The ave:rage dev~ations between ·these v alues ate 
relatively small and .allow the use ofthe program to caJ.I attention over possible improvements in the-process. 
Keywords:Piuidized-Bed Raactors , Biomass, Pressilrized Gasitlcatfon 

lntroduction 

An increasing pressure toward lhe rational and environmeot mi:nded use of biomass reserves 
for power generation h.as iocreased ali over the world. Wood, forest and agriculture residues are the 
primary target for thls utílization. ln the particular case of Brazil, this apptication is even more pressing 
dueto lhe exhaustion oftbe sources forhydroelectric generati,on. 

Higb injection temperature an<l lúgh efflcieney gas turbine systems are the most attractlve 
processes for that app!Icati-on. At lhe sarne time, the pressurized Pluidized-bed process is tbe most 
suitable process for the gas generation. Among otb:er aspects, thls is mainly dueto íts superior degree 
of controllabllity, lower rates of po·llutant emlssions (NOx and Tar), bigb turii-<1óWI1 ratíós, when 
compared to other processes. · 

Due to grea.( am·ount of variables and para:m~tetS to be optimiz_ed for eae:h speoific 
applicalion. the use of comprehensive simulation programs is a oece~sity. 

The present matherrurtical model and sitnu.tati<ltl for F.lui:dized-Bed téact~I'S wete p.reviousJy 
developed (de Souza...Santos, 1987, 1991) having in the mind that applioation. Althottgh tbe prog,am 
reproduced, within small deviations, data obtained from operatioos ofboilers using bítuminous and 
sub bituminous coais, no tc.st was made for pressuri:2:ed biornass g_asi.fication. 

Due to lhe necessity of our work at IOT, tbe simulation p.togtam was improved.. and greatly 
rewritten, to be able of simulating 1he RENUOAS pilot \lfl'Í.t The tlpa.l o'l)j.ective was 10 use the 
pro,gram for prooess optinúzation and to help during the sca'llng-upto large iiidustdal site units. 

The Ma.thematical Model 

The basíc hypothesis and equation ofthe model can be found in de Souza-S!UI-tos (1987, 
1981 ). The computer progra:m bas been improved to allow the applica'tión to carbonaceous and other 
particles with geomctry other than sphericaJ or near-spherical (de Souza-Santo-s, 1992). 

As a firs.t aJ)pro~imation. the production of h)'drocatbons otheí than. CH4 and C2H6 were 
taken from tbe Tar fraction in the devolatilization proce.ss. Althovgh thl}se components do J'!Ot 
representa major part ofthe produced gas, some more work Is needed here·to improve .the evaluation 
of their contribution. 

The IGT Pilot Unit and Experime.ntal Tests 

The basic characteristics and input conditions fo; test TI2·J are presented in Êvans et al. 
( 1986) -and reprodu.oed here under the fott:n req_uired by tne sitnulation p.regram. 
Pr&septed at lhe F!flh BtazlG;m Thermal Sctence$ Meetlll.Q. SlO Pablo, Sf>Oe~~r 7-9. 1994 Tech.niç:al EditOrshlp: 
ENCIT Editorial Commlttee 
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Tablt t Pl'l)Xii'I!&W analysls oftlte w.ood ·feec!intil 

Fraction ofth~ carbonaoeous sotrd 
Moisture 

Volatlle 

Fixeél oarbon 

Ash 

Hlgh Heat Vatoe {OJY) 

Mass percentage ,(,wet basis) 
4.94 

79.39 

t4.90 

0.77 

19.14MJ/K.g 

Table 2 Ultlmate analyais·oftht·WOod feedlng 

Component of the carbonaceous solid 
c 
H 

o 
N 

s 
Ash 

Mass fractron (dry'basis) 
{)"1'840 
'0.0631 

e.4423 

0.00<21 

0.0003 

0.0082 

Table 3 Other cbaracterlatlcs Of the wood teedil'lg 

Property 

Bul.k density of the carbonaceous solld 

Apparent density of the carbonaceous 
solid particle 

True density of the carbonaceous solid 

V alue 

160 kgim3'" 

720 kg/m3 

1750 kg/m3 

Sand was used during t.he tesl to control the temperature and 130 kg was fed just once. 
Therefote, it is a batch operation regarding this solid. Its particle densíty was3560kglm3. 

Table 4 Other condltlons dul'lng tesfTU-1 

Condition 

Mass flow of éartlonaceous feedlng 

Mass flow ôf the 0 2 + :Steam mixture ln~ 
jected near the bottom 

Temperatura of the 0 2 + steam 
lnjected near bottom 

Composition of the 02 + sfeam injected 
near the bottom 

02 
H20 

Componen.t 

Mass flow of steam iojected just below 
the 0 2 + steam ínjection point 

Temperatura of the steam 

Mass flow of nítrogen lnjected (a) 

Pressure of gases injected into the bed 

V alue 

8. 113E-2 kgls 

4.03-3E·2 kgls 

0,5102 

0,4898 

2,946E-2 kg/s 

672K 

4,379E-2 kg/s 

2., 17.E+'6 Pa 

(a): Nitrogen was used for se.attng and, as a simpHfleation, -it llas been asswned thatan 
injection entered the bed at 0.381 m from the bed base. 
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Results 

Tbe expe'rllliel'ltât and simul~tion te$ttlts l)r:C-préScnttd in d1&Table~ 6 and 7. Mo.re properties 
ofthe produced gas ãre prescntcd in 1âb1e 8. 

Dlmension t:Jr eondition Valuç 
Bed equlvalent hydtaúllc dJameter 

Bed dynamlc lleigbt 

Fteeboard éqllivatent hydtabi!O dlan'létet 

Posítlon of thhe to!> of lhe 1reeboard 
(measured trem he 'bed baSê) 

Poslion of the carbonaceous $01l<t feed· 
ín9 PQínt (measuted fl:om lhe .bed ba:se} 

o.2wm 
1.,:58Sm 
0,.(51 m 

6,14.7m 

0,381 m 

Table 6 Compotftlon {vot. %) oftM produc:ed 9•• fl'om fntT1ll-1 

Componen:ts Experimental 

~ n.oa 
~o 35;82 

co PJ.;OO 

H2. 12,05 

Cf-4 7,31 

N2 Hl.18 

H:lS n.d. 

C2H,. ·0?03 

CzHs 0,22 
CaHa 0;00 

Cr;He O.l'/ 
s~ M. 
NO n.d. 

n.d.: not determ!ned or measuted. 

Total ma" floW or pro®ced ,gas 
Mass t'low of solid entra!Md at the top of 6-Mboatd 

Fluidlzatton voidage (.at lhe mfcldle oflbe tJed} 
Minimum fluldization velocl~ 

Superficial gas velocib' (at the m1dc:lle of the bed) 

Average temperatura at the .mfddle of the beU 

Circutation $e of camonaoeous partide$ (11V81'8g&) 

Simulation 
17;Ó1 

$5,91 

6,8$ 

lJI,BB 

s,s.a 
19~7 

0,53E-& 

0,{)3 

0,20 

ll,42E~2 

D,11 

O.SSE-~ 

0,$QS.7 

Vilbc 
EJ(pefiméntal Simi.dation 

0,1843 ~g/$ 0.1837 kg/s 

o.210E-41çgls o.wE..s KgtS 

t:U1 'O;~ 

n.,d. 
0,5~m/S 

1105K 

n.d. 

o.oa2 mts 
·0.51.mts 

1t39K 
32:.6 kglm2/.s 
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Table 7 Some ct>,ndltlon~ and -parameters for test 1'1'2?1 (continuf!d) 

Circulatlon rate of lhert partieles (averag&) n.d. 32S,O '~glm21s 
Average residen<:e time of,partlcles (based·on the·feeding.rate) n.d 11-75 s 
TDH (Transport Disengaging High) !l.d. 5.677 m 
Mass of tbe bed 

Straflc bed depth 

Pressure drop ln the dlsflibutor 

Pressure drop ln the bed 

Extemal waJI temperatura at the top of the bed 

Extemal wall temperatura atthe·top of'the freeboard 

Percent of power input los! to exlernal amtitent 

n.ct 

i't.d. 

n .~ 

n.d. 

n.d. 

n.d. 

n.d 

95.3 kg. 

0.834m 

t2 Pa 

6278 Pa 

360K 

372K 

1.78% 

Carbon conversion to gas 90 .. 2 % 86,57 11/o 

Combustion enthalpy ofthe proáuced gas ·(dry, cleah, at 298K) 7.3-11 MJ/kg (a) ·6.815 MJikg(>b} 

n.d. : not determ.ined er measured or report-ed; (a) Calculated from tbe<Fe;ported·gas compesítion; (!b) 
Carried with the produced gas streaxn. 

Table 8 Some specl!ic data, obta.lned' by almulation, of the produced gas strea!l' for .test T12-1 

Property or Condition 

Temperatura 

Pressure (absoluta) 

Specific Heat 

Density 

Vlscosity 

TherrnaiConductivity 

Average Molecular Mass 

Density at standard condítion (a) 

Volumeflow 

Volume ftow at standard conditlón 
(a) 

Adlabatic Flame Temperature ln alr 
(mixture originaUy at 298K~ 

Adiabatic FI ame Temp.erature in 0 2 
(mixlore originally at 298 K) 

(a): 273.15 K, 101.325 kPa. 

Discussion 

V alue 

1089 K 

2.164MPa 

1884,2 Jlkg/K 

5.4·Mik'g/m3 

0,404E-4 ·kg/in/s 

O, 11 04 W/m/K 

22,74 kglkmor 

1,017 kg!m3 

0;0337 m3/s 

.0.~805 m3/s 

14-53 K 

2212 K 

Tbe tempe.rature profiles of the varéous pbases in the bed ·anq in 1he. freeboard are presen,tyd 
in figs. 1 and 2 lt shol.fld be ooticed that the inte.o:ne,dlate fl?jecmon of c:o1d (29'81() ni.tro_gen proy-okes a, 
sudd.en decrease in the bu!}ble phase temperatute. After tbat, the temperatures of all phaSes tend {0 ~ 
single val:ue. 
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Fig. 5 Conecenfratlon,profllee of N~ and liar•ln the emulalon 

Tbe most important concentratíon profiles of gases 'tn the emuJsron are pr~~ted ln Fig~. J 
to 5. The rela:tive sudden decrease of C~ (Fig,_ 3) is mainly due to tbe lnterme<fiate injeotion of'ln~rt 
gas. Of course, no sealing gas will béused in (he industrial síze uaít 

The decrease of H20, sbown in Fig. 4, is due to the com~lned ~ffects of intermedjate 
injeetion of gas, devolatilizatiQn (wood feedmg is made at :0.3 111) and the eonsumption bb;' c.H20 
reaotion. Ou e to the relatlve high temperature of the be:çl, tbe fast devo.IB.f!lizatlon oco~s neat tbe ""oQd 
feeding point. as sbown in Fig. 5. AJthou~Mhe-simulatioÍl shows that oo ~r can sui'Vive the orackin,g 
process - that takes place near the wood fteding point - durlng, the éxperiinén1s. some suspénded Hquid 
o ii was observed in the g!fs stream leavin,g the freeboard. Th:is Qtar b_e caused by some. dt;gJ:ee of 
segregation of the lighter biomass paJ'liicles :from the av.etage partícles in the bed. The floatíng woO.d 
suffers devolatilization near the top of the bed. Therefore part of the refeased ta' does not hav~ 
sufficienl residence time to be eompletdy cracked. 

Just as an illustratio'n, the profiles ofsome gases in the bubble phase are prese1;1t~ in Fig. 6. 
Tbe mass traosfer betwee.n bubble ahd emulsion phases is exernpUfi.ed by the CO Concentration 
promes in those phas.es. as Ulustrated by Figs.. l and 6. Tbe .expeyted mlléb sl,ower consumptlon of 02 
in tbe bubble phase than in tbe emulsioo can. be óbserved. 'fherefore, it is necessary to pro vide enough 
space for complete transfer of oxygenfrom the bubbles t0 the erou:lsipn. A,dtted to that spaee; an extr.a 
bed height should be reserved to allow proper progms of the.rect:uclng reacti<!h.s, The prQgteSS can :be; 
followed using the simulation w.hieh provides the profiJes of'tbe various gas cçmJI!bnents or tby plotfing 
the compoted reaction rates. Of co.urse; at th:e top of the fr~el>oard, th(( cómpositiQns tend to tfu>.se 
obtainable at lhe chemical equilfbrium state at lhe exit temperàture. On tbe :other hand, fbe gas m'*' 
leave tbe reactor before fue equiHbrium ofhll reactions is ~cacbed. Tbe simnlation can bé used to verizy 
these aspects. 

The intermediate injection of gas led to lhe sudden increase on the superfloiul velocity uhd 
on tbe total void fraction, as shown ln Fig. 7. Also, rhis leads to the sudden iucreases o.n the-ratl,t's of 
parti ele circulations in tbe bed (Fig. 8). 
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i~~~, ~--------------~----~ ... 
~ 0.05 f' ~=--'---~~5:::~~-~ 
oa.~~--~~~~~ .. ~~~~ .. ~-
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Ag. 6, Concehtnltlon ptoflleil óf Ç02o co· and Õ~ Íhth'é bubblé ·ph41se 
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Conclusion~ I I .. 

. As it eould be V:tif~fied? ~,: ~·~~t~Jon 'iepfciduc.e4_~~Wof ~~ i1fw6rt~t-.a~~1~~ offl!e 
expenmcntal condlttons w1tllln 5% q~Jlltions,. speot~ly f~r"th',!l toial tíàr1rotl. convel!Sto~ P.I"O~ile'1\ '~® 
composffio.n. m~JSdlow""an:d te~@tt~IO:, , . · . ~J 1 1 • 1 • 1 1 ...L 

Only a oomprehcns~ve s:únulation ~~ ~~b.Le of ~roviding !nfó~ation on internal .~c;c~,.o;f 
1be ptocess, fOt if can eom.pnte,jhe ~:y:erate<and.ur4jv-tdualll~W.m;po~JttQn>l\í!<l:·témperatuteJ>r.-ofile~, 

Additia~ W.<>tk;-cqllld.-bé'45'>ltêireg~g4~~ stoiCh\wp~!fY:·of1h~,tlJI' 4ePs>mposi!Jo!l'.~9t·afl~ 
better predictions of some hydrocarbon pmduetions. AJso, some stuey should be carried on'the rate of 
fine genemtion d;ue to àttrítion of charcoal parti eles. This could improve the results of párticlc 
elutriation rates at tbo top af lhe :freeb,oard. · 1 ' 

Aside the underestimation of the ehrtriatiõn rate, the si:mulation shows tnàt 'soitri' ma(e,;1ã1 
sbould be continuously (or atJnlervals) wlthdrawn from the bed. Othei'Wisê, the bed lieisbt:wou!d 
inetease steadily. This may not oonstitute a probletn for relative1y shorl: operirtion .pet:iods~ 1 • I 

Desplte tb_ese differences, the simtilation is already useful to illustrate stweral asl)eots ohfie 
process and to indicate thc path for improvements. For. instanee, the amount ofinjected'stearn, whic:h 
caused relativety higb <:oncetrttatlons af Wàter in ille :produced gas, can be deereased. Tbese ~~ss,IYç 
amounts were ~ed to .av~i~ ~Wip~ra~~ .~~v~ ~e .1lS~ ~flerililg -po.-11\t s,t the OJtt'$OD i:Qj~fctlop ~·hicb 
coutcf tead to partiÇle àggljlffnít.tiort aíla .h~ ·coJJtlP..Si.Dg due ·tO lo~s ()f p)ufímiuP flúi~i:m '69Jti'l!'tío()s, 
A possible m~tho~in ~~lve .the prQbléJJ! Of!~d.. ellij)loy s~~ injettlons·!lfoxv.gen. A(1Qe _!ii_!!)-ti1~~t>Ji 
computes the temperauu:e of each soli<f.andJ~a&J,!base a~ illlJPOints.a~the ~-stcm •. lhe, injécüon positió.ns 
and conditions can be studied to avoid agglutinations. Once fhe objective is defmed. the program oan 
be used to fin:d the best strategy, as weU as to help during the searcb for ao optlmlzed design of an 
mdttstrial size un:it. 
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AbStract 
A computationat program tó evalutl; nenequirlbrinm reacti_ve f1'9ws o~ C!>m}?~stiqn prjldyets ~g'!l q:~nyergen~
diVer,geot nozzle ís developed, The basic assuinptloli$ m ·:·twQ reactive.$)'sterns· (~,2lilld 1_":2) jm_dH2 ân.d OV) 
and bidimensional flow. lhe results _compare ~O te tbeO~cal aod exper.imentà:l data from tbé' Jlteraturo. 
Keywords: Nonequili'btium ReáotiveFloW$. Coóvergen:t:-J).iv~genrl'{o'Z:Zie, Methõd rof Olara<iterisfits. 

Resumo 
Neste trabalho é apresentado um modelo para escoamento reatlvo em desequüibdo qufmlco através de bocais 
conver~e~te•díve~gcnte.O método cmprega:do ,para a solução num ética ~ éiu~~õe;s 6 o. ~éto~Q. ,~as 
earactenstícas modifieado p;u-a levar em ·conta os tcJ'IIlOS fonles resultantes da mcl~slio da.s-'ré~s>qulnilcas 
entre as espêcies P.resentes. ~nsi~Sé dois sist~l!lll$ re~e!l Hz e F2 e~ e~, adt9itindo-se a 'hlpótese 
hi:dímensionàl. Os resultados :do-pro.grama computai{ional elabôfa'do são ·comparados: com ouuos trabalhôs 
teéricos e ·experimentais mostrando ~boa coticórdãnci.a.. Sfo apresentadas ·tátobém roontpuayões. eiitré-ó 
presentemodelo.e· outros mais r:estriü:vos emlerJnoS: & hi,póteses. · 
Palavras..c.bave! Escoamento Reativo, Bocais Cónvetgente-Divergente, Método das Olw:terfsticas. 

Introdução 

Neste trabalho é estudado o eseoamentó reativo em uesequi11brio qufdti_co·atra.v4s de-bocais 
cc>nvergente-divergente, visandQ eoleta:r S.ubsfdios partt UJtfptojéto ÔtlfnO' dêste.s lboéái.s. Ó$ ,qtJai~ 
podem ser componentes de motores a:jato úmbo(#tor.es. liJ!J>qfcans;'estato.reatores f:-m~toredo~etesl 

Prooura-se .af;luí a implementaÇão de m~los de. eseoameJttôs rea!Wos bidimi:nsionaJS.,-c\lm 
a finalidade de prosseguit os 'trabalho-s jã:realizados sobre a.o~o ~ conlOma;destes )locais para 
a obtenção do em puxo máx:fmo, onde o ·~oamento :fói considerado-congelado, Pagiione et:al. (19&:8), 
e onde o escoamento f0i consid~ em de~quillbrio·qoitnico un!élime-nsional, Batr()s, et ai. (J;990). 

Utili:zando-se as equações de conservaç§o de massa eiie energi.ll e a·equação da quantidade 
de movimento, estudou-se o compartamento .cios produtos- de CQIJlbustã:o dos reágentes (H2 e f~) 
escoando atra.vés de um bocal, eônsideranda~9, porJtfpótese, bjdimensionat: C'()mJ;~aramm-se então os 
resultados obtidos com outr()S semelhante~.'ê:n'éontrãdQs~a Hterãtura. conpl finàlidade d'e validação d~ 
programa impfementado, A seguir; analisou-se o sistema clo.s t~agentes (Ji2 e 02); ~mparando-se. os 
resultados com valofes experimentais enoonttados emf avll etâl (1..98-7), Smil:h et al (1987), Kacyóski 
et ai. ( 1987). 

Formulação Matemática do Problema 

Conforme apresemad& por Z.ucrow et al;. (~77), o. sistema de equações que desC~~eve o 
esçoamento r.eativo bidimensional êln regim~ permanentt é o seguin~ 
:Ptesented ai lhe F'dlh &azlnan Thei'I'MI Scienc$ Meeting, São f>ll\llo. SP De~ 7 ·9, 19941 Ted\nical Editor.ship: 
atCil Editorial Commt1tee 



ou av ap op 
p-+p-+U!....:...+v-+8pv/y =O 

ÔX· ,~y ax ey. 
õu au a.p 

pu-+pv-+- =O ax oy õx 
(2) 

ov õv ôp 
pu-+pV-+- =O 

OX ôy Ô'y 

(3} 

uõp+vôp +-aauôp -azvôp =IV 
âx ôy f &x f {)y 

(4) 

ac. ac. 
pu-

1 + pv-
1 

= o-. (i = l , .... ,n) ax oy • (5); 

Equações Caracte.rlsticas: 

(dy) = Ã.. = .! (Linha de corrente) 
d:x . u 

(~) 

(:) ± = /..± = tan (9 ±a) (Linhas de Mach) (1) 

Equações de Compatibi11dade: 

dp+I'>VdV =O (8) 

(lO) 

JM; -1 (·<>sene \11 ) dx:r: ---dp ±dO + __ .,.,__ =o 
pVa ± ± . yMr pv'\ :. .ços_{'(}:±;a.) 

(H)· 

onde u e v são as componentes de vclGcidade· n:âS dire·ções x e y, respecô:viunente." é ~ ~s:sif 
~pecifica, C1 é a fração má.ssica da espécie qtúmicll i, ~ é a pressão estática,. x é a &oúrd"e-)l~dl!.-~ 
direçâo paralela ao eix'O do bocal, y é a. coordenada radiai do bocal, n é o !lúmero de espééles qúfmicas 
t;nvolvidas, Â. são as inclinações das llnl1.as camcteristiw e ( o,+, -).fndieam~ll(la UJD'~das .. t:i'~.Jij}tn~ 
caraoterlsticas existentes. Os demais termos sã:o definidos abaixo: 

p -= pt 2: CiRi 
l=>l 

v ' ' MI = - = nlime~o de Mach • congelado" 
ar 

at = JycR-t 
c-pf 

'tr = -
opf-.R 

((Z). 
';. . 

. .(13) 
J I 

-
(l1Í) I 1j. 



n 

·Cft~ = L C1cp.l: .onde c .é o calor especrticO;do componeoteJ 
~ p • 

l =I 

R = ! C1 R1 = constante do gâs 
ial 

onde Rt é a constante do gâs para a espécie i. 

n 

1.11 = L hrRit- (yr-l)hi] cri 

I 

h1 = JcP1dt +h: 

~ 
onde 1\ é a energia de formação da espécie l por t.midade de·~sa. 

(16) 

(17) 

(1~) 

(19) 

O termo a i é a função fonte da espécie i numa mistura de gases <fulrnicamen~reafiva. :i?cara· 
esta mistura de gases, onde oéort.em simultaneamente várlas reações, a eq,uaç!~ ·geral da -~o é: 

Jl k li 

L l)tjAi ._ fj •Í: I)IJ Ai (i=l, .. .m) 
i= I kbj i ai 

(20} 

onde Ai é a espécie químíca i. 
A partir da Eq. (2()) e das leis de cinédca qufinica obtém-se .a seguihte·expreS:são: 

(21) 

onde Ktl e Kb) são as constante~ das taxas de ~ão ~as eq)Jaiões químicas no s.entido diretp e ifiv<5~, 
m. é o ·nfunem de reaçõ~ -quúnicas do mecamsmo ·ctnétlco .. D\ é. o . .Pesa molecular .da espéçte l • . u i e 
u" i são os coetieícntes estequiométcic.os <ia es.peeie i na~ f. . 

Para a solução do sistema acima apteserttJdo(l a 'S) .utilizou-se o 1;11étodo das.c~ósticas, 
o qual possibilit:t .S!fbstitl:lir ~te por um. c.onj1;11lto d.e ~(l.l:taÇO.e:Hlat:act~Fisth;as. ( ·6 e 7) e de 
compatibilidad~ (8 a, l l). · 

Aspectos Numéric·os 

O método das características foj implementado usando téênic.as ~e" diferenças tirtitas. A.ti&J 
mostra esquematicamente a m:alh.a usada para a determinação das· proprtedades· ~· um,nQ.vo p,<i!n10 ~4) 
a partir de três outr'Os conhecidos ( l, z·e 3 ). A :iécnica consiSte na d~t_e._nni~aÇã0-da posi§J<} .d1este.~on~h 
através da inters~cção da linha d~ M4ích, a e.sque1da (C+) col)l a ~ÚÍha.~e ooJ;reote· .{Ç'o). A. linha de 
Macb a direjta (C-) é então estendi.da para. trás de rn.Qdo ~v~ pcaltzarltl'/OQ.to S:en~~ e 3, sen4o qu;e 
as propriedades de·escoàlliento Slo Galcu~~a,s JXll' m~rpoláÇ(~\inêli.~As pi:opti'écíj!i$ de! ,eséoàjneriio 
do ponto 4 são obtidas pela integração das equações de· compatibuidade ap Ípnge> da 1.Uiha de corrente e 
das duas linhas de Mach. 

Ap longo das linhas de Mach (C+.&; C.-) o m~tado ~e integJàçto uh~do fe! o preditor· 
coactor (P(EC)o.), conJonne Zucrow et ai. tl917~ •• por sére01 as eqqações tilais sitnp.l'ês do pon~o.de 
vista numé~ico .. Soõre a linha de caa:ente fG!.'adotw.:Je:-o..:método. de m.u!tiyalQrtS dy G:Ef.:R ( t97I) que é 
adequada à integração lle equações tipo "'st~ff" enco»tradas. llQ !llo4elamento do mecanismo de rea~ão 
do p.roblema. 



Como o método das:caracterlstfeas·aqui UsMO-:está restôttr ao eseoamenm su~~·eii:Ste 
a necessidade de orna finha. de partld:a de pr~p~ed~<le.s· 'êót1h~c~das·:Íoea1izada :apõs din'hà' sôJ)Í~ dó 
bocal Esta linha é d.e· Mllcb c composição .quúrtica ~n·stantcrê.-fõf 'Obtida attavés da série· de 'Klltg~l ét 
ai. (1965). 

I 1, 'J t "I ,_ .. , laiciÍif 
5 IWI'III latàtal• 
t ~JtS.I'f~ 

• 

J. 
'fig. 11 Malha de dffitrtQt;as finitas emp..-g•da 

ó programa de computador fdi implementado num equipamento compatível com a hnba 
ffiM-PC 386. A. linguagem de JlJ;Ognunatllo em:pcégada 1oi [ ;URBO P A&CAJ:. '55. O tempo· d'e 
pTOcessamento neste équi'pamento varia ·conforme o ·bocal .a ser calouJado, mas pata os casos aqui 
documentados este é inferior -a lO horas. 

Análise dos Resultados 

O primeiro bocal é um bocal de div.e.rgente cônico. oom as seg.ujntes características: Posi~ 
da gargan~ x = 0,06 m; R:aio'11a g8l'gllfita! t:t =·0,0127 m;.'Ralo de ourvarura da garganta' circular: r'll~ = 
0,0508 m~ Angulo do co.nver,genre: 4Sil; Ângulo do divergente c6nic~: l Só; Razão de expansãO: 50>1. 

Os reagentes são (H2 e Fz) injetados. a 298,15 K, null'l.a razão. d'e mistura por m~ss.'a .de 
o1ddante/oombustlvel igual a 12 e a pressão na ~âm.ilf~ é de 6,895xiQ5 P,a. As demais condi9ões n~ 

, .câmara de combustão foram Qalculadas com o pC,()gr&ma termoqnimico NAS.A.-SP-273 (<lotdon-·et àl-, 
1911). A composíção qqltnica.~a ~argjlnta íol obtlira éom. o rto:grama· teatfvo unidtmensiQ.na1 e~ol'âdl> 
por Barros et ai. (1990). A fig, 2 mostra as curVjls.de fração mll-lar de alguns dos ptod'ut'Qs;dé 
combustão, a Fig. 3 mostra o número ae Maoh ''congelado" e a Fig, 4 m·ostra a temperatura é à 
velocidade, calculados :p~ a P.arede e o eiXQ. ao longo do bocal 

.... 
o o :e 
o 0 .1.5 

10 
o. 
o 
~ 

~-

~ H 
. ~'~-------~------------

111 ~ b . a- 11 

Sis{.,o, H2 ·• f2. 
Pc .. &8~500 P.o 
Tr 1to ~8.15 K 
'0/C ., 12.0 H2 
rJIY-'!--- __ o_---~--- .. ~ --.--~-

0.05 --hrr~rr~-n"'T"'-:r-r'"t"'J''T'T"T"T"TTTliTTTTTTTT+ 
0..05 .• o. 5: 

X· .(rm) 
·Fig. 2 Fta~o molarcros produtoJ d&.,çombuatlo K é<Ha'para·q ststema:l'é4\I.V9-H2.á . .f'-2;(MQ,dei9 2_P,)· 
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(Modelo 20}· • 

Considerando Fl> H~ H e F como prodptos_ da. 9omtiustão dos reag~ntes, o mecanismo de 
reaçã:o ntiJi~~do nos câlc~ros; propósto J)or Clletl'y, .constante em 'Zucrow ·~ lloíftn1ln (1977). é 
apr,esentado a seguir,j~ente-com.as ex.pressôe~ para~ c~~~s ~~ii~'{u,nldades em.~ ~ol, 
K.u): 

2F+M +==" F2 +M Kt=1~10xl01'8rl.S 
2H+M ~ ~~ H2+.M Kr-:'?J50J(IOl8·t4•0 

F +H+ M ~ RF+ M Kt= 7,S0~1018 r1>~ 
'F2 +H ~ F+ HF Kf.,.S

1
28x10uto;s ex.p(-4000/t) 

~ ' D 
F+ H2 +--' H+ llF ~t:,...~~~L9.:. CXP(-5700/Q 
F2 +~ • " 2HF K:1 c;:t.~~!,m10~0•5 ~(-199971t) 

onde, M 'é I1ID terceiro ebrpo participante das ~ões, Nos·câlc\'J.los aq\)i a.Pr:esentados a .fra,ção mássica 
de M é admitida igUal a l,O, sendo o seu pes6 molecular ig)lát ao peSQ'. ní~lecu'tiú'·méílio ·aa mistura, ·ou 
seja, t6das asmotééulas· presentes-fo.ram cónsideradas,-com()1poss{veJs teJ'eeít«:lS oowosÇoaJ'igu,ais 
eficiências.. confOime recomendado por 'Montohil:of (~963). 



As proprieda(les-dinâliiícas de~ ~spé_ciel'qi!!~tea ~res~ntC!f'Qram .oa(~ por ~~ de;. 
regressões pa.tinomiàis de quarta ~rdém Éf!lll .druios.piíb1icados nas-tabelas 1ANN:AF ('Oot'dón :e 
McBiii.de 1971), e atuallZ:adas boó.fonne elíaseet l!f. ·(198~)-

Alguns dos resUltados encontradJ>~.~s~P,lºstt!ldO's. nas Fiss. 2 a4par.a,escoameblos t~vo, 
em desequilíbrio qufmieo, u~dimension&t{l:O) .. ~"b.i~~~to~ (aQ ~gp da parede e (io e~o d'o 
boc8I). Estes resultados foraPt comparactos com outros·te6rieos"obtid<ls ·de ZUerew e Hoffmlllí (19[7), 
para o mesmo boçaL As diferenças ei\contradas nos dois cálculos; ptincipàl'mente na pa,ne, final ~~· 
divergente, são devidas: às pre.~isões diferentes entre os métodQS (} dos algorítmo~ -de constr:uçlio ·_!la 
malha empregados. A ptecjs!o deste trabalho ·(sexta ordem) é teOficamente' superior &·dOS reswiad:o~ 
~~;presentados por Zuerow e 1-{offman {1.977) (segund(lo ordem). Q çhoque no eixo detectad~ :pelo 
método aqui implem.enlado. previsto teórica e experimentalmente, prova a melhor precisão do pri;sente· 
trabalho. Com isto ó progra..rn.a de cornputadqr-elat>oradó foi copsiderado válido f-rente a d'àdos 
teóricos. A seguir foi feita a vaUdaçlo .do modi:to em relação a resultados experline~s. 

O s~do !local calculado 6 apresentado na Fig. 5. Os reagçotes ·~ e 01_} são injêtado.s: à: 
2.8.5,6 K e 279,2 K, rewectivamente, .nurnafll2ão de mistllJ'a. por·m.as~ de oxidantelcombusdvel igual a 
3,84, se.ndo a press.ão na câmatã de 2~~2c~ 10' :Pa . .A:s derriàis condi~es na çãmara de combus~o foram 
calculadas com o programa1eJmoqulmicp ~A-~P-7"'7~~ (~brdo.q.~--~~ride 1971).-A Fig. ~-nw~tra 
algumas curvas de fraçãa molat dos produtos di! conibúStã6 âõ 1o.ngo· dó e1xo e da parede do bocal. Na 
Fi:g. 7 estão traça.d{ls !IS ~ de _Pr.e.ssJQ e~ éiQ Long.o do bocal 

eo<:t'l ~~ f>IM o SIS1EY4 "2' I 02 
o.60 .. 

. o 
õ 0.20 
a::: 

Fig. 5 Poslçlo da gargpq; x ii O.O~Sm; ~alo da garganta: l'.t • 0,0172 m; Ralo de cürv.turâ êlagarganta 
clrcu'-.r: rct • 0,026C.m; Anguló do tonvervente:·25°; Razio-de eítPtnslo: 1030:;1 
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o+OU ~ H+O, 
H+OH ~ H2 + 0 

H1 + Oli ~ Jf + It20 
20H .- " HzO +<) 
~ + M .ç=::i- l:f2 + M 
20 + M ~ O~'*'M 
H + O + M ~ OH + M 

H +OH + M +::="' ~O+M 

K('<4,JOxtot• ~ ÇXJJ(..)1)Jt) 
t<,.:= 4,9-0xlo' ~"exp· (-19:SM) 
Kj""'6.,30X'llf~cxp (· 1400/t} 
Kr= ~1 Ox tO* ti-' ewx-p(20M) 
K~:= 1. SOxtQ17 t -1.0 

~ ' . 
Kt••3~6Í6xW~J r·~ 
K.r ... 3.626x10,.. r1.0 

K,• 3.62~ 1 ~t9 rJ.O 

onde M 6 um tetceiro 1\:0tpO qualquer, sobre o qual fixam feitas as mesmas. considerações do 
slsteJna (tlz c F~ Deve-se "ObseNar (lue as 5 ptimeitas con~es &r a~im;a f01'1111) l'etlradas .do Cohen 
e Westberg ( 19112) e as démais de Jmnsen c KUlZil:is ~~ 

Também aqui as pro-priedades termoãtn:lrilicas do .cada CSJ)tcic qul.mica presente. fown 
calculadas por melo de rc,gresS.Q~ polln~· ai~ rdó quatta o«fem,dos dados ;publicados ·tias ·u.belas 
JANIIIAP. Gotd.on e Mc'Btide{t91t)~ c-~ - · -~e Cbase êt11l ti9~. . .. . 

As Figs. 6 e 1 oto.stram os res'W:tad:os e.n~ontrados par\l esooa:qten.tos-t~eatívos: em 
desequillbrio qufmreo. unidimensto.nal..c f!i.d-ti'itell~!l~ (!o lõngõ da pated~ S do eixo do boQ.at). O 
cálculo da pressâo csfâtfQ~. fo1 ~ çom medidas ex;pei;l'menlBis.nbtida.s:por Pavii et al. (l981) 
na Fig. 7. Pod(>se ver que-a ooncotdânola entre- os dados 6. mwtõ boà 

A tabda l , a seguir. traz os va:l'o.r~ de impu~ especlfiM n:o vâcuo '(Ispy) oaiculados ~ 
diversos métodos, os qurus slo Ç(lJnparados çom medigs e_!(perimentíds (NA~A~TP~27~, Smith e.L 
al. (1981), Os modelos usados n~s cálculo~ sJ<Y. unidii'Deõsinnãl reatb.o~em desequi11bno q.uimleo. 
Barros et aL (1990). lllli4im.ensiônal em eq·ohtblio· qu.tnfco (N~SA..s:P-773)1 Gordon Q ~.rld4;t 
(1911). unidlmensional c·~~dim~nsl.on:al tm.~uiJJbrt<rqufmico (N.kSA-l:P·lJ2'h ~th eut. ' 
( 198'7) e do presente tratiàlb() (21) Des.eq,uiJ.il)i:lo). {J ma co.rre~b de cattlada tlnilte 6 àpl;ióad'~ ao.s 1 
resultaUosdos modelos 2D em.descquilibrio q~ímieo. 

.,. .... 
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T~ 1 lpllúi~Qa H!*ll'kO. pc'WI-*ot í'léütl'!l.b_lltJo, póll~mlth 
.tU.ifttl)ecaxperht~~4<l•..._~ 

m&;ê(íuiflbrio 
Olmada limite 

20 '0e~uillbrlo 

1D~ull~ló 
1 D -Equllibrlo 

NASA_TP~"2125 
(eXJ)edmê~taO 

lSpy (c&) 

4~\2 lli79,1 
4~.,5 498,5 

604,6 504,8 

.468.9' 

Dos métodos indiçados na tabela. 1 aclma, aqueJ~ c!UQ mcnQs hipótesecs restrUivas: Q -o 
modelo b(dbncnsl:onal em d,esequllibrlo qu(mico (ptestnte trabalho c do NASA-T.P-272:5), ~$ue:-~o. 
modelo wrldimensional em descqullibrio .qtl1nileo c o unid.hnensioJllli em cquillbrll) qufmico (NASA· 
SP-213). P•.sc notar que as~ .de impulso cspcclfico nováwo sJo~ pois o ,m,~ 
menos restritivo possui os m.elhóJ"CS Rsultados. A 1:on'e9lo da camada fimítc: melhotll ainda mais 8$ 
previsões. 

Ol- resultados deste trabalho apre_seotaram.os menom desYio$ ;petc.entuais em telaçló ao 
valor experimental. Após a ooa'CÇ~o de camada Hmitc o desv:io -da. previsto .fo.i de apenas o.~. 
énquanto que o melhor resultado de Smith et al. (1987) apres~ um desvia de 3%. 

ConcJual:o 

A hipótese de escoamento bidimensfon31 com :reaÇto .quúnlca em desequillbmo, mostro.u~ 
bastante adequada para o. eáleuto dos p.àfAmetros de escoamento e de desempenho d~ t)oeais 
convcrgcnte-divCl'gcntc, nwnaamplafllixa,~~dcapansl!)(utlli1.4smm·scw:lon:s ~ booais ~ 
Sll:l e l 030:-l). Neste Cr1lbaJho .foram obtidos mefltores:tCSUltados do .que aqueles fomecldo.s,por outros 
modelos unidimensionw e bhfim~ion!lis'I'C$tíyos-(fabel~t 1). 

O ptOg(BIJla. computacional cial)Qrado .possürllitaeD.QOJlUar multados pata sistem_as·~.QS 
«lftlplexos., desde que seja. conbeeido o· mecanismo das ~-envolvidàs:.. c--abe observar~ Jpcsat 
de existir nas referencias programas com u me~ blpõteses desta trabalho {"2.0 em deseqt). os 
mesmO"s nlo estio di.sponlveis na literatura. 

&te estudo será usado para a otimhaçao da configuraçló dos boeais pot ondef cs'euam 
mrldos reativos, visando mclhOI"IIl'ilinda.mais os projetos de motores a jato. 
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Absttact 

\ 

Ihe influence of radiativc -gC$ bctw~ lhe ilal:tfe'an<f'th(: fiireSl ma'téri111, ~·groíllid, levei, is g\vc;n by ~ep 
t models detiving ji'olh ~ Uldiosity balance between an emitting volume and the receivíng sur'fitce. Thus, tbe heat 

transfer can be desc:dbed by a convolution 'integral w~ lho. Oalne.!in1Jnence·i$ quannfied b}: a Gteen. functipn 
~:a~ d'escrlbes the beat exafumge deeay by the distance.from the fl~. From this approa~ thefo-tion ofliD 
infegro-differentialmQdeJ is proposed 3nd num_ericáUy implemented b.y a Monte Cario Integration I Explicít 

~- Euler propagat]on coupled method. 
Key:words: Foresl fiTes, R.adiative Heat Transfer, Monte Cario lntegration 

Jntroduction 

Physical pbenomena involved irr the. combnsdon of forest rbiomass,• du~lng natural ·or 
a.ccidental fires:, are éxtremely oomplex and ifs bebavloP ínv~lves a~anced knowledge related to iluld 
·dy.namics and heat transfer in rea-cting m~dia. The cur.rent impnrtan:ee·ofth,e stuey- of·this ldnd ~~ 
_f!roblems, withi11-th~ scope of.m:afhematicàl t:nbdétí:Z~ozy ·a.:nd nJJrt!ericállli:JnuJatio.n,,'llS wellas 
adv@eed ex.perim~ntati<UlJ ·are j~stified P,y tb:e g~wth· of the: internattonal interes.t& J,elat~.çl~o 
:environmental qoestions. AD inlPQ~t IJ)OinM finterestls· the 11-ecesslty of eva1uation of.t,he,amount of 
.~issions in atmosphere. .speciálly co. C02, and partié:ulates, dne to forest blomass bum. 

Besides m:any envíronmental problems relatéd to forest tiJes, one can bist SC?me..qf,gre.at 
~portaru:e: the after ~utting butning in Amazon {Queünada}. the natúral f'rres in thê Btatiljan ~~dà~ 
tne pasture maintenance tires In Amazon a:n.d rSUgBT cane cuHure burns. A priotity mighl ~ven to fhe 
1\)uelmada doe 'Uil Us largea.nounts ofCOa e,missioi:IS' ,mvolv~.ln ~is pmce&s,,an .ar:ea o.f.thefo.;:est is 

Ql during tbe beginning ofthe Amazon dry season (t1me to OQtober). Two or tbiee.montbs later, whep 
ihe :forest material is dry, it is bnmed. Part. of :lt is conv~ed in combustio.n gases, and.this way, spr-ead· 
'n_to the atmosphere. Other partis Iaid on the ground m tb.e foon of char. 

As this pra:ctioe 'is very used during til e dry seasoo io Atnazoil, in recept yeáls, s~vetaF bums 
' vç. been .obsetved indw:ing tnany conttQV~rsies a}].Qut, its rülç in the i:ncr~e 9f t~e Qte.êllhQÜSÓ' 
e~eet. Some recent works such as Kir~hofi; et ál. (.~'9&.9), Carvalho et aiJ (1993}, f~W'nside· ~t. ~.L 
f19.93} and 'Kauf:ijnan et ~ ( 1992.) s!low.tllat t!te ràteió(COl:~uilssjorisió th~·~txm~spbpre _ak:Jé$tnlih 
th.e amount smted in se.vetal intemational works, an,d th!it ~ew expe.rim!"ntal and theo~Hsal·~~'dies 
mllSt be strongly encouraged. 

Am.ong some work:s rel.ated to the -shnulation and modeliz.ation of physicaf ph'e.no~Cilji 
dú!ing forest ttres. tbe Russia'n l'iterature is llpecially rich. Tbe works developed ·by DoJ.Tc;!' ~.198:4JJ.. 
(l9.$~b)'J)resent models o.fpropag11tlon offorest frres tbat .ar"f! adop.ted as a ba:sisrforth,é-p,Icirs@t»<o,r.k. 
'fli~ works of Bl'tlban:der et aL (1989) e Grishln.et al-(1985) use a rnn;tme theory .l.ike ~fl.ptQa.ç)? <that 
de'Sch."b.es oonvenientty in scitn obsecvat:lons o'ffires in homo.geneous forest St!tt on fhe Rus~i'Aô 
1i~e, the works ofkonev (19:&4), on1h!" prppagation of'flame frénts m :surí~fites, and'-G'ti~hírr 
et ííl ltl984},..:a:l:iout tbe effects oftbermats awing.forest tires are tited. 

Some otber works pr.es~nt relevam; aspects· o:f b:eat ttansfer in f:orest' Dres: Tlle woJ:.krlt_l?!fl 
R'õthl!tmel (L 9.72) 'lln.d Albíní (1976). ln this last wQzk. t'tte lieat tràlís.fer.: is· quanti1ied~byr a <ate eh. 
F'únctf1m integt>al. This rnGdel ~s the basts oftbe wotb frótn Óorrtt ·çited; á~.ve. Andêrson. ~-1 '9.68} 
prppQ~ .a s~p~ed model ?f f0rest fkel!· pre.l)agation based o~ .illsc.ret?-~~nvoluuo~ metho~~ ~liÍcb: 
were;recénfly 1mpróved by Richatds (198'8). 

P~"&Kl !it.1ht~ Flnh B~lian Themllll Sdences. Meeting, Sâ$:1 Pauto, SP 0eQe(1'll)er 7.$. 1~941'ecbl'liéal E~iiPf.S'hlJ:i: 
ENÇIT'EdítOrilll Committee ' 



~~· -A P.oU.cedoeÃ. é>.,R.·B~•Jl,JI'. 
I 

Some eombnstiOO'-ftnid dynam:ics oo~p'Jed 1\PPr.óaehes ean also :be-fou.nd m the lite~ture 
(Stquaira (l993-)~. rn thís w.ork;, tn~ s)mpJffi~Qíottel .qf'!Rothetme.i i;Sj co!1Jlléc:l f~tu(bf!l,e~ ·fl9W 
~ulati:on oode. • 

Mathematical Model 

The propagation ofthe comb\IStion jn a generallayer of fore·st fue't WfU'bé considered~tn a 
fixed cartesian eoordinate system :x. y; Z. fn two dimens.ións~ a oonti'n'uoq,s tayet ···*"(,ç,y~ 'óan be 
eonsidered for surface tire$. In a generiC'pQint C(x,y) oftbls i&y:er tbe:'p0tenti'a1 forest'fiÍél~ in.à .. time 
instant t, ca:n be in one ofthree states defiJled by the functlon s(x,y,t): 

l
O. ifthere is potentl.al fuel,;but no eombustion; 

5 (x,y,t) , _1, ifthere ís combustion{ massdecl!')f.)_; 

2, if there is no pontential fuel and the combustion ls·impossihle. 

(l) 

ln s(x,y,t)~ O generally .the heailng andevaporation are related only tothe m~is~re~ S9 i~ is~ 
process involving onJy water. Therefore, a general equation for tbe enthalpy increase IS vaJ.id. 

ln s()4Y,t) "" 1 a biom~s pombustión illoâel can (be -imBie.roen~ by p(opGSing;a general .rule
.to the cbemicaJ components of the C()IUbustion.prQducts. The combQS,tion:o:ffo.resJ {ne)s·is .QlUlJ\tiil«i 
by the kinetics of.the pyrolfzis.reactiGn. 

ln th.is ;process, reaction· vtlooity ts establlsheà for the i'ãrmatíOG~f.eaoh ót tts produw·:and 
al:so ~r each i;?mplete re'aéfion stage. To ev~ati.a ~.netal de'sé:r~tioitfor a' fõrêst me, a ·,global 
reacttoo modellS·proposed for lhe decay ln thls polm O(x,'y}'il.t.-stx.y,t). ~= t as 'fo1lows• 

ôm (x.y,l) = - K 
at 

wberé K is the ve'focity rate of reactlon Jbat ciln be given by a Al'l'õentus· ferm: 

{2) 

(3) 

ln tbis equatíon. [02] is 1he .eonc.enttati~p of oxygçn ln the âlr ~yer. h1 contact·~·me 
materiàl ~ combustion. Tis tfle gas tempe~e ~~R the',gãs ~<.m~.~i\Dt..ka;nâ E at,e oba,raot(:risti'cs 
constants <>fthe combustion óf forest mate'dal (see 'lti!.viani f!Dd-Fa'fu'bi 19.92). 'fbese oonstants~ài.'l àlSõ 
be evaluate from the experimental! exponentiat décay ptots õf'Rothennel (1972)'. 

The beat produced -during tbe.combustion is thus ,given br: 

<b (x;y,t) = - Ktr.Hm 

whe.re AH is the speci:flc beat. o( tbe forest fu.el.. 
Besides tbe complexities involvmg the beat rtrlursfe.r between tbe .fir~fiont (s P l~ •ánd lhe 

region with no combustlon (>.S= O). a g~e(al eq_uà1ion, based ol) the prevtops w.;ork from D!:l~ter (l981) 
ean beproposed fortbe varlati<>n of entbalpy: 

(5')' 
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H(X.Ytt) is ~111halpy of lhe forest materlal; ~ tr-the. ~ b:eatrflwc.and .q0 'isihc 
eónV.ccdVé l)ne. 

Tbesc tcnns ate'~ven by. 

In those equatlons, Ü is a conv.e:ctlvc lteat tfansfer c<Yeffioicnt an:d l; (.x- x' ,Y -Y4
) i! a 

flame inttuence funation !PfOposed by Damr~l994) as (Jn polar il:oordinates)~ 

( B . ( nota1 ): (x.-x'.y-y') =Ç(r,O) ... e06 1-- e~p . 
2 

• 
3 r

11
(1+sinU:rcos9) 

~ par.ameters in this eq,uatlaa are; 

ao: ftaetlan of lhe heat spentin lhe pl'Qpagatio.n ofthe.combustion. 
S: Thickness ofthc fucl bed. 

hfl flame height. 
nf : Flanle lnc1.inlltlon angl:e:. 

ro= Bfféçtive tlámc etredradius. 

(8) 

~ As the :fund:ion I; (x -x' J'- y') is in polar ~oord:Ínl!ctes .. r and9 ar~ the poilp-.c()()ldillatos, 
wit)t~ in 1b:e point C(x.y~ and ~ ánd y' are f1S nelghbors. 

Numltlcat Methoda 

_ 'Ihe :f:msenk modtl Wll$ bnplemcnted b}' means of #11 ~xpU9it. time d i$cretizatij)n for .~ 
cntalpliy verlatión. mass dece;y aod ~ produced. 

,()()) 

( ll) 

B'~QJ.e the ~:eula.tio.n of tbc C~}! varlatiqn. it ~ llC.CCS'-aQt tQ caJçalatâ tfic ~lll 
KCUmu 'on:gJ~n ~J' q:.._.. A$. tbis timctio,\J is ran uodcf1.qed iJ)t.egrat ofa..continuo~ filnçtJ,ot~, Jt.~ 
not be ca~uf.a~ 'by a shnple dlrect convoiudon. ln later works frorn Puppio Macedo and Drnstl J\m1'0J'
( 1994 ), i'twãs,0!~iQlc; ~UCf to s~cí~ Qis~te çhl!"~c.t~ris~cs:o_f t.p.e··~s>d~~: S,9~ç. .eo.nv~l~tiçn rrtátrlç~ 
were defj,n~d-~mg gOOdr 91Já1Jtãtive behárlout .Of tbe p.roj),agatfõn llut l.l:'lll)O! lil8 some. Cliffl:cuJr:ies ~n 
thcir calibraii'~aperimentat an:d tiel'd informat.lon. 

~ll$.e of a G.tem ÍllDcfion giVcs g®d j)Ossibllití~ of caJlbration aod eomparisons witb: 
cxperiment ~!lli,eló'tnformati<~na 1M tm.P.(JSCs lhe use ~fmorc tefided ihJ~~o.n eecbírlques. Unc:t.er 
this. silll&;liolt,'1l!.~)J~-of a Mpn~Catlo m~d ~ ~llQsro.ctner Q> .l_ts ~.clll~of impl~.tlt:to:n. 
Resides, JhV,o~~ryM11 WJffi"í.hc Green.fifu.ctlon ~. ,givin&g®d ptê_éislon. 

~)1.qAile-Ca'tlo M~tbod is v~ry weB eiten to ·Sitlooth mu'ltidilfien'sioiuil"1füitctions: in an eàsy 
10 sample,reg,~n; ti:@ {~rem :f',(loction used;ifl ·thjs modeJ·:ttas ·llll tfu;sê:féature$. 



me tegion.o.f lnte~sJ; I$ 4e'fmcd by ll!rfl~UD,~jsú{ueJl~d~edtey~~leri__$(jçs 
orthe flame (bd&bt. futensity ero.~·Thi:s pÍiraínetet C3irbQ.~etttally d~firu:d,8S'~~cç,~o~ 
1he .tlamc fton1, for tbc dcc:ay ot tlle tempera~ to a "\!aliJe Glose 10 the yalDQ oflJle~~ ~d ~ 
Thus, asimplc Monte CadoMcthod (l8Il be Used. 

To perform iC,. 'N random numbers are set uni;fonhJy distributtd in a Dlltltiditn~ol!ll volume 
v . TbcsC points are cálled {-xl • . .,~ xn). Tben the basic theorem of Mente Cafio futegrátion··estimates 
that tbc integral of a funetion f over 1hc multidimensional vótume is g:iven by~ 

JrdV . v (f}± v J ~) ~ <t'i (12) 

Hcrc tbe angle bractets dênote .ta~g the :arifhmetía mean over the N :sample polnts, 
N 

(f)a..!. L f(xJ 
N. 

1• 1 . 

(14) 

The "p1us or minus• tetm fn eq. ( 12) ls a on~Standard de>liation uro.r-~t'imate'for1he 
integral. not á.ri;&ourous botmd; turthct. rliere ís no gl)ara:ntee tbJ{ tl\Q ~rtor ,fs <1i$trlb~~ ~Jr, Gaussían, 
so the ~ term should betakan OIÚ)' llS a rough indicallon ofproliabte eaor. On tbc otlwr iband, it is 
possible to infet that the ~d'm' is 'invet.setyr>roportietôál te>-the sqliare toot ôt.die niuit'bet ofjioin~ N ·by 
tlle Eq. (12) lll:»ve. · ' 

The algorithm used was very straigbtforW:ard duc to char~tet~:stics of tl'te fla.m·e eífec~ 
ftmction used. Ateacb tfmc stcpofthll time propaJIIiion a.random sét·OÍ.numflelS'(IfilpOtârCQóràiDalesj 
is set art~uod tbe grl<l polnt ln tlle space·discretiz.atio.n grid. 'T'hcse points.~~rate a ranà<Jm Monte 
Qn:lo ~gri.cl As a \arge l1aDdoJJJ sequen~· is· nteded,. Sô dte.long ;peii!Xl fàndorn riUmirer genGtor 
presenteq by Press et aJ. ( l993} ís ~ed. After eub:Jll:ae· stq>-a new ·s~grld 1s' ~ ln orde:r to 
avold. conditioned propa&atíon of'lbo solutio1is. 

llhe poi:nts in this sub"grid m~y lay o.n a regíon crlscyeral po~ fu the m~ ~d, tlius. an 
lmerpo'lation routine in per.furmcd for all variables envo1'led ln the cafçulatiO"n ofthe integtai 

To assure tbe ptectslon ofthe ilitegration rotttifio implementéd i~~ te~ed for a defin.ed 
integral and an emu of.abóut I 0% is usually o'bserved for a set of SOO mndom pQints. 

ResuJis and DtscussJon 
To perform initial tJ.Sts on the moliel. sollic tbasiq ,eonfigurati6ll$ w.ere chosen. A squllte 

unltaEY Sridi of 50x 50 polnts wâs used fortbe spafia1 diScre~n.·J!"<>J: lbe:M<mte ~allo~graliQD 
50!> samplc ~~ts were used. Tbus, tlie futât !~if SiZc ~an be <e~oostderçd .as,S(} x :5~ Jf;$00 ,~1251)000 
pomts). 

stmulations wm perfó~ only ifi.· or.d~t to ass!l~$tab1e próJ»igiltloh oflbe sOJ~tion.1.Jie 
parameters envoJved ln the ca1et~tattOns are ptesmtcd~ TabJé 1. 

Ha c: .400 MJJ!cg 
H co .. 400 MJJkg 

H~g :: 800 MJ!kg: 
Hma= t 100 MJJkg 

~, ~ .. Parallllltera 

~~s~m 
G~ô...-5ox50# 

S\Jb.~Gdd ;:;500 ·~ 

Tim&atep;:; 0,01 sec 

Motu = Ó:6 k9ím2 
liame = 45° 



-~Mocfetb'-lbetieat il'ln1ftlrb.fomtfha ~ 

Th~ fllune inc~9n·ànglco.f 4:5·0 ~ndsto-a lllid-1lame wtnd veloóiti. of~ut.2:nVs, 
as given b1 a Ftnímt'fictrelati:on from. v-entura etâl ~989) and-Mbinl(f9&1). Aftamchcígbr-ol'O.~Fm. 
as notm.ally observéd fn surfiieé 'fitc$,.,(Bainc;p )99q) wu U;séd heto. 

Two cases cif interost wete cl'tosen for~ iinülal sÍIIlDladons: ll !ront evofut«>n an4 a 
Queimada. ln tbis secood case, a squaxc set"o'fpoints :jS tmmetf trying to repJ'Oduce thinfteJ cot bum 
tedmiquc in-A.rnazon. 

As an initial cot~dttion !or fM ~nt evollttlon case, a Une of scveral-po.ints in tho ~d were 
ignited, as show in Fig. l . 

..... J ~ction.ofthe wind 

Fig, 1 FJr:e ttont ~~ condltion 

The time e\'olution of thls ftont ls shown ln Flg. 2. As e-xpeoted, the fr{)tlt «Wolutes rc;glllarly 
dri ven by the wind. The velochy o1' pro~gatlon in Ure d{feótion ottlle wind is fastcr tba!l in the 
qp])Osite one.ln fhe transiiion between)$01~tteS'In<tnotvi&ffited ones. 'the enthalpy do not reacfles 
1hc ignition eotbafpy ed a smail regiro ofheating c:an.bcobserved. âs cxpee1ed. 

Tbe mass dCCII)' ean be obsctVed in Lhe n:gj:ons ofthe evolutian ofthe btQ'Il ~ th~.fite 
conswnes the. for~ filcl lafer. ln the Jmplemen~ modcl iUl atJJOI11Jt of .residual forest matetialí'$ 

mwed after lhe bum :but, in the ~t ~ it WaS nl).t!()O]\Sidered. 

To perform thc .iJlitialization ofthe-Queimada.case, a square set ot"pmí:tts ,wn'SMW1te.<t·.~ 
$1mwn [Jl Fig. 3. ln this case, lhe bum evolutes in a ve.cy effictent . .wt- bumlngàláT<geÍQteSU~ft>~· 

U time. in~ <;Fig. 4), Thns. (h~ mcs of c:ornbustion.gases n:lea&e~.expeDt~ fO \1e ycry bigJ1 • 
. cffect ofadjaeent.smaU firefroniSusuallymakc~o diftetemm,ain.ft9D~to~.trf..On~yo títtl1 

1,1 thefnside cfuection of the initial squ~ bum sct ~ Qtl\1;1" onc 'in the o~~~~~-~~tl~~ct c;ce!l 
. esc fronts :an expanding ring of bumed matefiãl is formed. :avoldlng th\'l pcopa~ furou&n ff. 
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•••••• •· . •• •• • • ••••• 
Fig. 3 Queimada ln~al copditlons 

r---------~----~ 

....... . 

.. .. ' a .. . ~ 
• ~ 

• ..... • • ... ~ 

Plg. 4 Qu!Íimada; avolútlon 

Conclusions and Perspectives 

As it can be seeo fr~m the results presenl herc, fhetnodel has a gOQd qual.itative behaviot' and 
introduees a v.ery usefu! approach to lhe n~;~:tl}S!iça,i:sim\llation of forest :6res.. The evolution ofthe 
ptopagatien· agrees ve.ry weiL with what wa?expeE:teâ mlm;:previous work-s, as wett as it allows the 
approach of many diff"erent sítuati0ns. 

1: 

l'be equations o( tbe prop1>sed model I!lre base<hon many pl\ysical paratneters éasy to 
determine from experiments olassícally pet.foi'Jlled and u~' fa)lnd in the r~mlire. 

The rad1atiV'e heat acçumulatlon gLv.ett.b~-a:convcftution integral gives a stralghtforward way 
to approacb the radiative changes in mAAn,S ~f~ p,~allr-~sparent t.adiativ.e ("Orest medium. On the 
other hand, the calibration of the fl~c .cffcet 'fúnction ana éotWnl\ntoo funotion ·COeflloients IDUst: be 
carefuUy done in orãei' to tigourously fit tb~·phjsioâJ.cliafactetistlcs. óP.the phenomena. . 

The heat losses terms, néver,tlíêtess, .are not v'êJt w~ll' môdelízaá~·in tfié' present work antl 
new considetatio:ns must b~ done spedallffollów~ relàtea 'tojíjes in pr~Vi~;>tls iovorlç.S tiké.: 'de Mestte 
et al, ( 1989), and-Baines ( 1990)> Somestrong<evid~tl~es.~howingtheo tule.of1'1\'e. con.vcctivcttenns mijst 
also be taken into acooun1 in order .to betté'r' characterize tfie pheoomeliít 

~y the resl1!t5 sbo~ héré, tbe·stàbttitf. or~lS'.l_lf.pl'Oach ~ assu .. r~~~ 'TJ:te inJPfC?meb~~ion,óf 
other d.lfferent ferms :Ul tlle equatlons to deal 'viftlf··cobvecffiv(}efte:ctS atid bthets mey'ru:>toompromtSe 
its' precision and sta;híl:ity. · 



11bis w,qtk$!v~s ~' !_c>Qb .to Gl~ íprp~eme~tio~ qf ~·~e~. !llodel -~ tbe ~orm.~.bcat 
tranSfeF pnSritêul: ~ it·~ ~lc!to, be:tpptglic'to:otb.éJl~ttu"Jtio; s; n~'qwl~we.~x,sJCàl 
~'Vio..t f)Í tb.e ~ocklls ye'rf.. ~~~tY ..andl,f$ ~tbtation-p~eters are ~.,tnQtlgh~ to,deal 
wifh ~ dift'"eldlt pracftcàl Sttuaiions. 1 T ' "'l 
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Abstract 
hl t)lis pqper we use the C~mju~ ·c;iradJent Method wiih M.jóilll.Êq~oif'ih W~ll.:tt> estimJlie (he Jtim~ 
aependence ohl;lC;nnaJ con~u~~vity. th~ ac.cw:i.~~ !JÍ tlú';~elb~d ~fm~)rjie:. ~~$~s i~ .~c;..iified;!iJ li~~ 
simulated measurements 1IS the Jnput data for .the mvel'!>e problem,. "Funetlon~ foóils contammg slWJ> .. ç~ers 
aqtj.discontiimities are geqeW)y '(ei:Y ~cult·to~~;vet ~r.-:ll!l iu.ver~e ,l!l}â!Y~· The ~$élli1·SP.J?ro®h !-5 c;p~lc 
ofhandling such si~tion,s quite l'eil.dily and aoo,uriúeJy. 
Keyworcls: TheJ:I~~al. OondU.ctroty, Inve~ H~t Copdudion, I~-aturc; Pc~nce 

lntroduction 

A vast amount o( ijterature exlsts o.n_ tbe analysis .and sQ.Luti..Qil pf lin~I' invers.e beat 
condlicttoo ptoblems. ln ~e case Ó'f nonUn,ear w~er~e :he~(cond~ctioti,· ~e· a.vàuâbl~. woF~ ~·vre 
mostly concem;d with the estimlltioó. of théf.!DQphys1eai J?t"PP~.rtle,s'\ whçr~ tbe_ ~et?trf4tpc~;o~.the 
unknown quantity on *emperature w~ appr,o~11}1~e4 by...a;p<ÚY.<AOm(_aJ-Í~•J97S), B-s,phneSJ 
(A:nyukbin;, '982-, 198·7, 19..93) ot piecewiS:~ lhn:u co.ntinuo:us fttncti~l)s r(Jamy et..al .• · ~'Q.86,and 
G~r}'achev ·and Yudin, 198 i). Witb ·s.'\leh approaches,. thé in vet~~ anaJ::r.sls wM .tq.auced, tõ tbe 
detemination of tbe·eonstant eoefficlents of:tliecfonctional for.m ássumecHor .ffl.e'UI1knów.n '(.~-e.,, ll'finíte 
d1mensional mlrrim1zation problem), Th:e steepQSt ·d_es~,l:lf:(~ 1915. artd 19811, anl;l :Jatny ~t'ál, 
l9.86) or 1he conJ\I.gate. w_die~metl\oo.~'b,i~ • .'f9~:.and.~~rrac'li:év. a}:tél!)'~~ih.J.98't) hav.e,bõ~n 
used for thé solution o(su~ parameter·esfimation prob!éins. 

H' <DO Wofm&\ion 'is -aYallable:.on the fUnctiond .fil.xll). ·Of tlte·.linlmoWil·,quarttit~· the 
minitnls.atíob bas·to be'Petiolme<Lon .an infinite.dhn:ensional:space of'{onétions. 'Sl:!ch ®Vcel11J>proacl1 
fox tbe detennioafion of.temperatu~~-dependent quantítfe.s ha.s been suceessiuUy, app~ied ~~-tne 
estimation óf the reaction funl:fio'll e? o rrande-·arld1Õlislt et-W.SJ; ' ' 

ln tlrls work we àpply a filnction estimatron approach based .on the emüugat!l 
1 
gradü;nt 

method of inverse anaiysis with adjoint equatioa to esdmate the unktiown therma(·,col)élucli\IÍty ln a 
non-li.near ttansient heat corrductlon ptoblem. It is ~Sill,tled tft§t: no priol' iDfonna.tioii i.s aya:ilable on 
the· functional form ot: the unknown quantity. Thé aéCuracy·of.the·pl'esent mellió.a is .examined :under 
strict conditioos. by usin.g tr:anslent simulated measured.~ata. i:n.thc-inV:~se !U!.al)'sis. 

lnverse Analys:is for Estimatrn,g Thei'I.Tiar ConductJvity 
Tbe inverse analysis of li:!ncticm estimá.tion -ªP.~foaelJ<,. uti'Uzing the (!onjng:llte gnüfient 

method with. adjoint equati-on cQilSidered here, consfsts o.f ffi~ (ollowing·basic Steps Qamy et at, \99.1:): 
1. The difect probtem; 
2. The inverse problem; 

3. The seQSitivity prôblem; 

4. Thc adjoint problem and the·gradient equation; 
Presented at the FIM Brjll.ihan Thermal Sciences Meettng, São Paulo, SP' December 7 ·9, 1994 Te'êbn.IQ.III. editoi'SOlp: 
ENCIT Editorial Committee 



5·. T.he conjugate gJad:íent me.thod Qfmitüm~ati~Jl~ 
6. Tbe stopptng· criteJ\iOn~·and ' I I ' .. a't" 

7. The comp~t4>nal àlgpritlun. 
We-p.l'esen't below the'·salient featlp'es of each o(tbese· steps, as applied'to the estimation:or 

the unknown thermal conductivity. 
Ttte Direet Problem • .For tbe present srudy I tbe clirect pr0b1em is taken ~: 

C{T)oT(x,t) -~ rlc(!)ôTl _g(T) =O -in O<x.<L;fuT 1>.0 
ãt 8-x L axj 

õr = O at x = O.;foJ t>-0 
ôx 

õf 
k (T) ax = •L (~) .at x. = L; for t >a 

T(x,O) = F(x) for t=O; in O<;x<L 

(l.~J 
jl 

U.d) 
.. 

Tbe direct pmblem dcfined above by 8qs.s. (1) is. çoncerne.d; with the determina!ion of:tho 
tempemture distrilmtion T(x,t) in tne mediu.m. wbe«the ~ysícal prope~~ C(T) :anq lç{!), i}Je 
boundary and initlal conditions, and tlte fóaction ·.tunctiottg(T} are kno'Wp. ln otdeHo solve thís direct 
problem, we used the combjned .m.ethod offinite diffetences witb 0=-2/3 and tbe :resultant noi\Jjnear· 
system ofalgebtaio equatíons was-lin..earized b-y-the ·e~pansions~ 

kn+, = xn+ (:~r (Tn _ -r»-•) 
Cn+ I = Cn + (~r (Tn _ r»-1) 

gn + I = gn + .(!~r (Tn _ Tn - J) 

were the subscript "n" denotes the time step. 

. I 

~ 
I I Z.ç} r . 

.. f"'ll -
,. 

·ne J:nver-se :P.roblem. For tbe inverse problem. the thermal conduetivity k(t)'·Is regar®d 
unknown but everything else in Eqs. (l) is kuoW-!li ln adl;iition, tem_-per,atuJ:e data .ar~ (:Onsidered. 
available at somê applloprüue-fÔCátiqns witi:Hn ttuHn~lom-at V!U'i9~ time ~teps. 

The invcrse analysis utHizing the conj'ugate gr-adie_nt method tequ:ites tbe sottrti!\ln o:Nbe 
direot. sensitlvlty and a:djoint prQ'bleJ?-S. ~ogeth.er with th.e gradien~ equation. Tbe de;v~IOJ>ll)_~l'lt·oi 
s.ensitivity and' adjomt problems are diseussed next 

Tl'te Sensitívity ProbJem. The s9lation oftb:e direct problem (l) witb themial condl!ctiY.t~ 
k(l) unknown, can be recast as a problem of optimum contrQJ, that is, <Qhoose the control !uneJ.ion ki(T) 
such that tbe foflowing :funetiona,l i-s mfuimized: -

tr M 

J~(T)] e~ J L {T(xm,t; k(nJ - Y!D(t)} 2dt (3) 

t - Om~ I 

where M is tbe· númber o! sensors fi:Jlt:l ~(~)'an~ ,l'lxm.~(T)].at~?- th:.e rqe~.o~~d~ ~n.d _ e~tj_ro~J'e!i 
temperattU"es, -respeçtivel':y, ata lo-çatioq Xifi inJb~·me~~um.,lf arte~timare ~ ,av~a~ ~~~'k:(1.:l,l' . h:e 
te.mperatute Tlxro,t;Jc(T)] can be compute.d·fi'om Ute :iOflltion,o( :t!l-e Qireçt pJ'9blefll> .g.~~~y,;Eg · (.t1-

In order to develop th,e sensitivity -problem. we assume _that tbe :tl:termal conducti'vi~ k'~is 
. perturbed by an amount &Ãk (T . Then. tbe temperature T(x,t). undéz:goe.$ a variation ~k(T ·(sc;,ij"' 
thatis, 

Te(x,t) "'T(x,t) +&ÃT(x.t) 

. where e is a real number. 
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Due to the·nonUnear: eharacter qf ,the ;prób')e~ .the- p~~u;rl>at~~n 9!-te~perature. causes 
. ~~àfiorts·on the temperat:ure.de~delit'éJUa:ntities·mélbd~t·lhe1he'mlaf eon~uétkvity: •. thaí;~s. I I 

. !k:ã (Til) : ""' k (T +só T) +SÃ !.c (li}""'~ ('O + (~}~4T ..... ~ (l'~ 

(dC) C$(T
11

) == C(T+.i'r) ~c(T) + dT. &ÃT (4.c) 

&.: {T J = g (T + sÃT) <>i g'f T} + (!~) e~T (itd) 

.For convenienoe in the subsequent analysis, the differentiai equation-().:a) ofthe·®ec:t 
pr.oblem is wtitten in operator form as 

D(T) =C(T) aT{x,t)- ~ ~k(T) õrl_ g(lj = 6 
at a~L ~ 

.and the~rturbed fonn oftbis equation be~omes 

(5.a) 

. are (x,t) a Í. aT J 
:Os<T,) aC&(T8) . at -~rt(t&~ axJ -g~(Tf:) = G I • (S'.b) 

To .devetop the sensitivity problem, w.e app1y a 11miclng1Process·íorthe.dlfferential equatlons 
(5.a,b) irt the form 

lim Da (Ta) -D(11 = (}· • 

e--+0 e 

and sinú:I~ limit:ing processes are applied for the bou.n~ary 1íiltl ~tia! c~ilditiO':JS (i.b-d) oí~e d:itec~ 
problem. Aftet some rn.anipulatioils, the foUowing s~nsíti~JtY':probJeni r'!l-S.ú'lts for lhe iiete~0-q 9f 
the sensitivi:ty functton .6.'T (x,t)~ 

ô(CA.'f)' _ # (lcATy, ,_ _! ( Ãk ô'F') _ dg ~T· .,. o 
ai ê-i . ôx ôx · dT 

ô(k6'f) 
......:.__:__..:... = O at x=O; t>Ó 

fJx 

ô(kAT) Ãk ___.:__.:... =--+L atx=L: t>0 
ôx k 

~T =O for t = O;in 'O<x<L 

whefe C sC(T), k-~k(T), ó.T .._ â'T.~.t}, grg~'F) and.âK a ~K('l). 

(7,Q.), 

(7.9) 

Tlle Adjoint Problelli abd .tbe Gradienf·EgllUlQ'n;T<>odeàye tbe adJoint :~,>roblem~~ tbe 
gradienrequatiori, wé m.tiltiplYJ:quat1ôri ~;l .a)'b~ thé'rL'á~gO".MiUtipliet ~{t.·t)'llild'i~~tê.'Oveptl'ié 
time ·an:d space élomains. The ·resúlling ex)5res:;iôn ís'Uteíraddea ~o tbe fünctiDtíàl giveni&y çq'liation f3) 
toobtain. 

L ) M 
J [ k(T)] = ~ J L (T-Y)2B(x-xoJ:dtdx+ 

2 
"X. - 0 1o. O m ·=l 



f J '(c (T) ôT (x,t) - ·a: ~k (t-) firj :...g (T) Jr 11.(~.t}.~tdx 
/Jt ÔK ' êx 

x - Ot•l 

where ô(•) ts the Piraê deltaí\:mction,. 
Tbe direcli'onal-deriv.ati.vil of thç functi:on~li·J"[k(f)l ín the ·direetfon of th:e pertUFõ'aâôn 

âT (f)1.isdefined as (J'a.my et-ai, 1991): 

. 1 '[k (T )] - 1 [k (T) J 
{) AkJ [k (T) 1 = Iam a· . ~: . . (~) 

-e-+ O e· 

~~ere th_e ~!'ID· 1 [ klf (T J l ,is:obtai.ncd b)'.w#tffi&_Eq;. (~).fof th,~w:~d ~~~l,rte~ gi~!~ by·Eq~4~: 
This denvattve ls allowed to .go to zero aliti after .so~e mampUlanons;, Ui~ f.ol{o~s. adJQi'Qf J?I:O.b(~ilS 
obtained for 'the dêtemúnation ofthe ~ge multiplier">..(x,:f): 

ÔÂ ;iJ.. dg ~ 
-C--k---Ã+ Li (T-Y)0(x -1CJ =O inO<x<L~t>O 

ôt ax2 dT 
m. • I 

ôt.. = () at x=O; t>O 
ôx 

ô/.. = O at :x=L; t>O 
âx 

À. = O for f=tr; in O<x.<L 

(lO.a). 

(1~~) 

{H>~·d) 

,, 

Such lirnitin:g process also gives the gradient equation for the funcuonaJ wblclnake:s .fu~f&.l$ 

J' (k (T)] "" ôT ô:J.. .(l1) 
âxôx 

The sensitivity functlon â T (:~',t) oljt3jned fi:om tbe sol~,ttlon of p11oblem {7) a,od 1he gra.d~_nr 
of the funetion.al gtven by Eq. (11} ~e us~d ln tM oonjugate gradfent ine!hocf Of miQJmizatiõO:..á$ 
disoussed neXt. 1 

'Tbe Conju:gate Gradient Metbod of Minimization .. 1'he·:iteratlve prac~aure fór t!Íe 
detenninatlon ofthe ther:mal-conductivity Is taken as (J'ainy·etal., 19.91): · \ •· 

and tbe dírection of desçent dP(TI .i.s given by: 

dp (T) = ]' [T ,kP {T) ] + yP.dP- I (T) (U) 

where the superscrípt "p" denotes tb.e DUillbe.r of itemtions ·and tbe :eonjugation, é_oefficl'é'i)t:. '('P- ·ts 
detertnined frolíl: 

L tr 

j f { J' [T~kp (1)}- J' [T; kp - I (T)] }J' [T; kp(T)] dtdx 

yP = ;;_X _a .:..:Ot;_~...:;o _____________ ~--:----

L t 

f J P' [T; kp- t (1')]} 
2 
dtdx 

~ .. o .... o 
fofp=>l,2, ... with .. / = O . ' , 

The coefficient pP . which det~~'ine.s f;be.st~p size·in iO~~p~'{tê~atioJ!,g f~Rt~·~q. 
(U}, is pbtawd -l!Y mtn.'i'nú~g Uk~+ (pl .. gtv!:~:~· E:q, . . O J;w.~tt tp_!:pe~po' ·6 , .,.A~ !WD«f 
:mani'p)llations the ~llowing·~pres.~~· iS-Q,b~jJ.eJ 
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ti; J M 

L [T(x
111

,t; li~-V lD (t)J AT (x111;~; d.t!) dt 
~P= t~e_Q~· _m_• __ I ____________________ ~--

J M 

L [.~rr(xn}id9)] 2dt 
t=O> m - 1 

where AT (Xm. t; dP) is the solutiqn of the ~êbsiti.vrty p(obiem ái ~osmon Xm.fllld. tlmeit:. ·wltlch is 
o.btained from Eqs. (7) by setting àk (Tf=dli(T). 

Ç>nco c!P(T) .is c:omputed, ftoJl?:~9< (l3} and ~P ftom E<J. (l5J~ th~ ,i,l'í!H.vp p;ro~ss. defi:ncd 
b?' Eq. ( 12) c~ b~·ap(llte~ ~ ·de_te,~~e RP·:'(t)~ ~nfü.a spehl~etf ~toppirlg c.Çi~~r~õn\Q~edl ~~ ~ 
diScrepaney principie deseribédbelow'i's 'SâijSfied. - · 1 

• 

The Stoppin' Criterion. rnlie :problem ío.voives no measurements eJrors, tht} tradítloDâl 
cbeck c:ondition specified as 

J[kp+ 1 (T) ] <e1 ·(:16). 

where t1 is a small specl:fied number, can be use.d. Howeve.r, the obsorved tempcmture·d~wntains 
tneasurement errors.; as a resuJ~ t'be inverse-solution WiU tend to appi'oaoh tht{J*ítijtbed ihpul dãta and 
the solut4on will exhlbit oscillatory bella:viQur as tlle numberof lteratimís in me:reasdtt. The 
compotatioJral experience shows th:atft is advlsable to use the disote,pancy pri_ncip.lc .. to- stop the 
it.emtion prócess. Tiius, by assuming 

T [xm,t;k(T)] - Y m (t) <:ij a = constant (l?) 

e, .is<l.btained from Eq .. (3) as: 
M 2 

11J = ~a tf 
2 

whe.re a- is tbe standard deviation of the measurement errors. 

(!.8) 

Hence, Eq. (16) wJ.th ·e 1 de.t.eimined from Eq: {18~ is uséc! 1o· ~tQp,the 1tetationt 
The Com.putational Atgó~ittím. nte 'algati~ foi ffie -ii'erãtl\re s6béme ·gjvéri.1~ éofu:'u~at~ 

gradjt:nt ~b:od is s~ti.below. 

B.uppose 'k.P(l) is avaítable at. it.erat;fol;t"' t)len;· 
Jl 

Step 1. Solve the dírecl problem gi:ven hy Eqs. ( l) and compu[e T(x,~); 
Step 2. Check tb,e stoppi.ng criteri'on. given by Eq. (16) with s) ·detemlined front eq:Ua:lion (.t 8,. 

Continue i f no r satisfied; 
Step 3. Knowing T(x111,t~.P) an.d Y m(t), solve the ao}oint problem gíven: by Eq. ( lO) to obtãin 

À(X,t); • 1 

Step 4. Knowing Ã.(x,t), compute .the gradient oftho fim((tion&l. fFoJ;It equatlon (J.J); 
8tep 5. lKnowing J'[f ,.kP(T)]~ compute fusUI'Ie wnjugàtion Çodfichmt ftoirí $q;'(14) and;.tl}en·tfté 

direction of descerre frorn equation ( 13); · :• • 
Step 6. Solve the scnsitivity prciblom given by Eqs. (7) by .setting At (T)::;odP(T}, tb delermfrie 

!J. T (1',t); . 

Step 7. Knowlng !J.T~x.n,t;dP), ~orttpute the s.earcli'Stép.s~ ~P nom ~q. ( lS); 

Step 8. K1lowing pP and dil(T). comp:úte b.e new c5tltna:telkP,!~("t} from1Eq. (12) !Utdgató-step .L 

Re-.ults and Oiscu$Sion 

ln ordcr to examine the aee\ll'acy -ofthe function esrunation approacb using Ute: ~nju~tç; 
~ent method 1IS applied to- tbe analysis .oftllein"Verse problem .prevJ.o~ly ~escnbêd, we stDôiêilt~ 
cases by ~llg's-imula.ted m~~u:rçftem:p~nture'S ã(;Ate~.lJI.,P~.<Jà~ fór' th&-iilv~rs~· àttãjy.sls. The 
simil.làtéd tempetaturc-rdáta·wéte genemted:'by. s~lv:.in.~tlie .4trecj lpf-o'61em t'or ta Sp~ôittêd. -the.tmàl 
eondnctivity. The -te.rnpemtu(ês ·c;àl~d.in ·this ·1tlÍWl6 ~ê<td$iiletéd ~ÇtomÇ.à;su'rem:e11ts. .... 'T-e~ ·a:n.a 



líW.,._ ~~P~II'Ié Eltín'tion'Ó(ht~ ~ 

thc simubrted tneaSUI'eC} temperaturo dáta.· V, oontalíúnpcuurtnte,lt ettoJS.. :1111'-d~cd.l$ 

Y ... T +ao(J 
~ · 

(19) 

wlwrr a is fhc crror term tmd a .IS lhe Standard deY,talion or:tbe measwemeJlt$. Fot :notmálly 
. distn"buted Qrats, with zero. mean and a 9Wct confi~ tcvc1 ~ lt~ wfQlji):1fn~ i@JlgC 

-2.376 < <t < '1S16 (20) 

Tb.e values of a. were oocto~ 4~ed wittí ~~ s@toufine DRNNOR from th~-TMSL 
(1987). 

To gcneratc lbesbnQlatcd~~ ~direo:tptõhlêtrtgiven· byEqs.. (1) was ~ed 
m dimtmsionless fotm by in:troo~ :the f'o~wfu~-dlm:ens.i:onles,s,;vBt.i:ãblcs: 

T-T0 t('fY.L \o't ~ q e "*--·,r- --;1 • ....,........-~11' =· ..-;q, . ~ "' +t. h L zc ·~ L ~t. ,.t~er) 
-L o 
k 

and by taking ~c eoefficients k(T) and C(T) ti 

tc('1'Fko lC (6) aod C(l}=- Co x ('e .(n) 

Wherc 'ko and c0 are oonstantsap.<i bavc the np.~ls ofk(T) ~~Dd C(T), tesp_ccti.ve.t,Y; K '(e and x.(& 
#O dlmensionless functlons of O ;T0 is fhe- mufal temperatnr.e in the medluat which ~ assumcd to be 
unifonn; and +i. is dt~ beat floxáj)plt~ at~c "QGUJidmy ~;whi@, is assumed to,.l»consttmt. 

For aU-test çasçs analn~ h~ ~ conside~td 0 '"<={). ~l;$s m@$\!Iemen{sj IIJía ct ==<>.01 
e ma • where em• is 1hc-1J!:aii'$wn ~m~Jatilt~rnl;a&lf~.t!:v th~ §ensor. tfte.sen~r .wâs' q~á·.~ 
ft •ft8 antt.forsalceofsfmplicity., Wc\lse4'rf0 -():'ansf z.(:O' =-1. 

Figure t .~hQ\f~ ~results (oT.WA~iJféré..nl pq~nti!J\.W 'Vatfatlon$.:gfJUib·didtcnsio.Ul<!,~ 
'fbermat ~fidttctivity. Cleã:dy. tb~ agreement·be:tween dre-t:stimated an_d dtc. :U;t~:ll tlteJIJ)al 
conductlvfties is very g.ood. ÍOf botb s:itu.ãtions -of ép'QI'Jcss dnd.i.nenct tn~~d ~9c v~ 
lhe case forihe oihcr smooth 'filnetional fonn:-stes;ted, 

:Fi~e.2 $,o;w~ sinúlat r~~~fõ.' ,r:~}lí~rmal .con4~etMt.y ~~th.~ tr~~J~v~~~?$~-4 
çolnparison; Ofthe exatt thenfu.l} cond~ótiv,ft.Y ~~tL· thc _onc· ~stimateq _b)' nsl%· én:~:if-es's m às~U"crn~t 
( CJ>=()) md1cates thát thc Pf~ent fWiêtlot,i esfunafton 'p'prQllo.ft: U!l :tcsó~.e &~ com~.-~. :'f:llt< 
~ntcgt-between t!íc wWt snfuUG~ 1lll 1lie' re~uJ't$. oblll.fru;(l by'\I.Sirig ml:isuieDl~dls'Wt b randOm 
errorsls~ · · · ,. 1 

Figure 3 ~scnts the rcs.ults oblaíned .for· !i $tçp v_aâa,tiou of tl\c llicim:itl' condú.Ct1vl~t"rhé 
eurve obtained. with er.tifrless m.~SU[~ettis (0'""0) ts.in .~o~ .~gree:lí)emwfilt. qii~.,~~P~,~o'hlti . . · 
although some osc:.IU:atíons aiC ob~e~d near ~e ·d1scontliln•~tr. Tho resufts n~lll;'L~ª , b~J•{I.k 
measW"emtnts w!th.andorn -mors uoa:lso mrgood egreem~ntwlth. tlw.exaetifmettonalform ofllte: 
thermal çanductivity. 
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Fig. 2 lnverse •oJutlóil w~t~~_ triangilllfva~n:tor~e tllenMJ~~nduetl'l!lf 
- I . . --• 

CGDclusiohs 
' ' . ~ 

. . . The ~verse ana1y~_\s tt~~·~e o.~J)jug~~.~ellftrtl~t4~~· 9.~~tf~Wi.W}th adjoJn.t 
e.~uado~, .Jlr~':~dêS. an .. el'fi.,C:Je!lt llP,Bróaê~·. ~o~ .~stl~~~~ .t~~ ;ÇellfP,er.,atu!f'·~~~~fi~eate ~i themtã1! 
conducttvey, wtlh n(} prlw. tnfottpíiijQ.n .ou..~e.~~9JlíU'to.tqt, 9fJhe qnÍf{!~~ q_~1:!1y. ~ J 

R~s)lJts obtainçd wttt~~~e~·.~g·~lm-ul4-t'çd·.f\\~~m:~~·~th~~:tn.erró~ ~~.:çJlt1 
that the J?fCSCnt ~pro.ach ls:aecll@te, e.ven for.fuermal· eondllétivitieS"~th·functiói1ai fo~.in;V;ol~g 
sharp comers .lllld diwontinlrltie,s. 
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~idr.od~nàmtds in .Tubes wJth . .Cittv11lnear O'bstruétions~ 
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rdnltract 

• • '.. ( J 

· nmnelical study of lhe flaw .field' in d'uot:s with rurvllinear obstructlon was perfonried, A wldé> IM'~ õf 
~ol~ w~ inv.es~Jilf.ed. Vdoçit)'.and P.~Ss-ute ciis~tillll ~ere obfained·by a finite v9Jume me~d.~th 
rlb!M)rthôgonal c9.Qrdfuatc sy.~. Com,pl!d~ianwith available.n!lllleri.cal ande~enfal J:eSuflS'~~'g®d 
~~enl 1 

• • 

~eywontS': Ducts. CUrvjlinear Obstrpction, Finito Volume Meiho$1. Non-Orthogonal Coor.i:linate:Systein,,Fiow 
F.' cL 

P~. obter ma~res. ~~*-~ ~?lftê.{iSC<l~ .. em !PJ!~ _~m resiD~s CW'V11íneas, ~oi realiza~ UIJ)fL 
10álise numénca dó proble.n(a,~.llD.dO ·obter.~sgmp'RS<de ve1oi;t'dade e,P,tesslo e as áln\ensões dà regtbpe 
iltslocamenw. P~a este trab-âlho utU~ou.se> uma metodo~si,a ·de ·sol11çlo de eseo~entos em ~eomefti~ 
cpmplexas, n~a: fo~o:fa~ ~ci>tn~st~.~:~~IV~~Ji!~~· ~.equações de;~nservaçil~ fo~ d~~ti~ 
c:om o emprego <lá: écruea;.atvôbtmc. !$JiifÍtÕs"éln~r_dêhalla$.n.ã'o ottogtm.a~,i. Os. r~~dos obtJ.â<>S< fôtml 
compar.ados com valQ.~·n~e ~#Jnen,tàlS"ClXisttnle~ a~s~n~ &oa co.neorgancia. 
Pilla.vras cJlawe.: Tl!bülp~R'e.$.~~ Quivil:liiéa:s., Volumt~!! Fimtos,.CóordenâdaS Não O!;togonais, Çamw·d.e 
Velocidades. ' .... 

l~troduçâo .-

A análise de escoament~ em tubUI.aÇ~es~m te.Siti~es ~ dé gí:a:n<fe ·impórt$D'ciã'para áreas, 
bem diversa$, c.omo a bioméd\ca 'e,~ p~tt.oUfê~NesJa;ú.ltlma..:.a e)(istêncla de resttlções, Gãll$ctdas 
p~incipalmertte..por ·OOFdõ-es <de .~a,lda-:~,m .. t@o~ p,equen.~Smetro, prov~caou;!Jl.ll:. maior ~~n;~sa.p' 
IQoal.izada ~og~ após a resú'i~~ (Pisller, . f.9.8'1l· f"JIª áf~Jil.~dfca, ~~usão ~e ãtt'!tlas eausaél~ );1or 
plac~ esçleréti~~ toma~sc utrr-4o$:m;~~F.~~".Pl:~};m:r~l1 d~.~~e~ c.l:r~u'~~Pff~·J~~~te c~ !#m-d~ 
irtfl~ ~o própno prº~~.~~ de:~re~'!~~!!Jo ~ 1?~~-llt. o~ fá.t.~res~ld'~o.dlí}:â_mloos qu~ ~U.l'gem r.ers:ausa 
ctp restr1ção, c~mo a mmor resrstên~a a9, ~UXó~~\\üfu.êó. e-~ ~~~o ~'tellSlt:~(.dr_ eJ~l)llí)tl!).~~ô juolQ 
a p~dé ~elliaJ. es't!o associados a ~nas drs:àírr~~ ~!? ·.~tS;~!,Ra o'rrcplató:n.~ (Wes.olowski ·~t .~ 
6~ _ I 

P~~ o~ter m~~res- ~~t~~~~'~ ~pbr,~~~.te: P.W~~()~ ~~~·? (~!l_r;~ 9l~{;r_;~ ~ 
e,studo expectmentaJ com o obJe,tYQ de ilêt~-tpa~: "? Q~n.to ~Ç"'s~:araÇilo. e•~e re~~~all'\CI)tQ.ÊO 
e$ooamento em fun9ão-do tipo ~·restnÇ!o e-lQO':li61herp <fe· i!eey.ru~tds'. Tambérirt'oi mvc;stlgadà a-perda 
' e pressão e a transiçlQ do esco~~n~o ~ !MDJ.ô,~ Píl~a;tw;pu:lenlo. A faixá do númeró. ~ ~ynciias 
jnvesti~ada foi de I 00 :i ~OI)Q. IJ'~s~pari~...:~~~~AS .t · 8Q , ;~.ált~hàm ~P.eij}p,Y.fl'rP.s t>a!'a C:Stá 
~çometrta com o nwne_ço d~.~~no1~'~.~·~.~QO~~P ~e~~ dP()~P~t!i~~ ~ ~gç\iia~J?!',a ~t:ve_~ 
seções do tubo. Um. estudo munén.co corn o.o6tettvo."'ijá'Stéb ae:m.ves'{igi o.:.Celi0J»-ená. em~tü-&os · 
s · tdados foi réállzado por Rasfl:)gi (f'98.4ll·B5te.'cJnp:te_geu u~: ifi~o(lp bi\Se-a._cJo em coor(L9-nª®s 
ott_ogona~s que se~~~ 8(}.C,0llt?~o,. apre~e'l,tAAdo ~~.s:ul~il~!:~~~o· e~sp'~~ule,nto~ O'fi~e foi · 
empre.gailo o moirelo k-e·. Kar-~ cr yat1}n~,"{f?86' ~[CSeí{tã:U'l'~UtW' ·:S0~~9~0 numérJÇ~ 11.~~;.0 
emp~ tt:go d'e éootdenadas nlto .tlr'tnoon€s· seódó Qs' comJ)9nent~,cQ\(anantes ·litilOOitfos comtt ~).íW~ 

.. -~ .ól •• , .... t ·~ - - " l 
PT~ented at the, 'Fifth Brazilian Thermal Soj.ences-M'eatl~,. Sio ·pa~:S'P. Decem~r-.7 -9~~~$~êl'ln~l Édtlor,fht l ' 
't'ICIT Editorial commlttée 



Geometria do Problema e ·Mafha'Elílpf'JQa(ia 
A Fig. l <letcrmina as prlnc:!Jla: s dlmcns(les da geomettia.est\td'ada. N..~ :a ,testrftlo t, 

definida por um cosseno da seguinte (órüm: ' 

:

0 

•l-2!q(l+aos;:) 
~ -XoSlt~Xci , ·ond~ 

X
0 
~ a m~tade dó eomprlti:mnto di Féstrlçlo; 

8 6 ra altura d:uestrlçto; 

Ro raio da rubulaçlo. 

F~ t <GeA)mt~a 40 il)r'O~e/!Jt 

Pomni1Ql11Íi$ad3$ ~típgs ~~~'CQI}llr.~ ~~~~ 

Modelo ~{~ ~ 
f,t1 9.5 J4. 

M2 9 '5 ·' 4 

M3 9,6 2 
M4 iS'A '2. 

. 
(ij 

. ' 



. Equ-aç6es e M'todo-de Saluçlo 

As equa~ quo-carae~ Ooiptoblell).Il@;>~ 
contlnotda& 

V· b "' O 

~tidade de movllnento 

I I t.f J. 

'I I 

,I 

o~de l-ler ~chamada d'e viseos~dadj(;Çf~'ya.-.fani.re&fm~.~. ~.oft, = ~ ~ párá:te:~~ turbulento· 
pcff = 1-1+11t ,onde~ -é~p.k"'/tt·C~ ~'uiil:atOOsütltcempmcà. 

eQoservaçlo da energia cinética turbulenta 

{4) 

(S) 
~I 

. 
A metodologia dcsawolvid41-pdrm:~rp. transfoan,a a.~ de IXIDSC'I')1l1Çâ~ll~mnll: 

aril~ gentrl~ +, Parti igJQ Mcma d~ oo~men_a:dasi nl()-oJ,1Qgcm~ bt.dlmcnsional .. {Ç,í-TJ}.í 
ull).índo a sJmetlia. angttliU'~ Esta .ee}Uài!O·é- póstedônnente:,disetct.izada uti~do.'a tétn,iear~;l.e: 

ol~~ &it~ sendo o valor-<k ·~+ nof'ponto~.J)Odais ~por i~. 'de açor<fo çom."ct 
ucma. 11Powet law• {llatank.a.t, 1980). A expre&Sio {inál JX)dc SCif cserifa-~cY. 

I o 

'I 

I I 

r! ap Sw &s ~ ~c, repJ"CSC"n~ "'.-ela~ ·cn~ 0$ ,;oe~ie,ntes d~4i~ e-.eQQ.ve~ tt b lfi~ui 
osw temlos cateuta~os exptlc:itam~nt-o._ ln_clusi"Y;o OB ~nnos.:f~ntc o-i\',etcnQ~;(kv~do a~ 

oJl,!llldadc da malha. • 
Ae.quaçlo de consuvaçlo deqúantidádC' de= JnOVime,p:tafCqllet' ntll ·~dff~~o 

· do"t.préscnça do gradiente .de presslo no teanD fonte, além <1e euttas f$res. Para a.pres'e'nlt 
rmul"~ko. o;ptou-se ~o:t utilizar uma otill.ba dcslooádt l)at& a veloo:id'ádc o com.ponenr~s 

~íintcs como ~dcpen,deútc$ d~~ l>e DU~do..~t-~ o.c;mp~~··~~isc 



Condiç6es de contorno 

Pata os oálculos umizou-so u.m. ~eno ~~timentó :teto no in'(cro 4o Ã'Q.Qt{njo ~,af~P~lt 
res:triQIO. um comprimento rctõ málor ·Plua q\leá coÍldí~ihl~wnlOroo <~e.·~~~ c:t~~ 
pudesse ser empregada. Na c~~ plll'o. o-caso t!Uillnar, !ltij1~se.wn~~ll'fil ~~~n"V~l~ido ~)fllcli 
Para ii$ paredes cmpregpu.·sc Q. ct;Ité:t'ió dertíló desll2;arncnto e oa línhac~fQl.®nslder®a·a.~un.etria" 
do problema. 

P.ata o C$50 turbulento.. o ~ dCl v~~ida4é$ AA ~nnda f à,i :tn:c4id.Q: pó~ Dcsbpan4_~ :4 
Glddens (19.80), e pode ser r~m:e$cntad~ pcm .T~l ·d'a ;potê.JtÔ'ia d'c·llni scnctQ.jJ e~oÇntc: '"o"~~ 
cntacteriza o ,perfil iguill a 6,4.:0$ valorC$ da ertet~~étt~ tl.lrbulénta e dé.sua. dl'SSip»Çll.o n& eumt'~f\ 
foram calculadas segundo as ~essões aba® (àlbib·~ Wftilelacw, l98Z)': 

2 
k = 0,003umax O 

O modelo de turbulblcia. t -e só é váfido nQ nú'êlco trbbWcntô onde p » 1t • N~ 
próxfmas a'OS conto.mos s6Hdos. onde J.lt « Jl. foJ ut~Hza.da- a let cta pa.re4CJ desçri\;, ppr Patllllbr c 
Spaldin,a, ( 1970). Astím, a ~el~id~di'":P!ltal'el~ e· im-e<Ualamcnt~ p.Wnma ~ JlUédê p é1dcqlad 
admitindo o pertU uníversal de velocidade. O'Valor4íUfiSsipaç10 nàii 6balcu1àáo oos-~tos p~~irMs 
a. parede., mas obtidos pela hipótese de co~ de equtubrio entre a getação c e. dissipaçiõ da ~ 
c:fnética twbnlenta(Pires. 1994). 

:Resultados 

Apesar de esooamcnto se apn;sentar mst4-ve:l ~.s-~çlo c postedottnente tutbaletitQ 
para baixos nílme.w ({e Reynolds s~s,undo Y9up.~.D.m1, o p~te:tra.balho·ufilizou o modcttr 
laminar ;paraRe até 2000 (ondb o escoamcnto·llll,ld4t 6 ~~ Cll~)'. 

A perda de :pressfl.ot\ p attav~ de Ul~J.a~kstm9lo dç ,co:mprlm~ L 6-t\ln~ dageomettla.~ 
do númtto de Reynolds, Re • 2plWul ,tt· ., ,õild~f:'1Õ ~~óêtc1J4~méd~ p~ re,sul~os. o~tl~s pllra'll 
perda de press!o adirmmsfonal eu( túnçb dd.DÁllllerQ dcrReynfjlds i;stló· Ç~1\&"Ftg. :1. 

Nesta tam~ llpr_esentados-osresuftadbs e~entais. qbtidos po:rYoun-8 ~Tsai 0971), 
:Rara a comparáÇAo.dus~Súltádos,. a dlsfM.da.(llltl'tró$-])011tOs tt~medidà.<fé-pré.Ssão foinn~tida igual 11 
3QR.o. Pode-se observar que o·l\!ompnmtntO'<luesttiçlo aftecàm\lita.po,uc:o.oª'~d.c.:~a l~as.os MZ 
e M3}. Par outró ilm:ll\ a 'V~'QaáieA> de;JeStr~ {easQs-Ml ~ prOdDZ cb'ferettças naile.rda.(te 
pressãO @ ma1s de d~ vezes. O oaso-:Mot. 'COOl ~tto intel'lrtecl~ apn:~~ também que&wf~ 
pressão intmncdiât'ia. 

A Fig. 4 ilustraa.distribuiçtº de pnssao na p8.l'ed~.ati·fo-.ngo dat::c~tt~l'Ao. ,para~~(}~ 
Oôs~rv.a-se que a pressAo oai" ôruse.amente na 11eg~ ~"D\á:Jtiln:a~rt.s.tr·~, se,ll(]po ~~~'W~.rada 
pamalJiicrite :apôs está scçao. Pode-se obseTYU" élata:m.ent~ .que lt·q.uéda;tJe ]R'es'slO 6 ma~.or Clml<O 
aumen~o da restrição. 

A 'Ri8. $ i:t_usfraO'ptriil de veJóelda&s pa:rwo.plátlb-x/Xo- 0'~9s.oaseS:Ml!t M2. Ma t:~4 
para '0 éaso l~ r(Re • '200), PÓdé•Sc·o;bsef.V~ pata o_ea,sQ Ml" U:m:jl.ligeiça 'alte,.açãoAht p-~tlil 
parab6li:co. Por~m. com o aumento da~ vedfiÇ~J~ J:íl;lc o perfil..dcvelocúlàdeiernkâ fielü'j)ílUs 
uniforme. com a velooidádé tn~maca~ ~mal$próxi(n.a &parede. 
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AsFlgs. 6.e 7 8pttsenwn bs-reSJIÍtat1o$_plV!t'~,ç~a:1uibu\ento{Rc..•.HOOO)J>ira ág~ometria 
M4. A variaç!o da pr~o 1ldimens1ot:~"M• patc4~11Sttàdimtf~~~ít_presen'la.,-uró ~C® 
&él!l'~CD\cU:tatt.te> ao caso lainin!lt. ·<:,Jbsen-{1-S!' .uma~·~~éli~I ~0.11) ,a ~DiQlli<t:nliJnt~ de
Rastogi (19&4}. potém·a rec~tpetaç1Q d~ ·PfllSSIQ l?tev1~Jab~er}~ámçnte ~.91díô :ma:klr qij~.a·mcdi~ 
experimentaltnente·por Desbparule ".Qiddw;0:9!0),.~ talha. dlL .nreal.'Ç!9. deste fell~meAQ e~tã 
assoofada ao trtOdelo k- c, C(UC de manei.ra get)l.olo'~ta wn .llom :desempenho na :pRSen~ de 
grande.s~eleraçoes e de teclrcut~~. 
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Flg. t vadMio da p.....a~ adlmt~lll~ tf~• tm-M:Içtó~ ,PotlçJO:rPaf«Ç.áÕ. .... iR.-UDOO 

A Fig. 7 apceseumós msultitdos do perfil ® velotidMe para~ pÍéJtPS.)t/.!ó ""'0~ ~-2 ~ 
x!Xo· • 11 . Observa;.se ~novamente uma-boa...ço ord4,®ja,co,l'ftL.Qs fyS~tados :n11mfriç.os .dclbs[ogi 
(1984). Porém. para a plano ~o •2.t lo$0' após a restriç«o êb~e_w,a~s~la)aftteru:~ pelas veJoCJ''dadcs 
negativas. uman:gilo d~:redn:ulaçl,o mW!&mJüor <lo-q!Je a p~vJsto míl'tl~~ 

1.0 . . 
- DIICIIlello 

o ~·OiddeM r 

·~·~ A --..o.. .. t;lldillra . ~,..,- ... 

~.~= . 

-

o 1 2 a • ·s 
Veloé. o~met~$1ottoJ 

Fig. 1 V~ da-~ acti~NMJ®al.tPtiftnl*-a•~JçJorldfal~ 

Afastado desta região, o modelo volta' .a aprtSçntar bons reyul.tàdos~ ,corno vérlúcado l()arà. o 
plano x/Xo = 11. 

Os presentes res:ultados eonobótam asl.túormtt~C.S obtidas; ~1' R~fOJi .(1~8:4).(1_~ que-o 
modelo k- e ut:ill1.ado 6!ncap~ dê prov:e,r pre~sª'"ent(j o ÇQ1Jlp(®en.to da:tégiãô·dl( d~sC()JâíliQlítQ. 
Pata a obtenç!o destes .-esultadO!, um mqdclc) de lUt~ut~!locliJ .çaw.tZ .. d~ tn:~ver 1l a.niSÇ>trofla do 
escoamento, deve ser usadq. 

.. 
I • 4U I~ a t .• 



1!.. F. G.· Pires..e:A..:'fl.J~ie~ele, 

Pará í':~la:Q.l!n_ar, lll&ompr.ipl~A~.ctll'itÇ)v~m~i\o.Jqj Jl_~,q~ ~ apty~ · o, o~o.l' . « 
0bs~wado ~· F~gs. S:a~.8~ ~!f~SP,QJidente~·~tQs P.t~elo ~e fJ'l> -~~'fi~~"Cóli,IP-rtme~fo_,~l!... 
região de reclrculllÇâo está'como .f?uç.ão do n"Ú~ercHte..RéYJU>li:ls ... ~ :dfS~cptlil>.tizontàl c;~~"d~ 
po,ntos da.~~iffomec(l':!f comp!~~entô.;<!'á<,te~!'"Q de t~Jí:O~!l'Ç~N:a ft~, ,;$a C~as!l '~~s~jo· 
apresetltados áJ;guns pontos nwnélác<f' .obtfdos pp~Kiú'kií(J 98'$} e·;ItaStogl tt9~t1ç rapl'i's<P,~ Q'0a: 
co1lcbtdânoiavconr.on~lor~$:-obtidos. -Bm r_etáÇãó a~~<fados e~edtfi~11\11ÍS ~comprimento aac.féiD~ 
de recircuhi.çllo é tigeltamente sdl:!estfmado, · .I ' . ,. • ' ' 

' • ~.• .. • • . •. -.· • • • I I 41~ 

Já parà o. modelo M};. -ap{esent!fdo na Fig; 8b, tem-se ~_a·inversao da ten_dên_c.ia--obs~a:da. 
para. o ·modelO' M2;~tb t, o comp.âme.nto. ·(Ja: .reglão·de reoiroulação foi supere~rnado; Assim., ape~ · 
dà Ugetra discrepância éntre os .résuJ.tadl:iS ~perlinentais e os résalta'do1onu:mentos; ,tem:seum 'bom 
resultado geTal!, o quo-fotnece corifi,ãblll<il~e pãrn o~~alo)'QS-obtidospa~o;.cas0"1vt4~pám Q(pi!Ü.~Q §~ 
tem dádos experimentais. -" • 

" 
Conclusões 

Como meneionado na introduçãoy. n~ou-se lJilla metlJdoLog4. de cálculo empJeg~d~ 
cootdenadas não ortogonais- ·QUe·s~ .a.daptam:.ao aoAtom-o. em ·sihtaçilo ~n~:i-sim:éttféo. O .. '~srud~ 
rea&ado cobriu uma larga faixa d,p escoamentos (píuner.o dç Re,}11bicls varbmdo.dc; JQ a+5óO.Q)-de 
modo a complementar as ·infoJlllar;ões dé quti'QS trabalhos·. So(fi}lr;e ·qu:c dí:sp.on'fve·is, ~dado.s 
experimentais, oo nll!I1étjeos fo.rwn reallz;ut'o$ pàra'vílll'danstás infóllilaçi\les. ()e maneil'a geràf. pod~ 
se afumar que, no t0cante a perda de·carga; a "WiaçiQ da ,seção obstro{da é muito mtis impottanteot},\lc; 
ô ·camprimento -desta regilo. Além D.tsso& mesmo: pará o caso-de pé~uena restrição {-çaso Ml},. a pe,riia 
'de catga é .tnuitl\8 vezes sop.çrlor à:~mtellf,e oum. tubo sem obstru~ã.o. lá Pl!l'ã.a detetm:Waç1o'dªs 
.caractecrísticas da regiio de reêlieulação,, t_anjo o cotpprirnent~ como apof.centa~e.m Çla.-ªeÇ~o re~ 
ol;>stcu:!da sao iQ'lp.ortantes ~ P.ara .~ste C:aso-, obs~lilu-~e \una b.OJl ç,oncordánoia ~om -os dãdos 
experimentais IUl f~ lamín~r. Na f~a h!-t'i:?ulenta. o ~ll'lpriuYent{) dà r~gi~o 'de; r~clrçulaçãº 
apresentou discrepância, dev)do à nil:o !ldequação dQ mode-lo k - e .à região de re~ircuJ~âo, u.ma ve~ 
que foradesta.região O$. re$~tados foram bo~s. 
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Jtaat"4. or:• ~~nk:ú~Teocn IS$tt.t>,10d-7311i 
Vcif.JNI·fN~tO~• ,pP.«U2~ . PiiP~n'B~Ii 

A Finite ·Vdlume M'ethod Using oranor (iritts 
for the Solutro,Ji of ~fseible Dfs~ at ement lf:t' 
Ro.rous Media 
CI~VJ-Jtalm'Jmdqjans• . 
cfiS\ifs Rafrrnmdo tt\alts~ Jdnlor 
INMEO- eomwWIOnal ·flúKI 'Dy~ Laboniloty 
~nláal Eng~ Départmeot. tiF:sC... P.O. .8ox 476 

J8Q'W-.soo • Flodanopolia- se -BtfZll 

A)lstract 

,, 

1'1\e present wodc ciçsc:ribe$ t. P.unittlcallDCtllodolog IQr tho ~ of ml$eible' dispi.PCCment ln; porouí ~di.a 
USing ODStnletllmiV~ discmà.ation. lhe VorQnOi ~ Jlé'j!IJ~Ve~V~ &ÕJ tppr\l~i 
lfJow p.!'Oblerns au~ to .lts c:onsttuctfon. Whlcb fqtte~grid po'llltS tp l!c aij~e9. wltb the noqrial 'Q{Iho(.<lOfttrol 
votumc ~udàccs. 1;he CQiltfOl:Vóli,Ut1~ l!'~ã;eb is ·~~iJMd: an~~;4·S:é-lt~c 'is employ~d·I!S ~jn~latióA 
~b Íór -llt~ solu_don. o fá tràlletinjecti9n ta')l<'.sb;lgle-píl~ Aow fn a lNc-tpot ama~C$11. 'Ibc nuntedcaJ 

,rcsul&sare corn~with: ~(IOÇ.t~ wilh~..filtml w~~d cxpdrinleaJJilly. 
~ywonm Miscib)p DispJ~.~(5l'Q~~~3+ F~ :\!oJum~:Met!to4.. VONnot Gtfd, 

lntroduction 
l'hc solution of miSe'ibte displá®mont in porous me:dia is' of great ~st in pt;Jtoleum 

.cngincering in tltc dctennin~on o~ gte ~mrfl,Gw iJl:}lctro1~m.·~erwirs. Th:c injectÍQii !llf'p:a~rs is. 
used to study th~ :l)ebavlO\lf ofthO ~trolcum reSCtMoirs, Specially ~oncemihg with thcr p-r~(émncê·t){~be 
-flow in fbe porous rock. U.~11y .snmtl ·amoun(s.oill tmter ts in.ic.ctcd in dle wat:c;r phasc and the t1mc. 
for the h'àeer to n:ach the ptodl!Qli'op. well~.b monl~ lhe Pf~~i~ 4Ua~is Q! tbC.:.nactr 
concentmtlQO in'the si~gl~~ 'tloW thfO'Oih 'tlfé j>orous rock: fuilps COJ)Sldcrahly tbe C~JJS {t) S"Cl 
·~p lhe expcrimental tlfQcedutd. 

Slnw smallJ4Mounts ~ ooma:Uy tnjccted; rthe tmeer p~ in 11Je numerkal predl'ctíon.mlij' 
~ Sllleared by ex«ssive nlll'l'lerical dtffusion., predieti® • -sborter time fottbc br~kthtough of thé. 
tracer. Therefore~'ónc ofthe key CJ11~$tio.nsis to ~ve numetical ~s~nlhlnl 'fhil~}.ttq,,nQt ~trotLuçe 

cesslve artifie1al diffmta.n, 
Tbc traditional metbods in p;etto~ emPiterin&as reponed by Azi~ and Senari (197-0 

~mploy, m generál. cutesim dÍ$çrctlzatiQQ. Th'is:-~ate sy${mJ bn tbe <f~adiantage of'noJi 
confonnin3 lhe reservoJr b.oun.<far{çs, whlGb W'C aif~s o!irrq,utar s'ha.p~ 1b by-_p~S" thls ditiOc\d~ 
eeeot efforts ate berns made t~~s the de-vc19~~ of nnetfiDdQI.q~.wh)ch uses boundllll""íht~ 

grlds. 11$- rci)Orted IA 'RiJSOn .(t989}. SfLatpelnd l\n<J'erstm {'l~91) aml-.Mális'ka. ét antu~ t;. 1 ?9"2: 
Lm). 

. Anotlier ~out.e Whléh Is àlso reoe.iv~n$ ~~t~n~ó~~ t~r bt.--y~lüg 'lhe ~rl11ltll'ttout1 ôf't.ho. 
éá;rt~tan a~ini, is th~ use l'lf:ntistrtrCUU'e<i gr.Jff$, 'l'h~ c;Pnstniétton o)tl,nS.lql.Ct\lrclr0~~ ~ 
~rfo:rmed m different wa:y.s.. &al1ga aad Plúal\kar (l983). Raw ilnd 'Sctúte-1~ ( 19&~ tlinon ffilie~ 
1ISés' to construct tlte aontrol volume by joining the ccntroid anll tllc median oflbe.Q'iángfc-shic lly .a 
~ght 11M. FoiS)'tb (1989}, Fu:ng et alU r(J'9.91, t 993 ); SrutWs eUlll (19? ll.,lla'le l1ScdJhm· t.y~ .of gtid 

n petro1eum reservoit slmttbition. 
lf thc oonsli'Uetion is donm sueb t,bat lhl'! line join:ing tcwa gtid poin1$11.fiotmal-tcs Ot~;®~l 

volume sucface, 1he Tesultlns çonlrol vohune is cal led a Vproaol d~etizaf;iun. 'nlls~.e ·o1' 
~serelúatlcm was used in severa1 brltnch:~ o! phrysics and reoentt1 app1led ln petrol,e.um re~er:v~r 

éngineerlp& as i~:épbrted by Hcinemano and Bnm:d (1988), Hefnem:Anb e~ alll { t989,, 1:9lf1'j~ }'a:fagt 
~90. lm) Qlld Marcondes(l993). 

Thls J!llper prese.ots a numencul memodology. ror tlle so1ution .of misci})@ dis".Pli\Ce.mél;lt i(\ 
porous- media uSing Voronoi· dtsctetit.lltl!YnJ 't'tte-cen.trõl vcitnme conceptís·e~pi'oyed' AAd ôll>-l}}'l>rt~ 
SÓhç:ml} is uscd to interpó~e llte c:oncentration aUb~COJJ\tol volu~c lnterfllêts. The Voronol dia~· 
are geoetated tJsingJhe lllgonthrn deve!oped m Malls"Q ]1\, (~. 11:1-e: RSD1ts obtirin~d wwm__nated 
wlth thc anes nh121ined~g bo.w-..Jll:!N~ ~d ·expçrirn~ly. 
E'.re5efited -~~tt Ffflb61Nlllàn.'T1J}tm!ãl ~n.Qé$Meetjng; ,~à!)l'Palllõ, SP ,D~éll\berH·, ru~. if:&ct.lt:»~ êd~ór$filpt" 
p.!CIT EditDltâl ~--. • . . 



Govermng Equations 
The problemttnder artalysis f$ thó slngte .Pb#S~ f111w tn 11PQtOU$ nt~~ Sfátiing{tQrn the 

mass conscrvatton gi"cn ~ 

a a ô --CP+) +-(pu) +~(p~) IZ q 
a« 8x 8y 

(~) 

wherc u and v are the· cartesian velocity COfilPOl\entS, p tb:e ael)SÍ'tf andf . Ule por~1ty' Ófthihnédiili:n: 
combincd with thcDB{cy's e.quatiotl 1 • 

v~ -~\1P 
~ 

ooe obtains lho mass oonsctvátioitcquattab wtitttn iDtetmS otl)~SSQre ~ 

v . (VP) ~ _l 8P -~q 
fi. ~ 1; 

where ii ii: the rnass flow. rate per 4nlty óf'vol~ aúdJ ri., is~en b}l 

• k w 
(l ,. - ll?l 

J.L+cl' 

wbete Jl is .cite viscosf1Y • .lc th~~~~ty Mdct.the.tmn~ibility~çi~ 
ln the present wÓ~k: aU cases whe,r~:r.\ll-.co.nsidering e, t~al Jo. ~~~ hut tb;c·te~ 

involvl~ a• in: .Jiq. .(l) ~ rCt~d only ,fw ~ao c~ l,hc solutto:Q. t().~t~dy tlitç. ,;rQ; ohUiin lhe 
equation which gov~ th~tmnsíent éonce:lrtrmio.n ot W: ~ .onc. netas f~ ,;tl'f~ ~h,Cc, s 
consentation of the tiacer. n:ciWlltin& egpatl01l~ ' -

a ... -
-(~C) +V· (I+VC) ""qC1 Ôf 

wnere I is given ey 

J .. -.ove 
' 

and G is 1hc conc:entratiqn aHhe injccUon wdlancUf-ls ltbe-diftXJsion çoetltolmt. gtqn_~y 

o"' (li~ 
11 



C. !fL1~aJiska and -C~ R, Mallska JF. ~l?

wher,e V is tbe magni1l!d'e of lh!' ·vele)Çj!Y· v~ctor noxmal to t;Qe oÇO,lltrel ~?.!..~ s~.án4 !Jr i~. :tl:l~· 
dispemion coeffieient. ., • · • 

I 

o •• 

Equations (3) lincl (5) must be SQlved ín 1m ~ctured V~onqi .gd;(l.as ~ho~:!n E{g .. l ! 'Ibe 
contr.o1 volume appt:Qach is üsed; whereby the eon,se"!ltion equations·ar.~mle.gl'ated ln tb:y~eo~ol 
volume P shown ifi Fig. 1. The mo.st íntete~>t:i.Jig fç-at}Ule of t:fioe.:V&tóno:{ día,gr·ltlt\ for iflui.d flo'w 
problems, is ~tlte factthat the Une joromg the·gri4 p:om1 P:and1he n~igb~ow:ll\g.grid poinfi is nowaldo 
the contrril vc;S.J'um.e.surfàce and íhe in.ter.section iS:-exaet't# its rn:índ·point. thls silnplifies.-éorulaerábJj; 
aTJ proeed.ures wliiclt calcü1ates :fl~es aiong tlic nonpal. · 

Flg. 1 'l:lemert~•• cQ!'Itl'Oholuma IQia . ..,taeJg~ 
Press.ure Eqwation. The integraüon ofEq. (3) ovér·time and space reads. 

f V· (VP)dVdt = + f!WdVdt- f eqdVdt 
V ,I (l, V,l at V·ofk 

US,lng tbe di -.:e.r,gen~ fh~r~n;~ oq~:o\)taJns. 

f (VP · t):dAdt .= "!. .fõP_dVcdt- J~qdV4t 
· A,t .X" V;t ât V,t ;JC 

... 

·' ,..,.,, 

.•• ; 10· 

I .. 

(8} 

o 
• I. 

~I 

lntegrating Eq, {9}tbe àlgebraic equa.tion tbrtfte.eôntrol volume P is dttermínedas- o, 

(lO). 

where tbe summation is ~ónned ft>.r all interfaces ef the control voiume P. I-he·sul>index Pi denotes. 
aU infomiation needed at the ci'tltelfate an.d retate<l to. thç connection of contról volume J>· and itS 
neighbour i. Using Eq. (2) it·is easy to show tbat. lhe veloclty .nOrmal to the control v,o1ume ~urfaee:. 
aligned with the gt:id poipts,.is giYên· by . 

ôP} ASP. =- -VP"~ 
0~ ~ ~~~ I lk 

whiçb is ex.actly. the i ténll t>fthé lefthand side otBq. (1 0). Díscretizing Eq. ~ ql it reàdS 

,· 

• ' f , .. 

Using the-Eq. (l2)11ll.d !EQ:. fi O) olie .QfitlUns the.discretized "Cquation for,flie ~Qontrol 'V'.olume :P 
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~ 1 AV &SpJ 
~.,. L,A1+......--.-.; A(=--

l a At L,i 

.... 
"' - ,(U} 

(l4) 

Equation ( 14) is a liDeàr system of eq~ons whi@ wiginatesttMtriccs wblch are not of:tixeiJ 
band. The solva' for tlrls linear system wil) be d1sc~Iater. 

l:qQJtioll ror fhe Coueok.Uoo ·ôft» -rr.~er. "fp ob~ th~ (llsçre~ equafum foL t1)e 
cOJKle.Otration, Bq. (S) is futegtaled in lime and ~tet thç coJitrol volQtn:e sbown in fi:g. L. Âgltfrt usina 
the dtvcrgenoe fheorem the integrated c~áatiàll resutts 

--L (Vpjc;/+lA~+qâVc";+ I (i6) 

I I 

1 whm C.. represtnts the concentrati.on at the intérl'aee of conttõ1 i!Glum:C$11 ln:d J~ As .~:~ln be sél:t1 by 
1 Eq. (16) Ütc cli1l\Jslvc tenns WCfe ITf.PlOxi'm~ USWJ~ diff~ For tbo convecíive ~ dJle 
l: needs to mterpolate the vatu:e of ~ at Oltiilntml~es from d'to váh.\cl tt Ole güff n()deS P ·!Út'd: r. TQ 
n interpofate tho oo~contratlon· attho tnter!àces thc WDDS.of'Rãitliby à.ncl1'prran~{t9~) is IJ~ Tli1s 
L scheme ls widely employed ~ith stru:c:ture .grids: and lt4 ~tens)Qn~ .tbls .~pe ofgllltt lS..stra,iglitforwatd'. 
1. Therefore, the <;r at tlie mterfaee-:ls ci®UTale.d"by' . . . 

wltere Che e, is obtained by 

P.e2 
CXp, - --""':' 

10+ 2:Pe2 

where Ole Local Peclet. num~r is gtven ·bY 

(1'7) 



-L(VAS),1-+qAV o;< o 
i 

into 11m brackcts-which llildtfpJies C:+ l , <me obtaW 

c;• 1 [~; "fqAV+ ~[(•~)PI-vJ>j(i-~~JJas~~ >= 

(21) 

L í(+D) -VPJ (~ -aPJ)lASt>í~H+ (•C};~\T +~Ave;+ ' (22) 
1 LLtr 2 j at 

lt is to bé noted th,t the lastictrtlm~~ bahctside of~1(22) .~ onty ln dle it}jeetloQ 
and .ln lhe productlt>n w~lb~.~Of tpo toJ~~tio~ ~~1ls-~ovt:lu.e of c!+_ . is kno,wn and wiH be a~eçJJ9 
the Uldcpendenl vector offhé rmw systtnd'ol' ihe.prQductitln wel1s rt ts rllnlm.Qwn and. ~ete~ wiii 
join thc ~ t'eun. C~nceflini wftMbosamo ~~~y Eq. (2t). 

Thc re.sllJun:g equatton is 

Alc;-+1 - LA..cj+l+B 
i 

with the foDowin&: càefficlents 

A1 ... [('~)Pi- v pt(~ -~)}~st>1 
'Ç' ~.AV -A "" "--~ +,-+qAV 

P At 

aAV - ~+ I 
B = (.C)pAt +qÃV P 

(Zt) 

~) 

(26) 

lt is :recalled that ~ 1ast tenns in Eqs, ~) and (l6) erc alw.ays.ur~ ~ for th~t lnj~oo 
weHs. 

Nomericat Procedure 
Sinee wc are dWing wttli the tnjei:'ifon df·smàll _amounts {)f~eJ' oae: ~eonsid~dSti th,ft it 

doesnot alterthe viseos.lJyof~pbasc. Witb this assumption ijlc 'flow eqllation. 24 (14). fsdea:wpied 
ftom ~. (23). The. prot)lem undet CQnsi~mi ín this wolk is lhe injection ot a·traeer ln a ii~l 
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I 
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panem. as shQwn. in Fig. 3~ Trus gewtetzr Is,çllosÇD.\i:c~WSe mililedtll Md C);perlm:~uut.r~sril~~ 
a~ailable. ()fcoutSef;tlfe:methodnlog>h~~J;eseõte<tkgenemJ ,.-a(( ean: bó.-a])plíédfu-.aíbiitàU' 
n:senok$. An íllustratlw o;:xampl~ of tlús ~ willl»slfuWn<wben lho~ ammported: 

. . Porthe sOiution oflbe ~ear system~f«au~~-l\:l:>lWôll~S!rtlc.fúi~" ~ 
Oircetion lm:plicit) ~od.af~Jr. emillele1l'a(1994)kemp oy~:b."lho kleaoMuuDêtlíQd'4lo 
bave tlle sam~ ftmbüi:ty of the t,tidiagonal algoJ"ithms. ~tçnsweJ~ us~d COr str~re gdds, :l'o 
accompHsh thls the dontain Js s~ along U.n~ soMng ~ t!ntdfnit~ ~hrem Ílil1'llláfvolutnes 
wbich wen ~t by. the sweping tine. fipro l shows"$Ç' êtllS~<l volUDÍ~ Wblób w'lll e~r the 
.ca'lwtarion for the sweptn:g Une A _ ~ • Aet\ia:Uy tbe probtem ts solve4t alóDa. tlie ~.8~~~ ~e sbo~ 
in the ~-l whcn: a uidlágonal matriX is gtnÇI:t~.teci 'thct ~y.que$ti_.On tn';thi~ :rm:thod iS'.th~: ~í:itl\nl 
for sweping the domain. .since no control ~olurncs IC8l\ be. left beliÍÍt!l duriliÍ lhe swepbtg, Afthe .same 
time thc swepfn.g step can not bc too shor• •ince tw m:any CQlJtfol Vólum"Çs w.m lbe; r.c:peate~ 
lnt'Wencing eonsiderabty the ()Otl~CO tate. Tbeso anel othe:rõetall~ o-rthe solver Qri1)e found in 
Maltsb Jr. and Bet.crm ( 1994). 

I 
F-Ig. 3 vor9nol dlacrdutlon employed 

NumericaJ Results 

'Figvre 3 shows the t)'PC of~ Voronoi d.isa:efiZà.tion Used tot'~ soldtfón ottfu::nírscrote 
dísplacemem aftmcers in afive.spot ~.cm. as dcpieted in flg.1. Grlc$Swltb bU46and lJiil 
oontrol votumes were lísed. Tbeso resutts. wer& obtai:ncd wiih a VCfl ~t .ti~ ~~ 'llte)' arQ not , 
tepartcd hcrc but tbe so1oti:on witb 1661 volumas Is alr~ independ:Ut()!the gtidstzê.and, therefõre,. 
a1J remaining resu1ts weremn usina this arid. 

q.. o '·"" 1:211 
OiipaJ 

Fig. 4 CCUlÇtrtb:don alqngcttte .éll•,gonal 
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Figum 4 clcptcU:be çoncertfnltlgn.profiles~Ol!J the ,cfia_guoal folt<1be .time "WlletíQ-.5 poJ;9"1,ls 
volume wen: injected ... The,:pro.fíle-swere obfll.{nê<f.!otl!ee(etllumbel"equliLm~tao~etin~d :J>;c 

VL 
Pc=-D+ -

. I 

and for dif(ercnt time stq7s. For CXBm{)le,the time SWj) tnmeans that1hc Ume step ofl by{86400 §) 
was~ubdMded lin·2 smaller time stcps. lt.is ciear that-the-soü.lfto,n, usirlg V.oron6i gtídUbows:-in:Odb 
tess. nurn~JioàHii:ffà$1ol).. tl:Qmlthe solutloo obtained wi.tll Cbe bôuntl~fttd ~â. Jlecá{liq Eq, ('1)· on'C 
SCC$thalthe.Pàlet nlltnber-cm be'modlfiêd b1alter)ng ífie dispeniliity. lfnee tbe -vc1ocüy-h -QUice11ed 
itl tbe Pecletnumbttl due"toitS-~1mhc diftii:si'on t!Oeffieient ~ 

; •aó 

J,QO 

I QMt I 

O: MI 

' " ~~-~ \ 

.!! o.D \ 

J 
.... ....... 

-Q.óó 
• .,...t.,.... ___ -

(~~...,_o.u 

~ I 

+ • ~ 

~'\tihií~W~ 
Ftg; S CQfll>att~ll at*~Jt'~~etiOB W .. D 

• • 

As a :fin~ app}j:cation of~c nt*J ,fhe tl~ipat re.sults>O:f tbc p~ wort;:u~ Q>IJ!P~~ 
with the ones .reported by Sarttos r:;t á1 ( 1992}. Tlble. l ·8f-les7tlic-dáq, .o1\ di:C' ~bl\roir usect m the 
experlmcutaJ and n~er~worb. 'FtgUI"e'-5-"Sh~ws ltl~ tm:e_t.cooeenti'Stion.at lhêl ptoduclioo ~It.to~ 
contíiiúous injeclliln IID.d ''for • p:Ulle-of.the·ttacu com:$pon:ding 16 ().4'ínjeetea pOtbú$ "VOt\lllie.· &tli 
resu}ls are very good. 

DlmeJision (m) 

Petmt=abit~ 
PórO$ity (%) 

lnJe<:ttK! now ,me (ma/~~ 
OispeJSiVilY (ln} 

300 x ~ 0.15-X O.t5 

200 519 
20 
500 

17.75 

0J)Cii41J 166 

0.0011"5 

'• 



.• 
Pigure-6>$hows th.e :qnStnietuicà J1ld:~}'Cd .and 1h.e;pressurc. field !or twa:injecúon;~4 

-J)IOd.ucdon wdl$.fn -~~Oit,. WitJrtbe oolygoat of~IDJ:the~oeb:~ 
num.eri<:al mode1. A problm wítb 1m1. fturnbé~ otweW ~ith any .tin:d qt boúndary çOttcütioJtS m 
irregular sbapll rtscmJlrS can be sofved Wbb1h~~Oiog.y descóbed. in thb pçcr. 

Conc.lusic:ma 
The use of unsttuctured ·grl~. ln '"QiljU.rultioo·W:ffl.\..fú\lt~-v;oiWJ.e. {olm.ul.ati~.D.$,.-fQr .~ 

sotution of tluid fio\\\ probl~s is be9omina;.;a. ve.ty11:~~tem~tt:V.C lt$itlexi:l:!llily,-;kl gS'Ite~ 
th.e g}id-witb vQlumcs wilh11itfereo,t $ÍZeS ll!ldr-s)la~Js~lfor:thc:s:inrat!On Wh=;~SQ;il~ 
_c:xi:s:ts_ llkc the wclJs m pe:tr~~N.Qii' sln1UÍ111ioll •. mtc.~~QN;be.Yoton.o~ diapmdati:.l_i
tbe-~.JCatian ot~~ la~ stnee .U no.D1ll1b.ta1he ropjwl volume sudàces ate a.n:tJiedwilh. 
th<; ~d po:fnus Tb.~ mlstil>~ -4i~lacemem, in ll'five-spdt:conírguratien,was sotved an.d the n.umencãl 
rcsult.ll qrocd va:t wen ~iOJ ~ ~clita1 ones. 'lhe finite vólbmefo.nilUlad.an dcvcloped is cJean 
and g~ tii.ow:fn8 ~~to DIOI'C= (Omp{e.x problems. 
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Two;-Dimensionaf Two-Phase ~Pettoleum 
Reservojr Si.mulation US.ing Jloun~ryf~tted 
Grids · 
Â. R. Cunha, 
c. R. Malltk~ 
A. F. c. SIJva,. 
M. Ã-uwarn:e~ 
SIHMEC- Cclmputa6onal FlUíd Dynamlcs Labora1oly 

Mechank:al Englneeri~ Dçartmeat· UFSC - P. O. BolC 476 Cépr 86Q4Q..9QI) · iflocíal16polls . .; SC- BruiL 

Abstra.ct 
D.te present wodc iruroduee$ • nwnetieat ~ethod. us:ing bolUiélãq·fiU~4 $tids. for simulliting ~oleutn 
mervofts. Boundary-fittcd meshes have the ~11ahUity ·of co1JiolJ1)in.g ihe ~gu:lar boundaw oltiíe rcser:Vair, 
allowihg better appl]cation of boundary ebndltfolis 111d faeiUtatlrtg "tbe speciflcadon of geologfcal faplfS. "l'o 
uscss the methodology, ~ welJ lâto'Wn five-spot'}'to1ili:m~ 'O.Stdo whc,tcHOiíl])WOOS USÍftl cUrvilineat, 
~Íllll. di.qonal and PJillllld grids.•-do~ To ~9JiStrJile ~ abitit}' of1hc modcl, a reservoir ofbregular 
~~ WUh.-2 büecrion and 6 ~m'twells. is~ate~. 
Keywol'!ls:Pélroleum Resc~ SimuWiott. B('w_~.F~ Odds 

lntroduetion 

Th~ nutnerle&t slrnut~tion ot petroJc;um re.SON~irs- i:$ of gr~at iltlpQtcta,ncp i.ll, p&tro1eum 
.cogjn.eerlng bec~tu~ :&0 e~nlal sin:tw:;Ulon ln Labota~ol)' ij imÍ'Qssa,~.Th~ P!eillelton ·lli'.lhc: 
pow .~r oU. ps ~d ~~ in thc porov~ roç.k Ol~Y he1p v.err ?Jl~t :tC9_b:lli~ aruS. ~fp,m1~ 
decistons abc>ut thc n:scz:vo1r. ~c tbe ~n.~ ~ PfQ,du~tl,o}1, e~PlJllltlPQ, oJ p~t).dp.c~oo.jí~~., efc. 
.Nowaday~ tbe n~~rt~ rp~~bods wht<:h are ctpJl.oditá _i:n CMUnerojaJ ~m.ubpors arp basl!d on 
catteslan ctlscretiZDtioil. The ii'tégularsfmpc.ofthe reSt:rvoir and llíc gê'ólogjeàl fauffs ate tittter 
reprcsentcd if a flmáblc çoonfinate .systern is liscd. Moreover. tbe appUClalion of bowldâcy çÕQdítfui'ls 
are also easier with tbe aid of bol.lfid'IJ.ry-oonfomrlng cootdUiate systems 

CollcemiQs wlth:lhe use of bo~ary.-flfted aoo~.abd oth.cn: fl-exfblc gr~ effotts.b~o 
been reccntly donc !n tl\opetrolémn éngineerlng area. Rõson (19&.9-). S~ám;pe and Andersoo t [291'), 
FOJ5Ylh (1991) anel Mal.i:Sb (1990; 1992., 1993), aJJtOni ·otbetS. bave d~ to 1he develoJ.lmCIU .m 
numeifcal :rmrthods ·~ing sootutured boundâJ;y-rr'rtte(f~IB. • 

Thé presbnt pAl:lef is a :têp:ort in ·o~c ihe topfas undéJ' tmãfysis fu a :1n0re gertetiil riSéafcb 
prQgram to dcvelop tmmeric:.al mefhods. using Jlexíl)Je sridS. for petr:oleum reservoif siJm.tldnn. 11le 
blackr-oil model is empJoyed co:nsidcrlng tbc oil and wmr phases m a. two-di:mensional CtantcworJt 
For testing pwposes lhe wel:lkneWn fiVc·spol ptQbrern Is solved witb the;alm.'bf·ev.atuatlng the:eft'éats 
of the grld odentation when using ourvlJinear coordf.nato systems. To demõtl:strated O'le abi:lity: of'tho 
modcJ ln dcallng with lm:gular shapa reservQirs, ;lt is sb:nulated the oU/watu tkJw ln a resc:rvolrwith2 
injection and 6 pl'óítuetion wens. 

Mathematlcat MDdel 

Coos.ider tbe Oow of oU and water irt a poiQUS medía with porosity.-Thc equatio.JlS<wbicb ~\tlU 
fonn the. mathcmatica1 modelare obtaíned reali~ng a mass conservation balance for eaéh comp.ónérr~ 
ln tl'lis c:aso one h3S oU and water oomponents and tbe oil and water P.}!as~. )leJ):eçting,bo~ forccs.~d 
the capiiiarity pressme oru: obtain thc conse:vat{orr equ.ation 'forthc watet artcf tbe llil ãS' ' 

V • (~ VP) "" - .~ , + q a[s~ 
~~t 8t , B • 

Presenteei é 1he F1fth ~ 1betltllll Solei\ee~ Meetlng. 5ao Paolo, SP Oeoembet 1 .~. 1994 Technlcal ÉdiJorsbjp: 
ENCJT EdltorlaJ Comm1tteé 



a r. s«!l 
v . [40 VP] ~ ãt L+BJ +~ (2) 

wher~ the equations rcpresent a 1/0lúrnetric co~on. since bót& cquafions were div{ded by a 
standard densíty, giving rise to the volume fonnation factor B• aud Bo . The. unknowps oftbe 
equations are fhe saturation ofwater and ofl a:nd the pressurc. The closfngequations is tbe oonservation 
of the global '1118.SS, given by. 

wberc 1-., and À0 .are tbe mobility. given by 

K.Kro. 
À - -

Cl BIIJ.LCl 

Where te: and lc:ra are the absoluto and relativo penneabillty, respeotively. 

(3) 

(~ 

Bquatlons (1), (2) and (3) necd to be solYed for the ullknowns pressure and s<rturation of 
water and oil. There are two well knoWJl methoéls f'o.r solving this proõlem. The first one, the lMP'.ES 
method. soLves the ptessure impli<ritly and ~ satumtlons e~lioltlr ·, 'lbe way to do thát is tb ~ietize 
Eq. (1) and Eq. (2) for S and S0 ,lceepMg thc pressure tmpltclt, litld summlng íhe equat1on u~ 
obeyln.g Eq. (3). Tho resUfun.g equation is an .equation for pr:essure. Ravíng pressure'Çl]"culateQ..tlJe 
satarations <:an be found explicitly. 

Tbe o:tbec alternativo is to replaoe S0 ln Eq. (2.) by l • S and solvt Hqs. (J) and (2) fo.r 
pressute and water saturation in a sinwltaneous fashlon using. ~y. NeWton'$ ilctàtion. We have 
sotved fhe problem witb both m~s but with emphasis. when testing the nurnerleâl a.lg()ritfun;. in the 
IMPES method and, tberefo~ lt ls the model desc:nõed twe. 

PressllJie Equ.atioa; Eq. (1) or .Eq. (2.). wri:tten tn a gcnentUzed curviUneat ooordtnate 
system has tha fonn 

a ~ ~P a~ a ~ . aP a~ 1 a ( scJ q~ - . 0 1 - . +D2 - +- D .. -+D4 - . = -- · - +-81; c ôÇ c a ÔTI .:rc ê11 c 8 . J Bt Bc J 
(S) 

whcre the sublndcx c means wate.r or oi1, and thc ooefficicfits ean be found ln MaJislta et al (1992). Tho 
aJr~dy introduçed relativo permeabill.ty tc:..a , as a fimction of satmation, is given by 

SCD 
ll,.. • -( M-(-1 --S

111
_)_+_S_.__) (6) 

(7) 

where M Is tb.e mobility ratio. 

Approximate Equations 

lntegrating Eq. {S) in tinte and ln the conli'OJ volume shown in Fig. 1. o.m: obtains 

~~[(~cc) - (~jJ + gc~V = [o te:: +D1c~~lA~- [n10*+02c~~L d~+ 



[n,e:: +Dtc~lA~- [olc:: +D40~5A( (8) 

~ derivatives are approximated otunetically uslng a centtal dlfferenee scbeme-. and. tho 
final di~ equation for 8

0 
is 

a J.At BeJAt ~ •c 
so =_o_ {-~PP}+- (.L.tAml\rnJ +S 

U,V +AV 

where the coeffieients ean be found in Malis~ ~t al ( 1992). 

' 
' 

t 
R;, 1 Ele!Mfital confn)J volum. 

As alroady stated. the equation for pressure is obtained by summlni the saturatlon of water 
.00 oil, resulting in. 

Alp = AEPB +AwPw+~P~o~+AsPs+A,.mP~+ 

~PNW+AsTfss +AswPsw S 
(10) 

Tbe conttol volumo method requitt:s lhe penneabilities to be calculated at tho interfaces of 
the control volumes. A inttrpolatíon func~on is tlren néeded, since tb~y are stored at the center of.the 
oontrol volume. fn this work an upwiiid seheme is osed, sêtdng whiofl·~lume is the doo0r cell 
&éCOrding ifmass cmers or leaves tbc control volume.. 

ln the IMPES tnetbod the mobillty A end fbe voJ~ forrnationtàctor B are .calculat-ed with 
the water saturation from the previous iterllt'ion level. When it:erati~o ·js pQ);fo.n;ned, inside thc time 
levei, to updated the mobility and the volume forrnation taetor. tbe method is çalled llere 
SEQUSNTIAL. bccause the equation S)'stQn is so-tved implidtty but m sequential way. h is <llear tbat 
the IMPES procedure is embodled ln lhe more general sequ.ential fonnulation, The lterative prooedure 
.is; 

1. Sct JnnjaJ pressurc and satum.tlon ofthe rescrvoir. 

2. Calcula.te B 0 and 1.
0 

, 

3. Calculate the pn:ssure field tbrougb Eq.(10), TbeMSl (Seh:9ider and Zedan. 1981) i:s uscd to 
solve the lfncar system. 

4: Using 1he pressure field oalculato lhe saturation ofwaterand oil. 
5. lf conv~ was not reachcd recyc.lc 11om item Z 

6. Set t • t + At Md cycle back to item l.l'q)eari"i up to the deslred time levei. 



TINo-Dimensional Two-Phase Petroleum Resetvoir Slmulation U$1ng Boundary-Fit111d Gridll 

Numerical Results 

Before presentir\g the results obtained for a reservoir of complex geometzy it is important to 
a.nalyse t:he behavio-ur of the method in tbe solution of a known p.roblem. The widel_y used two 
dimensional twu-phase test problem is the five-spot pattem, repórted by Y1lllosik .and McCracken 
( 1978). where the imiscible flow with urrfavorable mobüities and the piston-type displacement are 
so!ved usíng cartesian parallel and diagonal grids. Despite the fact that the pysron•type pr-ob1em havé 
been also solved. only the results for the imiseible displacement will be reported. Figure 2 s.hows half 
ofthe curviüneat and the cartesian parallel grids employed in this work. 

Fig. 2 Curvlllnear and C&~Uslan parallel grtds 

The data used for the si:mul.ation is reported in Yanosik and McCracken (1978) and in 
Maliska et ai (1 993) and., tberefore, wiH not be reproduced here. Figure 3 shows the water saturation 
isolínes after 0.32 porous volume injected (PVI) for the cartesian diagonal and curviiiDea.r grids. 

Figure 4 shows the results obtained in the present work with the curvilinear grid and the 
parallel gríd (a), and lhe results of Yanoslk and McCracken (1918). using diagonal and parallel grids, 
witb aS point stencil and a two-.point upstream seheme for evaluating the pem1eability at tbe interfaees. 

- ~Grid 

~~~~~~--~~~ 
Fig. 3 lso-.aturatlon, Une-s for 0.32 PVI. Diagonaland curvlllnear grlds 

lt was expected that the curvilinear grid would present si.roilar results asthe ones obtained wit 
the parallel grid. sínce along lhe diagonal tbese grids are similar. This, in fact, does not bappens, as can 
be c.onfirmed through Fig. 4(a), where these r~sults m, shown. This can be expbli:ned by the fact that 
only .along the line joining tbe weUs lhe paralfel gnd is siml1ar to the curvilinear one. For the rest of lhe 
domain, where flows lhe large percentage of·rnatter. ,the grid is, ín fàct, skewed to the flow. The results 
of Yanosik. aod McCracken (1978}, Fig. 4(b), are for a two-point upstream for caleulatlng the 
permeabilities. This is th.e reason why results agree weU. 

The diagonal grid, by its tum, is largely aligned with the tlow. e.xcept at tbe diagonal .. This 
may be the reason why the diagonal grld shows doser agreement with the curv.ilinear than the parallel 
grid. as can be seeo in Fig. 3. Figure 5 shows the results of the present work using cartes.ian diagonal 
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and parallel grlds. The .rocsults, of course, aro not in agreemont. sllowlng tbe existence of grid 
orientation cfféels. Thc effects, hnwevcr, ln lhls worlc. ·are ~ pronounccd tbap in lhe w{lrt o!Yaoosít 
and McOaeken (191&) (curvesnot abown h~). Not oo.nsidering the (act that Yanosfk andMcCtacken 
(1978) use half oontrol volume at the boundarlcs, tbe grids used ln fhis paper~d in thelr work: are the 
samc. 

Tbé reason for baving less pmnouneed grid orlentation effects ln this work may be attnôuted 
to the way the cooservation eqwrtions are obtained. ln the present worlc:. compo,nent conservlltion are 
enforted at oontroi volutn.e tcvels, owm for thc comroJ volumes at lhe f>oúndafles. lt is not SUTe tha1 tbe 
same approacb is used .ln Y anosfk Blld Mc:Clacken { 1978). 

As a final resuJt of the fiv(WlpOt coJÚÍguut!on, Fig. 6 shows the porous volume of o ii 
recovercd as a function of water porous volume lnj~ for tiHl curvilinear grid of tbc present wofk: 
and for thc cartestan grid of Yanosilc: and McCtaclroi (1978), where a 9 points schcmc is used. Thc 
results agree wcll. lt is important to rPOint oul that. in spite of usill& 9 points ln the curvümear-grld 
scherne, tt can not to be sai.d that this is· a· 9-point scheme·, sinoe t:b:e diagonal neighbours cnter the 
equàtion tbrough tbc CJ'OS$-(Jerivatlvc&. and not through tbe interpo1ation tl:mction. wbioh fs. in esseoce, 
the respoosiblc for aJtermg the grid orientalioo cffeets. 

__ .._..QM 

--- ~Qiil 

-· --- ....,..Oriol 
--· ~Oôd 

Fig. • Rea1,11t1 for O.U PVl Pment wortl~urvlllnear anô r.:artetlan, ~aral'-lgdCS. (a) at1d Vmoaik. and 
Mcelac:ken • par:allef and dt.gonal grlft (b) 

As on overall evaluation of the above results one can say fhat lhe ourvl:ünear grid suffer 
mucb less CJ.f grid orieolation eff'ccts tban the cartes[~ grid.s. For olhar coordinate systems. it is 
necessary w empioy more etaborate Oike 9 polnts) SGhem.es in order to obtain results with lhe same 
quaiity as the ones obtaincd witb the curvil.lncar gri<L 11 mus1 bc poinre.d out, however, thát tbe f:"ive
spot configuration is a natufally adcqua.te conflguration for tne ourvilinear grid used. Not always wlU 
be possible ta find a aurvilinear grid whieh fits so weU with tbe flow dltectlon as in tbis case 

- - PlnlldGâl 

--- Di.-t Orid 
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7:' .... v ...... 
Fig:. 6 Porous votum. of nK:ove,.d oU 

To oonclude thc presentation of'lhe results two-phase flow of oil and water was simulat.ed for 
the reservoir sbown in Fig. 7. wbere the curvilinenr grid u~ed th~ loc::ation ofthe lnjection and 
prodúction wetls and the geologícal fàuh are also shown. Figure 8 s.bows tbe is!Xloncettation after 
O. OS and 0.10 porous volume injected for tbe two injcction wells. whilc Fig. 9 depiess the pre.ssuie 
variation witb time for the ptoduction weUs. lnspeoUng Fig. 8 one sees tba1 ~ is no possíbility of 
flow through thc fault. which forces thc flow togo around the íault in oroer to reacb thé other regioo of 
tbe reservoir. 

Fig. 7 Cutvllineu grid for the I~Tegulu nrnrvolr 

Fig. a lso-aatumfon alter 0.05 ando. fO P\ll 



n~~~~~~~M~~~.~~~Tu~--_.--~~ 
PVi 

ftlg. I Pnuure at the procfUdlon welta 

Conelusions 

The simulation of the two-dimensfonal twD'--phase tlow in a pctrolcmn reservo ir wá!l mliz-ed 
using boundary-fitted curvllinear grids. Th~ results c1emonstratccl that thc model JX11'fonns well, ~lps 
in all~viating tho grid orientation effects andare s uitable for si:mulating petrolcum rescrvoirs of 
arbitrary shape. Geologicol faults can be aJso easUy modelled usin:g this type of g<l'id. Tho use of 
boundary-fitted grids rs a ncw topic ofrescà:rclt in pctroleum reservoir simnladon and th• results 
encourages furthcr devc1opmen1E. Currently the model is being cJttended to admit 1he gas pbase ln 
otdet to simulate lhe complete b1ack-oil model. 
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Abstràct 
Expansion deviccs are one o! the four major co~ ofv11p01 cornpressi.on refiigeralion systems and small 
Systcms use capDlary tubc as thls devicc. Today, a capilfa.ry ·tube-suction Une hcal exehanger geometry (d-sl 
hx) Is used in alinost aU ho\ISChold refi'fgentlors. C.aplllafy tube-suetioo line heat excbangers werc tesléd in tlús 
woric wilh remgcta~~t.HFC-1.34a that bu emerge<~ as tbc pd.ma.ry cc:mdidatc for Of'C-12 replacing. 
K.ywontr. CapUlwy Th.bo-Suction Une Hcal Excllangp, Reftigcranl HFC·134• 

Resumo 

Este trabalho apresenta levantamentos ~entais em trocadotes de-calor tubo capil~~r-Unba de 1\lcçlo com o 
refrigerante HFC· l34a, principal candidato A sub!tituiçlo do CFC-12 cm rcftigeradoret domésticos. A 
instalaç4o experimental, constroJda para testes de tubos capilares ad.iabáticos e trocadores de calor tubo capilar
linha de sticçlo. lllilha ut:liA bomba, ao inv6s de compressor. Os valote$ de Yatio mis$!~ e t~mpetatnra 
medidas foram oompanldos com os resultados previstos por um modelo para &imnlaçiO l1llfJ1úica pmtiamente 
deslmvolvido. 
Palavras Cbave: Trocador de Calor Tubo CIIJ)ilm:-Linha de SUcçlo.. Refrigerante HFC l34a 

Introdução 

Dispositl vos de expansa.o. junto com o compressor c os ttoeadores de calor ( evapol'lldor e 
condensador) são os -componentes bâsicos de sistemas de refrl.g~o por oompressâo de vapol'. 
Sistemas selados aom compressores hetmétlcos e com capacidade de teft.ig.eração até "3S kW (Ashrae, 
I988), usam um tubo de pequeno d:I:Ametto (0,5 a 2,0 mm) e grande comprimento (1 a 6 m). chamado 
de lubo capilar, como dispositivo de expa:aslo. Bxe1nplos destes Ultlmos sistemas sAo os 
refrigeradores dom~sticos e as unídades compactas de ar ÇQDdíoionado. As principais vantagens 
destes dispositivo de expansão de geometria fixa. comparad& com uma vâlvula de rcgulagem ele 
presslo. são seu baixo custo e a equalização de presslo proporeionada quando o sistema está 
desligado, o que reduz o torquc de plllf.ida do compressor. 

Nos refrigeradores domésticos, uma parte do compr,imento do tubo capilar é colocada em 
eont.ato com a linha de sucção do compressor formado um trocador de calor em contra-corrente 
~mominadõ trocador de calor rubo capilar-linha de sucçto. Esta alternativa proporciona um aumento 
da capacidade de refrigeração devido à dlmin:uiçAo do dtuJo de vapor do refiigeraote .na entrada do 
evapoTador (Pereira et al., 1988). 

Devido a uma ironia da história, os CFCs que fo"faln desenvol'iidos para substituir outros 
.fluidos refrigerantes considerados tóxicos, deverão ser eliminados, em funçao do seu impacto sobre o 
mefo ambiente, em um. curto pnu.o do tempo. conforme estabel«ido no Protocolo de Montreal. 
Vários setores industrias serlo a:f«ados. principal11íénte o de refrigeraç40 e ar condldonado que 
deverá ge~ nos próxünos anos, llltemativas à~ de CFCs. 
PreMiúecl at Ule Anh 8razKJan Tbemlal Sdei!CIH Meellng, SAo P~. SP Deoen'lber 7-9, t994 Tedlnlcal EcfiiOBhlPl 
ENCI'T EdltotiaJ Commltlae 
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Neste trabalho fol analisado experimentalmente o desem~o ~trocadores de c:alor tubo 
capilar-linha de sucç!o utiliz.andQ o íluido refrigerante HFC· t34a, tido como o mais pTovãvd 
sllbstiúno do CFC..t2 em ~frigentdores dom6stiços. 

levantamentos Experimentais Prévios 

A ,grande maioria das unidades expertmentais relatadas na literatura aberta, foi construlda 
ut.ilizando o ctclo de refrigeração por -compressao de vapoT para a málist de tubos capilares Bdlabátíaos 
(sem troca de caJoT com a linha d:e sucção). Algumas modífi~ em relaçlo a um ciçlo padrlo. la.is 
corno o uso de dois compressores em piU'alelo e vâlvulas de "by .pass", forw:n introdundas com o 
objetivo -de controlar indepeudehtcmente as variáveis que afetam o escoamento no inferior do tubo 
capílar. No caso de tubos capilares adiabátlcos estas varlãv.e.ls sAo pressão de entrada e saida e 
tempemtura ou titulo de entrada no tubo capilar, 

Em função da interdependencla destas variáveis, mesmo com as b'ansformaçêes .reallzad~ 
nem. sempre 6 posslvel o seu ajuste indepe~~dcnte, altrn disSO. existe a dlflculd'ade de obtençto do 
regime permanente desejado pua as condiçôes de teste (Kuebl e Godschhndt, 1991). Um aspec1t1 
positivo desta altemativ·a é a. sua faQllidade de mootasem e opl}raçllo devido à 'tltílizaçiio·de 
equipamentos padrões, de próduçAo serladâ, da indústria de: refi'lgemção. 

Uma aJteJll81iva ao ciclo de compressllo de vapor, utilizada em algumas investlgaç<les 
experimentais, foi o uso de processo descontinuo t(po "blow-down". Nesta configuração, a seçao de 
teste ou tubo capilar a ser ensaiado é colocado entre dois reservatórios, nm de "alta" e um de "baixa" 
pressllo e o refriserante escoa através do tubo capilar durante um determinado perfodo defmido pela 
capacidade dos reservatórios. Exemplos desta att~:crnativa envo!vem des.d.e s imples sistemas 
construídos, na época em que os CFCs eriUTl baratos c não estavam associados a danos ao melo 
ambiente, conectandó-se uma extremidade do tubo capi:l;aJna salda do ptóprlo reset'Wltótio utlllzado 
para armazenamento de refrigerante e a outra aberta para a atmosfera.(WhítC$cl., 1957), quanto. 
sistemas "fechados" nos quais o refrigemnte armazena·do. no reservatório de ''balxa" pn:ssâo, após a 
expansão atl"avés do tubo capilar. é retomado novamente ao reservatório de "atta" pressâo {Miltol, 
1963. Pato, 1982. Bittle, 1993), Esta opção de insulaçlo experimental tem a van~em de permitir o 
adequado controle das variiveis envotvidas no processo, principalmente dà press!o de éntrada n-o tUbo 
capilar, mas apresenta a desvantagem do alto valor da carga de refrigerante a ser utilkadao de:vido à sua 
caraGttristica de processo dtseontlnuo. e de exigir uma instalaQ!O mais complexa no caso da simutaçao 
do trocador de calor tubo capilar-linha de sucçio para o controie de escoamento de vapor de 
refrigerante à. baixa temperatura que resfria o tubo oapilar. 

Unidade Experimental Construlda 

No presente trabalho, a conc;epçllo utilizada na unidade experimental desenvolvida fot 
reproduzir as vanta&ens de um c.ielo de CDmprcssâo de vapor padrllo, cotn opetaçlo continua. sem as 
suas desvantagens prlncipllís mencionadas ac}mJ. Com o objetivo de obter ~coamento de refrigerante 
puro ou misturas controladas de rcfrigetanto e óleo, é utilizada uma bomba. ao invês de comp~ot, 
para movimentação. e ptcssurizaçlo de rcfii&erante. 

Como, ao contrário do que ocorre um compressor onde o refrigerante é oomprimido na fase 
gasosa, o refrlgerant:e tem que estar na fase líquida. oa entl'ada da bomba, a instalação foi projeta~ do 
forma a prover eSUl condiÇio atrav6s de sistetnaS aux.iliares, assim a refrl,gcrante, após a safda dó tubo 
capilar, é condensado e subJ'CSfiiado lllrtes da entrada. da bomba. 

A unidade experime·ntal foi construída no ACR.C (A ir C<>nditioning and Refrigef,atJon 
Center, Universíty of ltUnois at Urbana-Cbampaign, USA.), ~ simula as condl-çôes operacionais 
encolllnldas na pr{ltica por tubos capilares Bdla:báticos e por trooad~ de calor tubo eapnar-l!nba de 
sucçao. A unidade 6 eonstituldade ~.sistemas. 

Sistema prini:lpa1: O sistema principal 6 formado pelo circuito de refrigerante a ser testado 
como fiuldo de trabalho envolvendo a seção de teste, a bomba e o acuinulador de reftigetante Uqllido 
que simula o eva:poradot, o a instrum~ç!o pata trtediçlo de valão, pressão e tcmpcnnuJ&. Envolve 
também os subsistemas d~ aquecimento, utiUzados no controle do su'btesfrhnento na entrítda do tubo 
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1~pi1âf, no reservatório para evitar oscilações na pressão do refriger..ante na saída da bomba, e no 
.ãcumúlador pãra à evaporação e superaquecimento do refrigerante no acumulador da linha de sUcção. 
A seção de ~este foi dotada de visores de vidro que permitem uma observa~o visual do escoamento a 
montante e a jusante do turbo capilar. Um esauema do sistema ptinotpal pode ser visto na Fig. 1. 

t 

TC- TrocQÓor di Color 
Jl3 V · V dlw/4 di J Vl1.11 

R-502 

sEÇ}.o o~ 'J1ESTES 

Ffg. 1 Unidade experimental construlda pani teste de tubos capilares adlabttlcos e nto-adiabitleoa (te tc-Is) 

O refrigerante após a seção de teste é condensado e resfriado a pressão constante no trocador 
de calor TC-C e no tanque de controle de pressão, descrito na seção !iegu.ipte. A válvula de três vias 
colocada após o tanque, V3V-A, permite que o refrigerante Uquido tanto possa ir _para o trocador de 
calor TC-A, localizado antes da bomba, quanto para o acumulador-aquecedGr. Esta configuração 
possibilita o teste de tubos capilares adiabáticos ou de :trocadores de calor tulxrcapilar·llnha de sucção. 
No oaso de teste de trocadores de calor tubo cap"ilar-linha de sucção, o refrigerante se dirige ao 
acumulador aquecido por uma resistência elétrica, onde evapora e escoa para o trocador de calor tc-Is, 
resfriando o tubo capilar. Para ser condensado e subresfriado, o-vapor superaquecido na stúda da linha 
de su1;ção é enviado ao trocador de calor TC-C dtretamente ou, depen(Jendo do valor do 
subresfriamento necessário na entrada da bomba. passa pelo reservatório de etileno-glicol antes de se 
dirigior ao trocador de calor TC-A. Este processo é controlado atravá&-das váAAUas d~ três vias VJV -B 
e V3V -C. Após a bomba, o refrigerante passa pelo medidor de vazão e entra o ovam ente .no tubo capilar 
fechando o ciclo. O controle de vazão e pressão do refrigerante é feito através de uma válvula de "by
pass'' localizada entre a salda da bomba e o trocador de calor TC-A. 

Circuito de etileno-glicol: O segundo sistema é formado por um cireuiio de etileno-glicol 
contendo um tanque de refrigerante, um reservatório de etileno-glicol, uma bomb~ e dois.trocadores de 
calor coax.iais com R-502. A :função do reservatório de etileno-glicol resfriado à baixa temperaturá é a 
condensação do refrigerante. controle da pressão na salda do tubo capilar e a condensação do vapor de 
refrigerante após a linha de sucção. O sistema foi projetado para te.r uma mistura 11quido-vapor de 
refrigerante superaqueddo no tanque, de forma que a l?ressilo é controla~a a~ravé;s de temperatura. lsto 
é feito através da troca de calor com o etileno-glicol à baixa temper:atu.ra. auxiliado pelo .trocador de 
calnr localizado antes do tanque (TC-C) que possíbillta. a obtenção de temp~raturas mais baixas, O 



resfriamento do etileno-glicol 6 feito utilizando uma bomba para circuJâ,.lo através do trocador de calor 
com R-502 (TC·B) e o controle da sua temperatma é amdliado por uma resistência clétrica colocada na 
linha entre a bomba e o reservatório. 

Sistema de rd rigeraçlo eom .R-501: O terceiro sistema~ formado por um circuito de 
refrígeraçAo poJ" compressão de vapor, u1ilizando R-502 como nuido cfe trabalho. envolvendo 
compressor, vAlvula de expansao. condensador c tres evaporadon:s. Atrav6s destes évt'pOradores, que 
slo os trocadores de calor TC.A TC-B e TC-C mencionado anteriormente, este circuito fornece a carga 
de resfriamento necessário para; a) resfriamento do etileno-glico~ b) subresfrlamento do refrigerante 
liquido na salda do tanque de controle de pressão e antes da bomba, c) auxiliar a condençasão e 
controle da pteSS4o do refrigeJWrte no sarda do tubo capilar. 

O valor da carga de refrigcraçlo fornecida pelo sistema de R-502 é controlado atrav.és da 
vA.Ivula de expanslo, loealizada antes do trocador de calor TC-A e utilizando-se um dispositivo de 
control.e da rotaçlo do compressor através da variaçAo de freqtl&ncia da alimentaçlo. Uma funclio 
adicional do sistema de refrigeraçilo R·S02 é aquecer o refrigerante antes da entrada do tubo capilar .de 
forma a. auxJHar o controle do subresfr!amento. Isto é feito utiliundo-se um ''by-pass'' na saída do 
compressor que devia uma parte de vapor R-502 a alta temperatum para wn trocador de calor coaxial 
colocado antes da seção de teste. 

lnstrumentaçlo: Foi utilizada para a rneáiÇio da vazão mâssica do refrigerante escoando no 
interior do tubo capil~ um medidor por força do Corlolis com precisâo de 0,4% 

Para a medida da pres.s!o manométrica do refrigerante o a entrada e saída do tubo capilar, 
foram empregados transdutores de pressllo capacltlvos. A pressão atmosférica no local dos ensaios foi 
obdda através de um barômetro de mercúrio e corrigída para compensar efeitos de ltmperatura e 
gravidade do local A precisão das medidas de pn:ssiO 6 de ;:b(U)4 bar. 

Termo pares tipo T (cob~tan) foram utilizados para a medição das temperaturas na 
seção de teste e em outros pontos da unidade experimental. com precisllo de ±0.2C. 

Levantamento Experimentais Reallzados 

Visando a cara.ctcrizaçlo CKperimrotal do desempenho de !Tocadores de calor de tnbo 
capilar· linha de sucçlo com o refrigerante HFC·I34a. foram realizados levantamentos experimentais 
em dois trocadores de calor, um composto de tubos laterais e outro de tubos concêntricos, com as 
características geométricas apresenfadas na Fig. 2. 

Foi medido o diAmetro interno médlo do tubo para cada um do troaldores de calor. O método 
utilizado foi a determinação do volume interno do tubo capilar atráVts do seu enchimento com um 
fluido de massa especifica conhecida. Para evitar CitrO$ de mediçlo devido à existência de "vazios" no 
interior do wbo ca.plla:r foi utilizado o álcool lsop:ropil 70% que tem um balM valor de tensão 
superficial. A me<iiçAo da massa de álcool no tubo capilar foi realizada utilizando uma balança com 
leitura de 0,01 g de fundo de eseala. O valor encontrado para o diâmetro médio do tubo capilar foj de 
0,813 mm, dentro, portanto, da tolerância de 0,025 mm estabelecida pelo fabricante do tubo. 

As unidades teStadas foram isoladas termJcamente otilitando material apropriado pata 
tabulações de refrigeraç«o constltuldo por elastõtnero com codutividade térmica igual a 0,043 W/m K. 
A espessura do isolamento utilizada foi de 50 mm. 

Para o troca'<ior de calo.r constituldo por tubos laterais, além da medição da vazão de 
refrigerante presslo de entrada e pressAo no reservntórlo de salda, foram medidas as lempentturas de 
parede ao longo do tubo capiLar e a temperatura do refrigerante na linha de sucç!o, na enrtada do 
trocador de calor. Foram medidas as tempemuras na parede do tubo capllar, devido à impossibilidade 
do uso .de técnicas convencionais para a mediçao da temperatunl do fluido teúigeta:nte em função do 
pequeno diâmetro do tubo capilar. Considerando o alto valor do coeficiente de transferwia dl: calor 
coovectivo do refrigerante, na faixa de 8000 W/rn2. K, a temperatura de parede é muito próximo da 
temperatura do rtftigerante. Os cabos dos termopares foram conectados à parede do tubo usando tl1tl 
adesivo a base de epox:i metá:licó ("aluminum-epoxy"), 

Antes da fixaçlo, o local do termopar no tubo foi limpo com acetona e o cabo do temtopar foi 
enrolado no tubo vãtias vazes, de fonna a evitar oondUÇio axial de calor. neste: cabo, anulando o efeito 
aleta que in.flucnclaria as medidas. 
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Para. o trocador de çalor constituido por tubos ooncêntricos, foram medidas as temperaturas 
de parede do tubo capílar nas rcgiôcs de entrada ~ salda do trocador de cálor . 

1 I 
I • 

di61Mtro lntuno nominal tMbo CllpilaJ-0. 787mm 
di4metro ext«niO nomlnlli hibo capilar- 2.06mm 

dldm«Jro lnJe,.no nomiMIIInhalk S11cçi1o -ti.JUmm 

Lm1 - SJJmm : Lfl'ocol • IOfJ1fftm : Lmlda - 521-

Fig. 2 Troeadontt1 de calor tubo capDar-IJnhll de aucçto tntadoe 

Resultados Obtidos 

Um dos objetívos da reallza.çllo dos levjUltamentos experimentais descritos no presente 
trabalho foi a validação de um modelo de simulaçll.o numérica de trocadores de calor tubo capilar•llnha 
de sucçll.o apresentado pelos autores em trabalho prévio (Peixoto e Silvares 1993 ). 

Os resultados obtidos nos levantame.m.os experimentais rc.all.zados f'oram. basiC811lmlte. a 
vazio mássica de fluido refrigerante escoando no tubo capilar, para detcnninadas condi~ de entrada 
e salda no tubo capilar e linha de sucção. e o perfU de temperatura conforme descrito oo item anll:rior. 
A seguir silo mostrados alguns dos resultados experimemais obth:tos e das comparaçoes com os valores 
previstos pelo modelo matemático de slmulaçlo, sendo que o conjunto completo dos dados 
experimentais obtidos é apresentado etll Pelxoto(l994). 
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Fig. 3 Comparaçto da vlllo miaalca calcUlada pelo modelO com a llazlo mtaalca medida {Pent-i400 KPa) 
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Fig. 7 Comparaçlo entro. o perfil de tempemura da parede do tubo c.apnar medido e calculado pelo modelo 
matem•tlco (trocador de caiO!' tuboa laterais Penta1150KPa) 

Conclusões 

Conforme pode ter observado nas figuras apresentadas os valores de vazllo másslca 
calculados pelo modelo para a configuraçAo trocador de calor lllbos laterais, na maioria dos casos são 
maiores que os valores medidos. A diferença média c a diferença máxima, entre os valores medidos e 
os calculados, sao de 8,0o/o e 15,9o/o respectivamente. Para o trocador de calor oonstituido por tubos 
concêntricos. o comportamento dos valores calculados pelo modelo matemático é o inverso. Os 
valores de vazão calculados são menores que os valores medidos. Para esta configuração do trocador 
de calor, a diferença média c a diferença máxima. entre os valores medidos c os calculados, s!o de 
9.7% e 20,00/o., respectivamente. 

As diferenças existentes entre os valores medidos experimentalmente e calculados pelo 
modelo estão rel•acionadas com as hipóteses adotadas na formulaçAo do modelo. Estudos teóricos e 
levantamentos experimentais adicionais estão em realização para a validação do modelo numa faixa 
mais ampla de parâmetros operacionais c geomttrioos c para o aumento da sua precisão. 
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Abstract 

A reC<:ndy develc>pcd liquld va]Xlrization rnodcl fQr multi.oomponeot droplets has been e.nbB!lced ln order to 
srudy tbe effect of thermal.radiation absorpUon ln binaly droplct vaporit.atlon. The posslblc coupllng betwecn 
radiation a.bsoJptlon and dropld m.ia:oeJq)losfon Is aiSó lnvuttgated. The results show thllt radiatiQn absoc:ption 
can influence droplet vaporiulion ln combustioo en~ and might cxpla:in some experimentalfindings 
on microexplosion phenomeoa. The vaporiation modcJ lnoluding radiention absorption elso pre.dfots tflc 
cxperimcntlllly-observed sporlde at the end of droplet cornbústion (flash vaporitation). 
Keywords: Vaporization. Multioomponent Droplets, Droplet Microexploslon, Thermal Radiation Absorptian 

lntroduction 

The explosive vaporlzation o1multicomponent mixtures bas been predicted theotetlcally 
(Law, 1978) and oonfinned e.xpcrimcntally (Lash:ems et aL l9BO. Wang and Law, 1985. Wang etal.. 
1894) for a low Reynolds nurnbet dropltt Recently. lhe vapotization and mioroex.ploslon of buming 
metbanoklodecanollllix:turc droplet.s has beco obscrvcd at Jow gravtly conditions (Yang et ai., 1990). 
wbicb elimínatcs buoyaney eff~ct.s. Tbere is agreemcnt among cxperim~ntal -.nd nomel'ical 
investigators that tbe basic causes of mícrocxplosl·on are the ditrerent rates of thermalàrl~ mass 
dlffusion and thCI volatility differen.tial between the mlxture components. Thc predicted trends of 
nec.essary volatllity dif'ferentiáls and influence of ooncetration and pressure have been vetified by 
experiments (Lasheras ct ai~ 1980, Wang and Law, 1985, Wang et al_ 1984), However, tbc radial 
positions at which bubbles are f()lltled ate murch closer tO the dropJet conter thao the cotwentlonaJ 
dlffusive model predicts (Wang et al., 1984). Another interesting observalion is tbe fact that alcohol
alkane mixtures undergo explosive vapotiwlon only ifth:e alooholls tbe more volatiLe. oom.poneot 
(Wang and Law, 1985). This migbt be cxplalned by tbe non~ideality ofthe liquid mixtures, sinee non
ideal mixture tend to pre.sent a lower nuelc;ation tempeorture tban thal obtained by the molac-weighted 
averagc of the ptiT'C com.ponent nuclueatlon tGmpera.rurcs. Another interestlng experimental fact Js th;u, 
when no disruptive buming occurs, the combustion of pun: substance or mi.Xture droplets ends witb a 
weak sparklc. This was belicvcd to be caused by tbct mlcroexplosion of the very small droplets due to 
thc presenee of heavy impurlties in the fucls (Wang and Law, 1985, Wang ct ai~ 19"84). Recent 
slmulation results (Lage et aL. 1993) lndicate that microexplosion is a resull of llasb vapo.ri.t.alion 
whicb does not require U.o presence o! imp.urities in a binary droplet ín order to occW'. 

Recently, a difl'uslve liquid vaporization modol for multicomponent droplcl vaporit.atlon bas 
been developcd {L.age et al, 1993). lt includes: ~atiaJiy and time dependent dens.ity, the interdl.tli:Jsron 
tcrm i:n lhe energy equation, variable propcrties, and non-ideal phase equllibrium. This model pcedias 
a fasteT vtporlution than that predlcted by 1he conventional díff\lsivc model (Law, 1978). Thi~ is 
mainly due to the presencc of a radial velocitv caused by the thermal expansion of the droplet. This 
model is also able to predic.t the weak sparkle lU the eod of the combustlon of a multicomponent 
droplet {Lage et ai. , 1993). Another vaporization model tltat i.ncludes spat:ialty variable density and 
cspeci:He heot of Uquíd-pbase is the one recently developed by Megaridis (1993) fot a COílYective 
environment. The inclusion ofthese property variations aJ.so promotes a faster droplet vaporlzntlon, 
caused mainly by the thel'ltiAI expaosi-on, as has been anticipated by Lage et ai.( 1993 ). 

Pmented allhe flfttl Bm:iliaJl Tt!ermal ~~ Meetiog. Slo Ptlllo. SP Decembef MI, 1-994 TecbnicaJ EdltorJbip: 
BICIT Editorial Commitlee 



.. 
488 Vaporization of OilaJing Nm-ldeal Blnaty Dtoplets wllh Radlation Absorpllon 

The influence of radiation abso:rpll:on in monocoml)Onent dropJe.t vaporiution has been 
exlensively analyz~ti (Lage and Rangel, I 99Th, Park and Annstron~, 1989, Tuntomo, 1990). A 
criterion bas boen proposed to determine the ínfluence of thenna1 radJatlon absorption ln drople-t 
vaporization (Lage and Rangei, 1993b). However, tho lnteractíon bctween radiation absorption and 
microcxplosion pbenomena ín multiCQmponent droplet vaporization is not well underst.ood.. 

Is this work, the diffuslvc model previously developcd is lmproved by tbc additioo of 
radiation absorption effects. The new model is used to verify the importa.nce oflbennalf'adi'ation 
absorp1lon in multieomponent drople·t vapo:rizatlnn. Using this modet. tbe possible l:nteractlon 
beiween droplet microexplosion and radiation absocptlon in mu.lticomponerit droplet vaporizartlon. 
Using this mode~ the possible interaction between draplet mícroexplosJo.o Wld radiation absocption is 
analyzed. The non-ideal bebavlor of lhe llquid mbdure is oonsidered both ín the pbase equillbrium at 
the surface and ln tho superheatlng temperatllfe caleutation. 

Vaporization Model 

Tbe diffuse vaporizatioo modells futly described in a previous paper (Lage ot al .. 1993). lt 
solves lhe mass species, and energy conservation equ.ations for the binary droplet, inc:tuding physical 
property variations witb LempctlllW'e and concemration and the non~ideal equillbtium at the droplet 
surface. Here, this model is extendcd to include radiatioo absorption insidc tbe droplct. For thc 
stagnant droplets considcred bere, tbe gas~phasc modells the filrn tbeory (Bird et aL. 1960~. The non· 
ideal equilibrlum at the droplet surface is calculated using the liquid ... mlxturc actlvit,y coefficients 
detennined by Wllson's equation (Ohe. 1989). 

The absorption of thermn1 radituion can be cak::ulated by electromagnetic: dteol')' if the 
trradiation characteristia and thc mixture optical properties are known (La~e and Rangel, l99la. 
Mackowski. 1990}. Howevc:r, the imldiation chamcteristlcs (mtens.lty and angular distributíoo) and lhe 
mixture opeic.al properties are ofleo unknowo. Thos, some ass:umptions have to be introduced. Previous 
results for monocomponent dcoplet vaporization (Lage and Rangel, 1993b) bave shown that the 
radlation ahsorptlon may be approxlmated by a unlform SOUI"CC tetm ~os ide the droplet. Using this 
hypothesis, ooty one parameter, lhe droplet absortivity a. . is needed in the analysl$.. Thus, lt seems 
convenicnt to use a parametrie study to analyse lhe I.Mlu.ence of radiatio.n absorplion ili me 
vaporization process. The para.metric study was ea:rricd out by cboosing lhe dmplet absortivity in lhe 
range obtained in previous works (Lage and Rangel, l993a, 1993b) at too.d.iti.ons similat to th.ose 
prcvailing in combustion envirooments. Further detalls of lhe analysis are given elsewbere (Lage, 
1992. Lage et al~ 1993). 

SuperheatJng-Umft Calculation 

Tbe homogeneous nucleation theory is used to determina the lcineti<: Hmit ofsuperbeating of 
a liqllid in the absenoe of any surfnce or soUd matter (active sites). Sripov (1914) gives a description of 
rbe severa! existent theories for nocleatton. Several wthors have exet.ended the bomogeneous 
nucleation theory 10 mu.ltieomponenl mixtures (Avedisian and Glassmao., 1981, Blander et ai., 1971, 
Holden and Katz. 1978_ Pinnes and Mueller, 1979). The caleulation oftheldnetic Umit ofsuperheating 
given here closety tbnows that given by Avedislan and Glassmao ( 1981). Two modifications have becn 
introduced: ( I) the pardal molar volume of each compooent is calcnlated by correJatlons based on 
experimental values of ~he molar volume oftbe pure substanee, since it is known that lhe Peng
Robinson equat.lon of state d-o:es not give acçurate liqu.id volumes, and (2) a p.seudo-críllcal 
temperature i.s used in the Gibbs nwnber definldo.n instead of the mtxture temperat\lle., following the 
fiodings of Lienhard and Karimi (1981) and Blncy et al (1986). Tiws.. tbe lcinetie rate of nuchms 
formation, J, is givcn by 

J .. NBexp(Gb) (1) 

wherc N is the oumber denslty of J[quid molecules. Bis tbe evaporation rate constant and Gb is tb.e 
Gibbs number, as given respectively by 
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(2) 

(3) 

(4) 

wb:ere.N Au is thc Avogadro number, v Is tbe molar volume,Rg is the gas oonstnnt,Jc0 is the Boltzmann 
constant,subscrlpc i indicatts each species. Y! is the gas molar ftaction. ~ is the molecular weight. a 
is tbe míxture sutface tenslon, pL is tbo liquld-phase pressure. T == t;1 1 y.T 1 rs tne mrxture , ~ . = • I C 
pseudo·cntical tcmperature a:nd p ... ~~ p, is thc mlxture pressure, for the parti ai J>ICSSUrc of 
each componcnt. PI. glven by •• I 1 

Po y1,P,exp[ :;T (P'- P.) J (S) 

where Pc is the pressure and Yie is the vapor composition ata pl.áne vapor-liquid surface at equilibrium. 
Tbe phase equilibrium was calculated usíng lhe Wilsoo's eqwni:on for lhe liqwd pbase activlty 
coefficients and the Peng-Robinson equation for thc vapor phase fugacities. Equation (5) corrects for 
the partia! pressure inside the bubble, assuming that thc partia! motnr volume is pressure independent 
a:nd lhat the vapor phase f\lgacities lnside the bubblo are tbe sarne as those for lhe "él])Or-liquid 
equilibrium lhrough a plane surface (Avedisian and Olassman. 1981). Ollcc the proccss is spc:cified. 
the nucleation rate is ostimated and the superheating lim:lt is calculated by fhe ab<>ve equations. 

Numerical Solution 

The contrai-volume method (Patanlcar, 1980) was used to discretize ín space the part'iaJ 
differentiaJ equations of the vaporization modeJ. Thc resutling system of ordin:ary diffttrential 
equations are numerically integrated using DA WRS (Dfffercntial-Algebraic Wave fonn RelaX11li.on 
Solver) (Secchi et al., 1991). The DAWRS alg.orithm automatically controls the preoísion io lhe time 
integration. while tbe number of contrai volumes were va:ried until cooverged results for temperature 
and concentration were ob1ained. The resulls shown below are., at Least. 1% accurate. Analysls of 
convergenoe cbaracteristics of this method is given in a pre\'iou.s work (Lago et all. 1993 ). 

Results and Discussion 

A beptane-methanol mixture, for wbfch ao almost complete sct Qf data Is available from 
different sources (Gallant, 1968, Melhem et al., 1989, Ohe, 1989, Reid et ai., 1987, V.argaftik, 1975), 
was chosen. Moreover. this mixture is bigbly non-ideat aod lt resembles tho math1lllol-gasoline 
mixture, due to its similar pbysie11l properties. ln lhe following, computationaJ results wnt be shown 
for the vaporization of droplets wlth a:n initial radius of 50 J.IID , initlal temperature of300 K and inltlal 
hel'tant mass fraction of 0.5, in a stagnant enviromnent ai 800 K and I O atm. l'be refcrcnce 
tcmpentture. Tr- is 400 K. and the referencc propertics are the initial mixture properties. The incident 
thermal radiation is assumed to be isotropic and with ~he f'lanck's dlstribution at 2000k. Thls 
tcmperature is as higb temperarure (comparlng to l.he envlronment temperntur"C) to be used as a 
referencc blackbody temperature in a combustion environment. However, it was choseo to intensify 
tbe amount of energy absorbed by the droplet ln order to vcrlfy lf there ls M)' coupling between 
radiation absorption álld dtoplet microex:plosion. lt shoutd be noted that the mixwre a:nalyzed has a 
small volatility dlfferential. and it should undergo explosrvc vaporlmtíon only at severe conditions. 
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The phase equilibrium diagram ofthe n-heptane-methanol mixture at lO atm is shown in Fig. 
I. lt has been calculated by using tbe Wilson's equation for the liquid-phase activitíes and the Peng
Robinson equation for the gas phase fugacities (Melhem et ai., 1989, Ohe, 1989). This mixture shows 
an azeotropic point at a heptane molar fraction of about 0.26. 

from the vaporization results given in Figs. 2 and 3, tbe droplet lifetime for the 50 j.lrn • 
droplets considered here Is about 20 ms ( which oorresponds to 't = a 1 /R 2 - 1 , where the subscript 
o indicates the initial cond:itions). The time available for homogeneoBs n8cleation, t.J, should be two 
orders of magnitude lower to insure nucleation during the period of time where the droplet is at a high 
temperature. Thus, to is of the order of 0.2 ms. An error in this order of magnitude analysis Is not too 
important, because tbe superheating limit is quite insensible to the J value used in i:ts

3
calculation, Using 

the droplet volume, lhe nucleation rate may be estünated by J- 3/ (t
0 
4nR ) and the value 

J - 1010 cm-\ - I is thus obtained. The superheating lirnit pred.icted for this mixture at 1 O atm using 
thc above value of l is also shown in Fig. l. Frorn this figure, it is clear that mlcroexplosion is very 
unlikely in the n-beptane-methanol mixture at these conditions. This conclusion is supported by the 
fact tbat the max.imum temperature in the pbase equilibrlum diagram (n-heptane boiliog point) is only 
8K above the minimum value ofthe superbeating ig limit lt is worthy noting tbat tbere is a minirnum 
in tbe kinetic superheating limit wb.icb is near the azeotropic point of tbe mixture. This kind of non
ideal behavior might be responsible for the larger tendency to microexplosion shown by non-ideal 
mixtures. 
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•"'*'-teci ,Jiquld • 
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n-beptane molar fraetlon 
Fig. 1 Phue-equillbrium dlagram of ltte n-heptane.methanol mlxture at 10 atm, lncluding the kinetlc 

aupertleatlng llmit 

Figures 2 to 6 show the slmulatton results for droplet vaporization with radiation 
vaporization, considering droplet absorptance values of O, 0.10, 0.25, 0.50. Figure. 2 .shows the time 
variation of the dimensionless droplet radius. 13 = R/R . It 1s clear that radiation absorption is quite 
important in the vaporization process in tbis case. Altbo8gh this is not always true, the importance of 
radiation absorption in droplet vaporization should be verified through the criterlon proposed by Lage 
and Rangel (l993b ). Pigure. 3 shows the time variation of the droplet surface and oenter temperatures, 
0= (T- T 0)/(Tr- T0 ) (and the subscript s indicates surface valt1es). For ali cases with radiation 
absorption, the center temperature exceeds the surface ternperature after the fast transi.ent surface 
heating. Tbus, the maximum temperature locatlon changes from the surface to the droplet center cturing 
the droplet vaporitation. This can be easily seen in f'ig. 4, wb:ere the temperature profile during 
vaporization is shown for the ~ = 0.25 case. This bebavior can explain the experimental fact that 
microexplosion usuaUy begins nearer the surface than the radial position predictcd by tbe conventional 
diffusive vaporization model (Law, 1978). Figure. 5 shows the mass fraction concentrations, Y, of n
heptane at the center and surface of the droplet. From Figs, 3 and 5, it can be seen that tbe droplet 
center, while still ~~ the initial co~positio": reaches a temp.erature o.f.about .456K ( aR. = ~.~5 and 
0.50). Although thJs temperature as much higher than the maxture boaling pornt at Y = 0.5, at JS weU 
below the minimum v alue of tbe superbeatíng limit. Tbus, microexplosion will not occur under these 
conditions., at least, through homogeneous nucleation. 
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Figure 6 shows tbe time variation of the droplet vaporization rate, rn . There is a shatt> 
incresse of thls rate at the end of the droplet lifetime in all cases. This is thc beginning of tbe flash 
vaporization proctss (Lage et al., 1993). wlteo thc sutfacc temperature reaches its bubbl~ point, which 
is also larger tban lhe bubble point of a1l the mixture inside thc droptet. Thus, thc droplet vaporires 
almost instantaneously. Tbis phenomcnon ls bcliaved to cause tbe weak sparlde at thc end of the 
combustion of a multicompooent droptet (Lage et al •• 1993). It sbould be notcd thatllll increase in the 
irradiatioo iotensity or in the droplet absorptance does note nec:essarily cause microexplosion. This is 
due to the occurreoce of flash vaporization before the droplet interior reaches the superheating 
tempenuure. Thus, in order to mocroexplosion occurs, there must exist a sufficlently large volatility 
differential, even wben radiation is absorbed by the droplet. This concluslon is not valid for ve.ry large 
irradiation iotensities (lasers). because the droplet surface is not at equilibrium and,. thus, the model 
usod is not applicable. 

~00 I I 

I 

80 ~ I ---. 
I -- .. - .. 

I 

' ' - --~ t I 

I 
I 

' I I 

~ I 
I . . 

I I , 
, ' I , 

I . 
I ~. , . 20 

,~~~ .,....,...---. , -
;~I I o 

0.0 0.4 0 . ..1 

'y; 

I 

no llbaoption 

a,.. 0.10 -
a• • 0.2!5 

a 111 =0.!50 -
-
-J 

I 

Flg. 6 Vapo.U.tlon of an n·hept.ne meth~OI droplet 1/IJporlzatron l'lte 



P. L C. l.age.. C. M. Hadcenbetg and R. H. Rangel 

Concluslons 

A reoently developed liquid vaporizá:tlon model for multícomponent <lroplets (Lage et ai., 
1993) has been used in this work to study tlte eftect ofthcrmal radlatloo absoq~tion in blnary droplet 
vaporization. 

The poss[ble coupUng between radiatíon a~sorptlon and droplet mlcroexplosíon is also 
investigaLed. From this analysis, tbe following con<:lusions can be drawn: 

Althou$f! tbe model does not p:rcdret a mlcroexplosioo of thc: mctbaool-bcptane droplet. ln the 
oondltions Utalyzed, the tempcmture increase ín tbe droplet center due to .radiation absorptlon 
could havc ~ to .hcterogeneous nuclcation in thc present1e of a nucleat:ion site (a solid 
impurity). Moreover., ln thQ case of other mixtures wiíb ls;rg.e volatillty diffe:rentials, lhe 
radiatlon -lndu<:ed increasc oftbe droplct tcm:pemure may reach the supemeating limit being 
declsive for the occurrence of mícroexplosion through homogeneous nucJeatton. Thus.. the 
importanee of radiation o.bsorptlon by the vaporiting droplets ln a combustion environment 
shouJd always bc assessed. espcclally for multicomponent droplets. 

The absorption ofradiatlon changes íhe position ofthe maxlmum temperature frorn the surtàoe 
tQ tbe center ofthe droplet during.vaporlzatíon. Thls may oxplain the experimentâl fac! tbat 
bubble initiation pn:oedlng :microexplosioo usually OQCUrS near the dropiet centcr. 

For the irradlati~n intensities prevailing in combustion envir<mmems, the increase ~n thc 
radiation absorbed by tbe dr-opiei does not necessarily promole microexplosion ( even for vcry 
hlgb lrrad:lation tempera'tl!N and dtopltt absortivity}. ln lhe cases analyz.od, flash vapori.za.doo 
occurs before the droplet reacbcs the superheatlng tempennure. Thus. even when thcre is a 
subst8JltiaJ amount of radiation absorbed by tbe droplet. a sufficiently large volatHity 
differential Js sti 11 essential for lhe occurrenu of mlcroex.vlosion of a muJt.lcotnponent dtoplet. 

lt is believed thaJ the completo understanding of the microexplosian pbenomenon 
necessarlly goes througb a detafled examination of the non-ideâl behnvior of lhe fuel ,.. ' ld.\!Te and the 
consideration of thermal radiatlon heat transfer to the droplet. 
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Experimental r:csults on adlabatic evaporatlon of superhcated dodecane ~n presented. Saturated dodecane was 
suddl:nly e.xposed to a Jqw pn:ssu,re enviromnent !>y ropnuing a ~ An ewpomdon wa~ StBrtcd at tbc 
tiquid free surface and ptopagated into lhe metastable 11quid. ~ure and tempcrature l1'80CS as wen as veloclty 
ofpropagation oflhe dlsturbanoe are rcported for severa! 'experimental oondilions. 
Keywords: Adiabatic EV11poratlon, Supedleated Dodccane 

lntroductlon 

Wben a pressurized liquid is abrupUy exposcd to a low pressure environment, tb:c fluid 
pressure may be redooed w below saturation without itnmediatc bollmg. After A brieftime i1elay. the 
depressurizatioo process is followed by rapid !Waporation of the metastablc liquid. Thc explosive 
character of thls process bas been lhe e&.use of some industrial accidents (Reid, 1976 and 1983). Under 
certain conditions, the liquid will ev.tporate in a wave~l.ike process, tbat is, an interface or wave moves 
int:o the updisturbed metastable liqwd anda two-pbase oúxture is observed downstream of lhe wave 
fronl This type of liqujd-vapor phase trans.ition nas been obscrved in our cxperimcnts und by otbers 
(fener, 1962, Grolmes and Fauske, 1974, Chaves in Thompson el al. 1987; and HiU, 1991). This 
pbenomenon seerns to be dependent on senràl factors, sucb as the nature of the substance, degre-e of 
superheat, condition ofth:e container walls and depressurl.zation time scale. Highly superhcated Jiquids 
(near ora~ tnc ~pino<ll!l) çan $:hO~ ÇJÇJ>lQ$lve f~~ •qg Slt~phérd { 1981 l ~ :;hoWll lhat an 
evapol'alion wave process can occur on .a smaller scalc wilhin superheated droplcts (see also Sh:ephe.rd 
and Sturtevant, 1 982). Mo<lerate supe:rbeatlna, appreclably less lhan lhe superheat Hmit. can give rrse 
ertber to evaporation waves. as anaJyzed ln tllis paper, or to eva.porati~o due to bet&rogeoeous 
oucleatioo at thc container walls. Pinally, at very Jow superllcats, ordinary boUing occurs. 

This paper reports eKperiments canied out with saturated <lodecane at temperatures rangiog 
from 180°C to 300"C. As discusscd ln our prevlous work: (Simões Moreira et ai. , 1993), lhe clloir:: of 
dodecane is related to the th.eoretical possibility o r obtnlning a complete ovaporation wave m !)oe
dimensional expcriments. This is because of llle higll spccific heat of a substance such as dodecane, 
whlch displays relrograde behavlor. A detailed discussion is glvoo in Slmões Morei ra (1994). 
Evaporation waves are essentiaiJy adlabatic pbase transiHon processes. and the latent heat Is supplie.d 
from lllc energy stored in th:e metastabJe Uqllid. Othe.r lenns used lo designatc this pbcnomcnon are 
boilin,g discon únuiúcs or boiling sbod..s (Labwllsov and Avdccv, 1981 Wld 1982), boili.ng tiont 
propagarion, BFP (Das et aJ., 1987) or nash boillng by others. Appllcations of this pheoomcnon 
include fuel injection systems, loss•of-coolant accldents ln nuclear plants., power indus1ry and 
chemical plants as weJI as any other systems where cap~d <*ompress!on can occur. 

Experimental Setup 

A schematic diagram of our facility can be sceo in l'"tg, 1. The test liquld was contalned ln a 
glass tube, whose dimens:lons were 340 mm lon.g by 15 mm diam. Glass wu ch~sen because its 
s.urface was smooth enough to suppress undesírable heterogeneous nudeation and it also it also madc 
photograpblc docutnentation of tho pbenomeoon pos~blo. CircuJaúon of hot air in a squarc gJass 
jaoket partiaDy enclosing lhe cdl was osed to beat the system to thc desited ternperaturo. The source of 
hot air was two "heat guns", modified to bave lhe power ~ot cootrolled by indcpendem rheostats. To 
cnsure lhe unifonnity of the initial temperatur~ a thetmocouple wa.s traversed within the tcst cell, and 
the beat s.upply was adjusted as necessary. A dlaphragm (made out of kapton in most cxperiments a:nd 
aJuminum ln a few cases) closcd lhe top part ofthe cefl and served to isolate lhe test liquid from a low-
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pressure chamber. Each experiment consisted in discharging about .50 cm]. of liquld dodecaoc. The 
experiment began by piercing the diar,hragm. whloh qulckly exposed the slightl,y compressed Iiquid to 
lhe low pressure reservolr (0.227m ) . Thls was accomplished by using an arrow with sharp knife 
blades (four) driven by a comprossed air piston actuated by a solcnoid vaJve.. Thc btades wen: at a 
shaUow angle to tbe horizontal ( 5") so tha1 the total ple.rcing time of tbe diaphragm was in the order of 
a few milllseoonds. Substantial efforts were made to suppress nucleation al thc bottom of the cetl The 
solution consisted in cooli:ng lhe bottom portion of the test ceU and allowing it to protrude below the 
heated sc:ction. 

Pressure transduccrs were located at lhe bott.om of the cell and near the ccll exit. The bottom 
transducer was mounted nust. with thc flange. The exit transduccr was mounted remotely in a smaii 
aluminum block and water cooled to prevent thennal damage. Thc exll pressure slgnal was transmitted 
through a small steel tube trom lhe test oell to the pressure transducer. Exit temperatures were abtalned 
using a T-type thermocouple with a bcad of dlamcter 0.6 mm. Signals were amplified and then 
recorded using a personal computer. We obrained slmuJtaneous stiU pbotographs using two cameras 
and a short-duration (0 . .5 ~S) light source.. Onc camera imaged a froot view of lhe test cell and lhe otber 
was oriented at 30° to the evaporation wave plane. The líght triggerlng signal carne from a pholOsensor 
that was illuminated by a laser beam passing through the test cell. As soon as lhe evaporation wave 
passei~ by, it blocked off tbe beam causing tbe photosensor circul t to generate an electrical pulse.. 
whicb then triggered lhe líg.h1 source.. Motion pictures witb a ftamlng rate of 3000 s·1 were also 
obtained. 

Fig. 1 Dtagram of tbe uparimentll Htup 
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Tbése films revealed details of tl'le development of tht evaporation wave and enabled 
accurata measurements o! the wave spced. 

A typ:ical run started by degassiPg the fluid ut room temperature. Then the test cell was filled, 
the diaphragm installed and á second low·pressu~ degusing process would take place whUe the 
system was being beated up. After boUil)g for some time, th.en the glass ce.ll was pressurízed wt1h cover 
gas (Nv. Pressure was controlled inslde the tesl ceU so thal t:he llquid was s1i:ghtly above the vapor 
pressure. The reservoir was evacuated and brought up to lhe deslred prcssure with ~· Once lhe test 
condition was rcaehed the photograpb.íc system (bigh~speed motion or stl11 pictures) and the data 
acquisition wcré se.t up. The tria,gering signal for thc dam acquisilion was·either from the higb~ 
camera, or from thc dJaphragm pierclng systeliL Thc total data acquisition time was tn the raoge of 
200-500 rns, depending on the experimetl:l end the sampling rate (ofthe order of 1 KHz).More detal:Js 
oo lhe experimental setup can be fuund in Simões Moreira ( 1994). 

Results and AnaJysis 

Developmellt of the metut:ab~ state. Two evcnts on diffcrent time scales occlllTCd after 
tbe diapbragm bt.llst. At the vcry beglnnin.g, the process of deprcssurizatlon occurred via the 
propagation of rarefaction wavcs m the vapor above and witbin tbe liquld. Severa! retlections mlght 
occur over a period of IIlllliseconds b:efare a unifonn pressure was established in tbe liquid. lt ís 
reasonable to assume that this part of the process occurred isentropícaUy. The metaSlable hquid 
temperaturc cbangcs could nol be measured and were esttmated to be less than 0.01 "C d\Jrlng 
deoompression. SimultancousJy, the evaporation wave startcd al thc biliial liquid free surface. lt 
appeared tha( the evaporatloo wave dynamtcs dictated the degree of metastabtllity the fluíd reaehed 
and lhe metastable pressure as w~ll. ln other words, if no evaporation occurrcd at all rarefaCtiGn a.od 
compression acoustic waves would propagate in the llquid until th.e liquld pressurc cqualed th.e 
reservoir p~re. On thc otbet' hand. ifthere was ao evaporation fronL the pressurejump across the 
fronL and ai the exit of lhe te..~t oell determlned the moximum degree of superheat in the Hquid. 

Development aod propagatioo of the wave. We carricd out ome set of experimenrs at 
constant temperature (23Q1!C) and varlable reservolr or back. pte$SUre, PR. The general observations are 
as follow: 

1,2 ~ P ~ ~ I ,3 bar. At low superJ:leats. L e., back pressures close to the saturation pressure 
( 1.387 bar), a wave did Mt stan. 'Nu.;leatioo startcd at the interface of lhe fre~ surface and lhe 
glass tube and then thc oucleation site~ movcd randomly down lhe tube wall. 

0,7 ~PR~ 1, I bar. As the baGk pressure was decreased, an evaporntion wave appcared to 
start. but nucleation usually occurred somewhere upstream in lhe liquid. Usually. a singlc slu,g
flow-type bubble grew until IL filled the tube and expelled the liquid above it. At PR • O. 7 bar, 
it was possiblc to obsCNe a stable cvaporation wave initially but nuclcation disrupted the 
process eventually. ' 

PR~ 0,6 bar Lower back pressure resulte.d ln the consi:srent formation of evaporation. Waves 
started promptly and propagated wi1b a cbaracteristic vclocity. No nucleation upstream was 
observe c:!. 
PR s 0,3 bar. Beyond n certain point,. the cxit prcssure would be independent of the reservoir 

pressure. The evaporaticm wa~e properties were tben insensitivo to the back. prcssure. Tbe 
evaporation wave properties were ,then inscnsitivc to the back pressure. We believ~ thal this 
was due to the twcrphasQ flow reacblng a cboking condltlon. 

Table 1 surrunarizes thc experimental observations: PR is the reserve>ir pressur~ PE ís exit 
~ P8 is lhe pressure at lhe bottom of the test ceU. Wavc velocilies were computed by analyzing 
lhe recorded vídeo imagés from a CCD camera used for this Sei óf experiments. Tbe saturatlon 
prcssure of dodecane ai230"C is 1381 bar. 

The trend of these resul1s is in agreement with the carlier e.xperimcnls of Grolmes and 
Fauske (1974) and Hill (1991).. There was a noticeable thrcshold, ai whieh an evapomion wave could 
be fonned atld sustained. Jt is lnterestlng to note thal at hlgher degrees of superheat, no nucleation in 
thc upstream metast.able liquid was obscrved durlng the tests. Tbat seems puzzling. since at very lCtw 
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degrecs of superbea1 (PR ncar tbe satumíon pressure) n11clcation oocum:d consistcntly. This is simply 
dueto lhe time requircd for nuclcation to occur. Al low d~grccs of superheat. lhe meta:stabJe fluid 
remalned ln lhe test cell for a long perlod of time. eoabllng h&rogeneous nuc:leation to occur. On the 
otbcr hand. ifan cvaporation wave promptly startcd. the metastablt Iiquid remained in thc test ce1J for a 
shorter perlod of time and hcterogeneous nucleation upst:roam ofthe wave did oot play llilf role. 

Table t Baclt p111Uure varlatlon uperlment {T~!SO -c -PAt"' Ul1 ba" 
p (bar) P(bar) P(bar) Vel (cmls) Observations 

1.3-0.8 1.3-0.8 1.3-(L8 Traln of bubbleslunsta ble wave 

0.7 0.700 0.702 8.1 ev. wave + slug ftow bubble 

0.6 0.62 0.66 29.0 threshold for evap. wave 

0.5 0.54 0.62 39.4 evap. wave 

0.4 0.41 0.61 45.3 evap. wave 

0.3 0.37 0.80 47.2 evap. wave 

0.2 0.46 0.61 45.7 evap. wave 

0.1 0.44 0.61 46.5 evap. wave 

0.0 0.37 0.59 47.2 evap. wave 

PTessure and Temperature Traces: Figure. 2 presents lypictll pressure and temperature 
traces obtained in our a.perlmeots. The ones show nare for a 230"C tcmperature tcst. Notice that the 
signals are steady after the diaphragm rupu.rre evcrtt. wbich is indicatcd by an arrow. Is most 
experimeots lhe signals droppcd sharply after diaphragm bwst, bowcver in some cases ihe exit pressure 
drop was slowcr dueto cvaporation of coodcnsed liqUid in lhe tine. Th~ bottom pressure signa.l W8$ 

low-pa.ss fiJtcred (f~ .. 100Hz) to rcduce lhe efl'cct of tbe vibration caused by lhe impact of thc air 
piston on thc strucwre. The tempcrature records showed tbat the exit tcmpcrai.Ure ( l85C) was very ncar 
thc saturation tcmperature correspondlng to th.e two-phase mixturc press.mt (1' sat .. !f77"C). 

u.-----------------, ..,.., 1 diapluagm!N,.. 
a • i 7 ~-ra ..,, p,_rc 

l o~ '-- . ~ 

o 
o o.os O. I O.ll 

'l'úM (s) 

Z40 
(a) 

Q 
.. 120 

~ 
.200 
~ 

110 

o 0.1 o.u 0.2 

Tim1 (J) 

{b) 
'Fig. 2 Typleal prenure (a) and tamperature (b) ,..corda obtalned ln ou r expertmenta.T tht • 230"C; PR'"' 1 mbar 
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Evaporation. wne lo progress: Figure. 3à shows an obli<jue vicw (at 30") pbotograph of an 
~aporatioJl wave ln progress ln rnetastabte liqujd at 2J6"C. A fronl view ofanother wave ai23oPC oan 
be seen in Fig. 3b. The waw:moves from top to bottom. Thc evapomlion front is highly d:isturbed. Thc 
nature of disturbanc:e fn not clear be describcrlas ~er .a lãyer of vapor bubbles or a scallopcd Slll'face. 
Flucwation! ofthis front are abvio:us Lo tbe high-speed motion pictures. lf one assigns an average 
plane to the front, li normal vector to this plane 6uctuat.es about the axial dírection. ln our expcríment:s. 
it was always possíble to idootify an average propagation velocity (f'íg. 4). A relaxation ZOile was 
visible in some experlmcnts similar lo lhe darker zone behind tbe wave in Fig. Jb, but not in ali of 
lliem. We inlerpret thcse darker tegions as being flner -droplets that were scattering lhe rear 
illumination. Analyses ofthe motion picturcs revealed that sometlmes jet.Ukc structures of very fine 
droplets woutd come out the waNe rone at high speed. Thc downStream region can be characterized by 
tbere distinct parts. (1) • streaks of low speed liquid ftowing along the cell walls.(2)- vapor flow.lng irt 
the core zone. (3) • fme droplctS flowing in dle higb speed ~ore wne ln the tennlnology oftwo-phase 
flows, tbe closest classification woold bc annular tlow with entrainmcnt. 

(a) 

cvaporation wave 

meWtàble liquid 

(b) 

Flg. 3 Photographs of enporaUon wavnln progress {a)·l~C vlew, T tHl • 21s•c. (b)- ftOnt view; T-• 230• 
Pa•1 mNr 
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Summary of experimental results: Table 2 presents a summa:ry of our experimental results. 
The temperature range was from 180°C to 3000C at nearJy 20°C steps. The saturation properties were 
calculated using the Lee-Kesler ( 1975) equation-of-state (see details in Simões Moreira, 1994). Wave 
speeds were obtained from high-speed motion pictures usin,g the method of least squares to determine 
wave speed frorn position vs. time data. Tbe time reference for the motion plctures was obtained from 
lO ms timing light marks on the film. The results are shown on Fig. 4. 

P8and PE represent an average of the pressure signals over the time of intcrest. TE was taken 
as the exit temperature at the end ofthe steady phase ofthe wave. The Iast values for TE are mlssing 
because no steady temperature was reached in these two experi:ments. Even at the highest test 
temperature of 300°C, tbe downstroam state was a liquid vapor mixturc. We anticipated from our 
previous study (Simões Moreira et al, 1993) that a single phase (vapor) downstream state migbt be 
reached under these conditions, but we were not able to observe this since a sufficiently Iow pressure 
was not obtained in the superheated liquid. We estimate that the highest quality (mass fraction of 
vapor) achieved in these experiments was above 90% a1 an initial temperature ofJ.OOOC. 

T 1est ("C) 

180 
200 
216 
230 
250 
270 
290 
300 

Tabla. 2 Summary of axperlmantal resuJts. 

p sat (bar) PB (bar) Pa. (bar TE COC) 

0.39 0.24 
0.67 0.33 
1.00 0.44 
1.39 0.59 
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25.3 
30.9 
39.0 
47.2 
64.8 
83.7 
138.1 
157.8 

Fig. 4 wava posltlon as functlon oftlme (from blgh.speed motion pictures) 

Conclusions 

We have observed adiabatic evaporation waves ln dodecane over a wide range of 
temperatures. The experiments agreed with the results of previous aufhors in the sense that the wave 
behaved as a front moving at nearly constant speed into the metastable liquíd. Still and motion pictures 
showed that the ftont was a highly disturbed zone oftransition from liquid to two-phase mixture. The 
propagatioo speed depended ln a systematic fashion on the metastable Hquid temperature and the 
degree of metastabilily. ln ali cases, the flow dovrostream of the evap:oration wave was a two-pbase 
mixture. A model of evaporation waves has been previously developed (Shepherd et ai., 1990, Simões 
Moreira et ai., 1993 and Simões Moreira, 1994) and can be applied to tbe problern. A future 
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publicatlon will anaJ}'Se in depth thesc results, including a modificatioo ofthe sim:ple CVJPOration 
wave theo:ry to inehtde a more realistlc treatment of tbe tWo· phase flow downstterun oftbe wa.ve.. 
includ.ing slip betwcen pha$es. 
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