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and nue1~ reaetol" :eoolm1t sy$t• desisn:s b~s fo~u.sed attaution ct1 

tb.eu dynamic h$hav!mt. Mueh .an.t1lytied ·~· ~-p:e,rhienta.l work hilS 

be~ d<>~1e on th~ .pr.a:dic:t!CM of t:tnsient babn;vio1r O'f both si11g:1~ .. ptl~se 

m:iil ~plm~e tmtur~l"'<:it~~u1.a.ttoir1 oysteln~h. Ot1e :res.ion in tiil1ich 

trmsi®'t behavi11>Z' h~ 'be~n noted wql~i~ntall:1>1 but t1hteb bas. not 

batln tnvestigatedil!; ts tl'Wit ro.1.t<,u near too tbiarmodyntlmie: critical 

~·int of the fluid~ 

~ v-ety d:e_sJ,:e:bl~ !:!huaic:teristics of ~. nat'tn".;al ... cii-eul~ti.on 

s,.,.stem fluid a:1re thin,: t!\e fluid posisessi a l~g~ b.e~t capacity,. ·~nd that 

the i~nsity Wt:'i~t.iotl tii~\ temper-ature be .l.~~~.. ~o:th of t'hesli.l 

requirements are~, when til~ flutd 1~ in thra n~ar. ... eritieal reg,iot1. 'Ill$ 

~et.fir: h:aat eepaeity Sn. tho c,eitica.1 ,::e3li.M heco~s: l.\l~g~, but onl~ t)V~ 

small tempet.att1r(l> rH.!f~.eucef!*. Sf.nee ,M :e.et.ua1 ;i;lY,Stem will e~at.~ l1ith 

a finite l:\3:. t::nat~~~n tl10c ~1lect a'ad exit o.t the beat,er eect:ton. th~ be~t 

,e~pae:ity of th~ fluid liilt ttave: a f:tutte val:tie.. At eonstsnt ,~es.sure, 

.tb$ .denst:t:y of t1 $:~el!.'er1tical fluid de.er~ff~ :r:apid1J with tnerei\lsins 

tGmpe.rotur~ nea:r th~ ~tt1cal point.. fiie ~ttude of tlte den1d.:ty 

cl¥:U11e~ altoougl11 ,;111n11er,, ls analogou.s to td.1~ clia:nte t.n density o.f 

;;gater ad its. vapo~ D.$ tbc. ~:rater is vaporhed .. 



'fhc ch~t.l in ~ tl'l."tm~t -~ope.~t.it..~ of 'ttl'ftotd;,ty ~ t;h~ 

,~tkJ~i;vit.y •~ ~ .of ;fflt~.. ~ iJ1:l"~tity ~~G :to a 

~~ i:$1.:ue whtdt .~s that the viscous dampt.ng eharacte'tat.tc ii>f 

the fluid t.s. at t~.s &~imus Wilu~. itte tl1:e~J. eonduc,tirity deer~ 

~- e;pp~o~laately :l.00 Pffli!' eent. 

'1'm posetble appli:~ions w.i-e a -Mtat4il""cbwlatta 1-.p Glght 

~-.ta near tbe thtmno<l--le eritieal foint of the fluid a,:a (:1) the. 

loop ts ..testped fn ~-lug, m t.hts ~Ion ~ u.t:llia'e .a stngl~ 

phase heet-t~an&.fe mef'lt• and• tlllte ~rtap of -the \lapected high h~t~ 

:transfer ~ftei.ento,,, An.d (2) ·t1te Ot.d.4 ~s t~ou.gb the -"1ticf4 

re:g{on as 'U; is Wl$ted !a a ~e.rttiQl ,r~ ~- eyele.. In 

eltbet' of the ea~a,. the, l.imt~tto1is anr:me·~ad 1ri.tb the ph)talcal .$ind• 

h)"dndymamk: ~dvtlitJ.ir in t:he epe~at·l• of .a n-leal' reactor a,re: 

:elf.mina~dc OS" ctms:iamtab1e BtllOOtbed,. s:~ the iwat-•.tran.&fff ~t ls 

a supet"~tc:lc.t.tl s,lngle--~ fluid. Ia tlotlt oppii.catio•• ~1edsa 11,f 

·the. ~ct-co dyn$lte ~·Im:' t:S' ~1~ .. 

tk .... 1·:_il!· ......... ll...,,.,il"b' .. ,..., :"" ... -..,. ..... __ - .... - •• t ....... .;,....,,_ ·:t·-- ............ _'L .... _ ...----~..s--_-..l -~"" .... 
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physical &:,s.tem 'bm11ug tnei-tla,: rasi.$t$le\$ • flow-. a p:eat$ttte· 

differential due ,to <l<m$i~ •Gd• and -·~ -$~ h the ;qatem fluid:*' 

M,eturb~.1 IQ ~ lQPtlt: nr heat r~al 'With ·tl\-e. l!~eU:1tut. ebangess la, 

~tty h@d and- fluid flow rate 'dplCt :dte ,etUf.lf.brtum hatu..-:e. end aa 

oojustment ~t -ocalt" to •tidy ti. .. new cou.ftt::km$., At: eutAiln 

_.,uttws- of ~t' 1~1 ·t!Uld a,-,o:tem pre$.'SUl'e f,or it glven loop, 

'4:Wfigurati.on. ·the ~£t#iou:al dd.vt.Dg for·a within ~11e ·•.stem will­

-~ site t.~ .~~ utthtn the sy~ mar cteuee.se uut!l· ~~~ 
. . ~· . 
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.. tllatlo1'$ .itt flm?; ~ ~$illl'e UraY ~... ·a, •Y .be.· that. ·-~ 

. ·~· ~t.!ug ~it:l~~ ~c qq'ail~m wll.l .ne~ be 

. attatmld ae lOOJ: -~ tho fl.uW l$ m the t:~ d ·the orltical. ,okl 

unleas a. system ~UY' ·ea11 f.Je de.vised' wJ.dl lf!O'Uld min~ the 

t2nstable e!fcctf.l .. 

-~- and.7ais of \yftaul.1¢ &tabllit.y ·eonS1-$ o..f solvt~ ~-

c0t1t*·-ul.~-. -a··-· .. --n!0' ........ "''f.._.,.....,,_.,..,, .......... ,0,1· ~ ........ .,.,._ ... ~ ............ z..._,:_ 
. -~ ~;1#. - .~.,. -:~-· - . ,~·--~- ~--... ~ """':q.,,, ... ~u.~ 

detall4 :flif· the. s,atm1: tboy ,0~1 ~ ~- .c;.omple .mtd ·• ~ 

~~: to_.solut:l~ 

'Dte·fttf.tlelpal dlj«;)otl\1e of tb.l:$ atudf -~ to, $tu4y -~~ 

and ana1yt1cally the kastents ~eooa~ed ~ Che crkual ngt.... 1&.e 

~~tal ~ton eoneiisted :of ~~~ ai ~a-114 clo$e4 

~at-eircula.tto~ ~- aad tns~ati'Aa to- ~$lra -the now -~ 
preHur-e tr$~ ~~114 wa& ~-a .the• S-J'$Hm f1e!A ~~ 

of its low fflt1cn.1 t~alt#e and pt:-- (2t4 .. i*r., 474 ... 8 ptda)., 

avallaht.lity ·cOI ~4~- data,. aa4 be~ .~ liu1o: mc.llanl$i.\ 

-of the. flow. k~il:tq n®I" dm ~~le o:'id.<:.el point ~4 

:tJa thei ,~ for' all fl~.. 'lb.e. 4llt!lytt•l ,n~~ ~tstell t1f 

·sitmletil).g the ~ by Qt!l!atq • ,figitto.1 -~- ·to prlk1:le't t1lG 

~uert. t1:ans&nt:&.. fb.e. me•4~atmia,l ,com:i~"tion ~ttou ~ 

t,1t:£tten for a ~1 -~· aid th&. ttte eonUOl m:,i~· ~. c~ 

m ®tala the: ei!mnlde4 loop.. -~ e,._. of: 1~ eqU4t!-onr;; 't• 

~lned we tol'Vd with au DH 104 e:1-tranlc c~tmr .. 



A s'Ul"Ve:, t1>:f the litoi.a:t~ .r~vea1.e that t11e. ftrst :blfc~at:ton o~ 

be::it t~.ansfe?' h ,ttie: ~it~1 r~gion i~s ~ub1:tsbed 1i1 19:W by S~tlt.t 

~e;k~rt~ ·.·~t! ·Gri@l11 (31),. Siu~ tlt.~~ sev@~1 e~p~rimei1,t;al and ~ly;ti.e2l 

m~tt"Wtb f(n:~ and the U:S«et':Jc1tan<t1ng ofa bs1itt ... ~~nf~:t in tb:is: t"s8ion .. 

bi tlte p!ee:ees:s: :of oht~iuJmg n~at ... trMaf~ilt d~ta, !11 thttJ reiion, s:~v0cra;l 

~ttt>e;:-1.me.ntelt'a have '$1'Q~rted Jrt'$'Sl!We: mld floo 0:ocill~ti:ons cf s,ueh 

00-:-..Je.1:tty tha:t it 'ttas ttx~oasible to, ~: hellt..,,t~•s,fmr r~s~et<'Aen·ts tii 

~ti;ped.m<:mt~l ,~oo~~~ t1..as to ebat<ge the ~011t1tt~fit volume ays;tc:m v1tt\ 

at~ ~bi~al'J am0cUttt ~f fluid Qt'ld h~a:t to the, erttical region. '111e 

eb~Klt,l A;;!f sJza:te, :it~ tt1ce ,oaa~t crf he.atltli ,~~1U ha foll~ ou. tile f"'V 

~i 'f .. S die.gr~ .a$~. litl-;g, of emu.itant v~l~,~ 1~a1t t.h¢i ertti~l ,r~a:a:~~ 

both p,i-~$sure ·~1:~ ,tem1,1e~ature fluetnated wtdety t1c:U;b. time, .so tl1m:t 

'!)l!'essu,;e and :t®~1.~tut'e i~ier~se ,,as ·~~ta:w:de<l ~)t'<l'atly beca~ of tt1~ 

tr1erease of th~ vol~ ,~ae'fficient o:f eitp.m'ls!oo sn:d c, .. 
Uol~ ~d ~gf; (li) e,t"tJdietl tlie ~~t-t!':Gn&f~r .ehar.a,c;t:ertstt~o 



tilt'~l!: in it.s er1tie.::t1. :reg,i"1'a ti1 a ·e!~ae4 n~tut'nl-e-~cu1a:ti.on. l00p. 

it wa:s re~rt$d that i'u ttiisr reg.tons .e,~ to.· the •Cd.~tool Sct&te:., 

flttc'b.mticnG in. p~$,m~e on tbe O!!der of 20 ·.~ ... ~·. psi ,~ie ()'l.,seirv~d,, 

Aeeom.paaytnrs tb.oro iluctu~tionSc ~q mi ~t.:;.n1s(:l "vlbr.gt.!;on of tb:e t~s:t 

pi:'eu~~~~ {il tlm ·~~~11ztit~ w.al:1' ¥!ecl'uced\:t t~ fl.v.ct~~e!on& su~$ided.; 

\i~~e.t~, lf the co~ll<t1g ~.~· f1~w :it~t~ ,,~ ~ei~~'Se~ ·or the . .,~~ 

;~"sCl'~nQ:cd,, tbe f!.®tmltieat;:!l' be:c~t,e• ,mo~ .&:~v~~o wd di4 not ~ub;o:tde 

mi~il th.e pi~es~ur~ n~t ~$.ij~l i1e,ll a~ve ~1.a e~it::i.~1 vai~e. lt1 oo:n1 

ms~~t~G·S· th.,e ff~SB'.~£:~ fl.:'1/le:tuatit»tS did £lffil. •~'lll\)$:i,ee, ~til b f,li?ta$$U~ 

Qf lSO ·~· :200 ti-"0'$G 1Zd.~i~al. 11:es~~~ ·ltt'f~ ,at~i.11ed.. ~1e 

i.nG:t~1litJ of o~ratwn iii tb$. vtc~i.:tr ,it.~ el:'1tiea.1 po1ittt :w~~ 

~~~tbuc.eu to tlia i~~pid cbang~ of p~o~rti~.$ m t:111:& l'$tlon.*. 

n·ei!lem?o and :f'1ot'J: oii~ill.\';);t:ions: aialla,: ,~ tho~ r-'6iported by tt(,l.t>~1l 

tl.iittd n~s (19) iJer~ ~po~~ by Vaf)Putte, G!E'~ab (l<S) ,. tn ~. rep.or;t 

oo. 11:ent ... tt-ausit.,~ r~ate~ tit tb.e (!l".itic~l ~~s:i.oi~.. i'luetuali,$/¢>ns in 

t,,~'i;lfia'm'e· and f1oli1 tlQ!"e l.)u:se~t-~d ifi t;he ti~·C"~iti~ttl t~giou tJld(.ti:l tem:led 

!i;o Giti~tro, $~4y ... ·S"te:Cti 00t-1dit.ioo.s.. i"ae~ ft~~e:tto1:1s a~ eo. ,a, 

f~et.:ton. th~ s~t® J?)."eieiau,::e ant.l ihe, .~s,t $~¢ii:tl!ti ~~ ti,pU:t ube~ 

tb,c. ,@.~~::ttiu1~ ili ,t.tie taa,t seet!G:tl ~£e su1&ai'~ittcal. Hit:h .Q.s ~01:iat~llt 

ti.S. ;tile p~cet1sw;e n1:.,:r<l~ci:ied. tba e!:'.itica1 .p¥.$~ui~., ·~. f:tucthiat.iono 

ult;o iru;re~l :i.n fte41u~icy Md r.~-gn:ittul12. ~~· tb~ ,~r input ··~Iw· illl't~e~sGJ.t:l.. 

m~n the .flue.t:mi::1~as ·.~~.c, etiOOut;i:t.~red ,gt ·~. i,11e:ottul:'e t'lear tbe eir1tieal 

vlt'ess<ll:c (3250 :eo 370'J), tbey eoul~ i'i!.~ at,')J?:f~d ·by· .~ais!ng ~· p~~.$ttur~ 

~ut 200 pall. 



.In. a.~ d ~t$ .. ~- ll~o a CM· .ct'!ttea'i 

~tm't by Wt!\ :8nd' ~t~ (4).,, ,(at>),. (Ill, .nt> i1ff • pJ:'OS:$l.W!e 

;1, ... .,.,.,.,..1;.,1:1f,.,,.,,. __ ·- --""" ":6Mt.1'~···~ ~Q" ~~~-

1!he ~w:e of nt!*~ f·l~ .. ft·~, ~· eft-.& :to tn~ . . __ .... ,.. . , . _ :t,.~' . . .. _, ~·~-: _ .. , .. 1UWV...... . ,. ..... . 
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fi---e 11'1:"l,,...,. . ..., ....... ;1 ..... "'"" ,_.,,. .. - .. -• ., ........... t ...... ,...~...-.......... , ·-- .abt-. to· ~A'...,.,_ 
~ ....... _. ~·~~ _ .... ~---a.-- /iAii.ii. - ~"" ._........ .~ .. -1'1'~ 

·~·. effoc:t <:tf tbo. ~£eel dre&aes;" ~-~ (W) ·atvu • 
~tenf;l;1VC &~1· ·Of the. ~~C· Qf !$~· OCC.~cefl,.. 

h·a doc~tatfm.l ot *'hell,tng ~su ®d. tt~~ ~ 

~~.,. !"~ab¢~ (10) t'~.ted' dtG- :i:emd~• ;g.f W~l 1nt~~ 

"id;$ various lto~eh~ :ln 1Jl\d.d1 ~(1~ .~a·, " ~~I v~:o.t:t~ .. 

~ . ·pl".-ffl.U, ~· . • .ion$ ..--. A1t·.----·....io; · .. · ,.,..,.• :e' · ·"· ,, -· · · w""""' u--Q~~ .. • : . I, . , . . • ~ - • . • • . '°'---::1 of ,..,~_. -"""1~-.10"'""' ~--~~ ~ ~·.f~ .. '.~ 

t.. . ~ a,,$:.l.ln CQUSU::k>as. cf local bot1Sng,,, wld.ch · $nclude a . 

'bot1~~Jf.ktl ~ at. s.~eri.Uen-1 pre~. mte:tl:13G' ~. (:bo-:r.t,ng 

;~) an4 ~1 ~1)1,,'"(titiona. ·.can 'be, $~4~ 

i... ·111.o ·C~ of tbe$e in~·$0 oow&J ~ mdtmd.cat ·~tt.o 

~ .~~~ty ttlo;ted ~ ·tho. ·o~etl'l.ll ,cml~inne .la ·~. b~ ~~. 

·of .the loop. 



i. Ule bo1llas s~s an4 assoeta~ 1r:tw.1J1tto. vs ·~i..etl 

l,y 18~•.-i.plltmb n,~\tto:· ·&W f10it f1·uet~tf.OM,., $lit~ .~ 

:fl.uctueitlon$ may .ocettt:c ~tibout ·tm ;;eaerati<m :&f .~de or vlb,r.~,. 

4.. Uieti th.~ ~ool ,n~. ,o~ ta .t1 ~. the O"mf!t.!cm 

1$ ~dbl~ ~n.d :t~'70rS!ble .. 

5.. ~e U.m!Cual ph~ mdtibit. a t~-$httW cont!tt•~ 

t;~td.1~ -0eeUtt'.i~ '2:boot 10•80 per. c~ ·•Qf' tim ~ut hfaat flm. 

Ci,. 1ft ttua c~e of !n:tooe SOf.18!! ~~tJ.on.~ ~~ the hoot 

£:tmr; r.ttile l\m;f,a~!nmz, ~ oouta~~ inlet ~~!!f.ng -~• ftot, ·m~ 

r¢:a.t1lts: in m ind!'~ h'lttm$f:ty vbteh .,~,~a, t:md thetl ~~ oo 

'bl:~~. t"S a~~-

1.. '£he !~"'.W1J::, ·o.f. tliG ~SOC:!~4 vih~~ ~y ~ tlte ~ 

· ..... ....._..,..,., · 6'li-,. •---A -!1!>'41·- """'- · , · · · ... · · . .a'·· '41> • ·t4'1il. •'t..-p;!.'t..~lt; ,rm, "4,e ~~iu ~"'__.~, ... ~.~u.,, .fj~· ~ i,ers;.ill,5~ • -~· ~~-

e~ »urms vl:b:rae!tm~ ~ p,:ofltal:,ly -~~ ~d ,~t~~ th$ 

~atia'd s~·iace ~htbtts ·~ ~liel~J t11?; bQ'W,~ ~; that t&~ all 

bubtil;eo ~ ~n'i?~ ~- ~oo Cind coll~ s~u .. e.oualy. 

9~ Wh.~ ~•ea:· of be:ttms ~g& and .!fl$~ted v.ib,:e.ttone­

~o: :to ·~ 'Ct'inf~ to ~1 ($~led) bollfing ~... !Iw~ 

~s w,:t: ~ll ~·- r~ ~~ of these ·pll~ !a hulk bn!ltt,g 

- ~.,. ,.-.. """""ti . ..., ....................................... ,.,,.. ~-' '" ... ___ ... _...,.,, ·""'""'~,- .z::'l'_.,. -~~.~.. ~i.;Jij:;, ·t.;U:,;.~l~~A'.t $,?1."~#.~*oi\t,.\ :&,;~~-.J!Jf;..~ ~&-~.;.;:.11; it~'.lii.tiA:P.-~W ~'W~ ~114 '-¥~ -~~f;.i' 

fbaetuat!ons t1bteb itntl~ Vtlriablo -~ t.r,~ilfQl' ·in the Q$t~.. fta 

v,a,:L~tltty 'f.n. :th~ b®t ... fb:tm&fur mt-0 c.ntl'.l ~~ ftssl,atlm o,f the 



in :tl1B ~~I te t1<,."'ID ~11-1;:1:l:mli~d t!1a't tlw ,f\:'.i,.V(1J.1"it:V of the: vtbt::art!o11$ ~<1 

;1.ntq.11$,fty 1;}f the: ~moo .:btdf.t:~~ ~ p(}t.S.!b1e lw:Lt~ Cood{ti()n. f~ ·~ 

o'bta!nbi$ .~ ~'!.tlc;r:ctz1:1di;.ll;; of tho .~w;c· tm.d 

":liscovertng me.t::bod:a t1;:litmit-"tati~t tb.e, 

lnl.(~t tCia!~~,:-atm::~ .. ~~~® tp, ho.ve th~ tt':¢0t:ent e:ffee,t mi frequo®)t,,. 

l"t'es:s·u:::::0: h.ac1 U.tt:le::;, .~Jf·~. effect o-n fit~iqtt<:.'.iit.:y.. A system p~et}tnil"e 

G1:-Uf:ttb; ~nd .t:la'be:eo!1:,r (16) made ·.~ pliotott;'i;.'!phit! $t'Uiy of: fltii,1 lt'.Oticn. 

!11 tt';.,e nef.thJ>Ot'htt(ltl ;i,f o brnM:!~ oo~f~oo L,. •~. emi~aznet! it'ilcc! tr!th fJ!tuid 



the f1ueb¥ttt.~. t}f· ·~ fi~~aJl•ckoul:~ tiot1 rate m &ubct'i-t:t®l 

,o,...,_;,..;..,.,...,,. ~--~,o. ~.t.il'..;,..,.~'1.,,,_.;t~ :""'---~ ~~*. o,4l:.1·~~" 1\..-lf!I~-n6 b,..!f~""'""· ·.n"""A."' · . l'-;,nJi;; •i."'""'""'..,_""' ·q,,1 . .,,""._ • .,..ii' ~.,.11,,:.f;,ll,.,..,ii.,._:{.,, ·l\iU.U~,.,,,. ;11,U: ~Iii~ .. ~;i,.,ii;~~ -- v·"'"4""-"'$ .:a.-

~ ~17 ~~~ lln, boll.et:$ :~ •uc!~ :r~t•e.. ·AFi ~. t~ 

!ctt • s~p tt~ th,<tt ~il>~s ~~~~ ~a~!c ~aetrllr"'~i~ 

w01: .the ,cnth~ '"~ ~· atmos•~te ti'~~. to 2000 .vs~~ (45) .. 

·~ ~1,t1~1.$1d ~~tat ·~· ~~~.d with re~l:Ol'· .e..~ 

·~st loot> c.t6·UJ;ey hes ,~ ~w,~. by ~:i:soo .. and tett<m (a). ~ 

~. of atal,t!l$1 ~fl; ~ming a ts~ l~ $t•£1i·ty ~~Y~ le to, 

~ct ~ d~ee l!)f f!'hei .ln~ton. ,o~c.,. ~~, end. -,lttu._ 

•,J;tlyat~ tb!s ~1~ itm f'hDt :ts thltt the sen•cl ettl(ttton~ of. ·the 

·~at•,. ~ .as. thr; ~mr,. QOilt·h»tey, .~ ~ntr'.- ~t:tona. ~.· 

~ohed ,n-tb th~ ~ultoot •lut.ton !ndtcnttng ·th$ ln~ of ,qetatii 

~~$ ca $ta~!li.ey. \'he $.\cond ~pt.¢Mch .ts; ·~ ~. ~tro!U.~ 

;nT.. ... ..,..,.... .... _.,,. ........ t.. !t'.S..., "".,. ----- . .1,- ,i..t,...., mi"""aa;- *"-""n .. -,...rt ""•·-·"'.· ..,.,..,,..~ -'r~4-~~u.¥4~:t; · ~- ~9, ;~1t ~~~ ,J,,,U l.l_.M1;>~ ~~~~~~- ~-~1(" --~~-~~ -~~ hW:~ 

,ccc<c="o it',,,,, ..... -,.....,... ... ..11; "'.:k,.. .,..,,,.,'11"9> ~"':'""'·""""'.,.~ .-.D· -,t~J1;...,.__,..... . ...........f, ~1"1"ffl <'<""-"'-·,l'•t,,il.,.,~ .. 
e-l. .. !,:, .. ,v--,1, 4.v ~~~~· ~ -~•, ~~~~« ".JW',-.. ~1,r-..-~~·~°'~~ ~u ~~ ~~-~~., 

b ~l~ted. by ta~tigntion o,f f~o~$ ~f~~ tbf.g pbeaQmfi:mffll.,. ~ 

~onduatoM r~~ ~~· :Ci!: ~1,1tt. of tilt$ ~ ~~! (l) ·~ ~.~l 

in~tti:m. in tbJ.'lt £taM ,r,,f 7:~~ ad ·~t:·"'l®' std>f.!tty I$: flP•:$(); 

(2) ffla1Y,t~ pt~::as: ·~· St,ill .in a. ~~1.,i~ n~t¢.; aad (l) 

'b~ Gf ov•~s~ •Of: ~e:tcr£t ~· ~. 1~dt oJ; lnf~tt.oa, ~ ~ . 

. ,ce:chCt m,;thotl of ,~~td!!oa ·Of sta.htl:lty ·1s ~t to ~· .. f$~ 

develo~t: 4,f. boil~ uakr r®etO'Q+, 

A .mom· mCMt ~~-a by lledt~ (4'$) d.ts.eU:SSGs 'hy41:~c e~btltt, 

in -~to~s.. Ref~cltaG eo, ~l!nt ~ac• atatlity ~k ae: atwn~ 



Uywo~yiL~e i.'.t1$'1.ittbt1:.tt1® ~J;,I ~t~ L1:iJOc J.!l;;J,~$ k• t:t1.~ Jte~~'t' ~int 

o.2 17~... Z"tte fit'$i:.: tbls.ii 1.::'.lC\ttde$· pm~t-... ti:~·~~~et5i:'fit,y fegd""'back 

~$:t~~ititiea bi ~1htch w,;t~od~~ tib.ei11o~n0; t,nf()doo~te. 'f'~n ;Se(}o!!/.d 

e:l.tw$ .of uictn?,tlit!eti .~ tiios~ m th~ f,4'i~11 of ·11arying eoolai1t. fl0t:1 

t>~tes (}t; oo~tt7 ·~1ie-e ~~rtrelt• :1.8 · tit~ · ~l'iij:n~t.~. 1,ib!cl1. · :t1flUlf 

.affect tt1e i;-eaet~ .$;n .. a w;:;r;1 ~~il~ to e:ite:r.:rinl ,&turk~1ice.$.. ?11e 

~~~tQ1t ~~,. tileulil fluctwat~ itith l1~~yi.12®i~ 'fJ~J::tnt!O:ns,.. 

F<>lt& ~.i~ U~av (ll) !u. a. $tl.ldy ,o.f t"t.:~~:ph,.Q.~ it~'!l, .. l!li fl&t1 ~u~s 

.an;d·. !}t'e1sur:e dr-ops; tu. lot13 and ~lit: par~11~l tui,e$ ~po:tted' ,e1d,odte, 

f1'.f&~®tlto@ ~, the .flo:u In the J;Q;:ia: 'tt:tbe~ Ct:1.t ld.e;h he~t ftwi~ Und<?.;- ,tho: 

~iln41t1oa .ox u:tot1 heat 1l11u.t ~a: fl~, ·h1 tbo tt10 l:onnG1: pip;an WCtuld 

bagiiri to flU(!tuat:O";,, .f;,l~t1tl.y ·.~ f!r:st~ tf.1tftt ·ult~ iru:re:1s1ng -ti~•# 

\.mt:i.1 tba fl®,"'lilG~~ ho.us ~"e: gr,i;i~S. f~~ top .to i,t,tt~,. trlte fl.<niGC.te't 

ooba cS14tilmi¥12, . .agair..$t t!ie ~Q;tt¢t1 .at~pc t~!e~~"l :{l fll>w ;:~t:~$1~. n,e 

~ tllpes i~ul,¢1 ~.3. Q"~t ph.sse:2 t~tti on:~ tu~ ~'l'i!l8. a flot11. r~tc, 

,;tL,:0u~ 700' lbm/br ~'l: otli~ p~a bad nP· flO"'J,. 'fhe, flut,tuatlons 

i•~ eycl~ uii::b ~, 11:::rtioiJ Gf abn~t 1'0 ~e,.u1~~,, Tl'.tC¥ t~10 shoi-t pl~.s 

r~iaed . r~la.ti.v~1y· ctamly witlt S()f!le fluct:~~'tt~i:if) :of ~ciut ~~ 4 pel:' ~1't 

of a~a.go. flow., ~ .fluc:t.~it:ia:a ;eou.ld b0: tla.t,lp'ed O\$t 1 ,,!th'{}ut d$e?"e@lns 

t~ ho:at. ·~•.,,. L'i lt~Gt,z;tQ;t~. tlt~ flow ~ro-4S11 ·th~ sh'O!tt p:ipas.. l'be s~· 

flutt\~t.ini fl..~ cc'~l4 ·t:i~· ,ob~ed ~, .• ~. lt11;;r.el:' lt¢~'t' f!ug hy :tGS'tr:t~tt~ 

tbn flow te tho uu.e,t. ~uot~. l'.tl.. ea(!h ~~~ tl~ fl'W'l!.tuat!Q® •oeeu1rre(l 

:wr,e1;.1 tlie bimt int-t, iz~ .t1;1Jfficiet1~ ·to vapo:l'!!~e tii.bQU't 70 pe~ ¢ent of ttw 

1.iqutd f1~g ti-i. f:®t ,J;t~ .. , 



K11aue~ ()f ,et,~a l'tl~h vo,lcrc!ttceo im!cb t:t~y ~!'ii$%l!~~ ·®t t~ i:mtle,t .orf tl~ 

s, ailtl. 10 tt :r~boi.~t' tflbeij1* $ ,Gm11 1~~fl'.~litts ,a!tlGl~ tube :~l(tSO: 

t~-W$ilphon ;reheUe1<t ~·. b~llt. eiid O~'t(t1,te4:.. il~tlt, ~.,;m .. l,roppllfld by 

~~s ~£ ® eli.ze,e,r.:ie~l l~tti13 ~i'~tlt. ttlt'4l,:tJSd .at>omdl tile tube. Slot, ... 

·~·. ~b!llG wa$, a.e~~t1ed hy ,a .tttd:ct,bo~tt'~1· of' ·~ liquid tin the ~ottom 

®f th~ ,~~~ ti ti~ oot~1m.i~ tbt: a.n,tbimB ~mt: eould be ®ue te 

~!t;$c:>n1, ~ ~. t4i).~ hy ~'1.vt~ t~ ·~ ~~d $p~~, ,e~t. 

cl:l1:-mcrvat:lm1 eq't.11.ttooo ;}U .mi a1•~1 <.'!Ol:i'i'f»t,t~w.1. ~~. ab:l,e; t~ p1&-.odtet t~ 

i11~ i::rJ:uld e~Jltbi.t .oncilla:tory beha~i".'., 

~t (SZ) dout:1l1f)t,1~t ,~1 ~s,s.lSt it~ p:r$d:l~t~ ~bQ: ~u~et. of 

,1:/ifttthl~ parsl1e1 ·el~l flQ\f ~erd.tl~ttoo~ ·~·· fi,et1;u,1glug'' iili4'h ~~ 



1.~l~ia and 1~.,- ·(41) ~~tad~~:~ lo# t:1-~ 

~ of. ~Aktie~ •f a alra,la ~~ ·fi.,, n.atu£al~utat• 

1! 

A'tt"-..,__, t--+er...--, •'!'"Xa,t~. -1'_.,:,i,,,,,,..,iu,,, -.-.tt:f•n. ~ ~-~- ,~_..t. ,u. ,.....,.--,JI'$; ... -. 
-., ...... -..... •!,,U,lll-*· ~. ~"" ......... *'""'¥' ... \&- - -~-~-~ ¥ ~...-

~-•-.~ - •• lusf.e ft~~ was tto ~- ·.ctw •'-·as.a .... -""'If .. ··"'-' ... ',, """Sl'-lfr'"',. .· . ' '. ··-~"· ,' 

~e. a,JaWl ol" nanli.~ #"- ~s~ Bio~. e~'te." -4 ---~. 
•~«-A-.S · . ;t..-~ ,oa --...·1: theoir: · ---tt, · ;t,.,,. ·· •'t..- ···'l-~-.~, _._ ......,..;i.,it . .,,..., •~•sex~-.·~-~••"". . "11 ~Y-G• ·~ ·~. ~•~ - ~~ 

'If!-.,,.,,...,.~ ....... ,$ ~.;.'1-.!;"":•,i:n..m'* 
~ ~·-~ ·~ .... ~~:· 

.:A.'1:n"--.i:t,_ .~ el ,,L,_}'·ll: ~~"""'·..t, .-'fl-if...,.,.. ·.4.~1 .. - .. -~·~:,-, ........ A._ .-.&aii>.o!'> 
--.~~f'- ~......., .,, :,I .,.....,I!',.._'~ qy.t,;vc-.. ~ -~-~""--""- .C,f,UV, ;-

$,)UG~ ·IQ fd~tliii~~ •thod& f«r ~~ al4, ~-•f 

iiom- ill th$ ~Jfig.,o~ of a~ ... -~~ l~-~ t) 

-~le-~ fldd' • thll c~~ .. ~· ,~lsoua 0:£ ~ 

.~!~ .. ~ .ac:ma1 ~lo~.~ .,t.w.~t,4. ~ ~ 

- -·~i' .... ~ . .r.:,,..., .... d -.i!l.·'"'......it'-·-.ft­_._. -~ .. · ....• ~1 · ~~)<';;Jr~-if:!I' 

tt,t--,.- .¥4,"l."\·. l'-".i.,,t:1:•<::·.,.,;t-..., """"· .a&n:t......,... ~~li!I, •. ,..._..A.t .... .o. _.a;,~..,, """""6"~~'1',<11-1,~ 
ff~ !i/·.~l';J' """Jiiii!,·--e -· -~ ~--·_, ~UPI •·- ,......,.,;~;ti-...-•lll' 

;;...,..~-,t.,~- .~,i: ,a ----,~ ................... "t.,.4-~, ..... ,11\4·......,., 1.- .. ,..,., .... -1,..... •. ~ ..... iii--. 
~'I!!'-.. ~ '. ·~.~-~~~ '~~""~...._ ~ - -~'~' *'"" ___ ., 

~la Pl~ e<m~t(m of: ~. •~WI,' ~1;.h ·l.~ tb4t. .a, Mt~~· 

o.'1:ml_etion. loQP ~ bG ~· wa .. le ~. ,~ ~, ._ .4 ,aaau;. ,iii;,~ 

p~ hm tle ~~ •~ ~41-, IQ .. ~ ~ti~ .. 

Gsl!4 (1%) ~t<Jpatl n~. ma~~. ~ck:~b 

-1~ &ataed • ifl ~~ <tf: ._. .. ~~l 'V.ol~ .,84 i~ ~~ 

'-don.. 'fb.a ~ -~ a~ to a.~ ~,s1m .. ••\• ~. ~ 

oa:t-1 .~ r~u~. 

r~ (20)~ (20)., 4ml, ~- ·and.~ (M) Ile~-- d$: •tva~ d 

,~"" .---:,...,,,.,1!,, -.Yft;ll,,,'.<f . .-...,, ;l!'f.ff. A-\1·.1,·~ ..,_.,. .~\'_,. ~~._.,,.,.'f::.~'ft ,ll:t~...._. ·--,,C,;f.,,..~t..f:.;,in-. 
;~ •~~~ ~~•~·~ ,~- '~r•~ ~· ·~ ·~~~ •-~ ~•~~ 

., ____ -•m-· . .:i~:eiit---... - . . . . .~ ... he-....A ............... ~"' an4 -~ ~ .... , 
~~IM.I, ... r---e ~~~ ~- ... MQ ~ ·~ ., . . \It'....-..-~~· 



2,~ruati('.;ls 

eo~p~isrJ~i td!th 

osc:Ul~t:ioaa .~ i!i;:ih.1t.ic. i'l.O'tt btr..ra. bGe,Jc ~~U!1te1:~d 

ciJa:r?i.~.:i.111. <»n:cliti.t·ns ~r!~l ~"'l;tt;r dt.f!femn.t :S'.f$~::::1t1{.h 



·~.1X.l 

itJ.e flvid 1~ c ~.4-elt:.~ul~~ 1~ .~ .. h~ ~aitle~ed ® .Q;. 

~~le ~,~ ~~l (QJ .~$<ltJU$ ti1e ~:agterl$tic ~f. ~~-!~"' 
(*1)· ~erac~ mth tblli ti1.~ls •f ·lbe ~~ tub&~s t:o, ~-u,m: .a, 

~s!st~e ··~· £1•:, ,~) ,e~f.n.t ·~ ,r~eGur~ dt£f~@t.ml «UG .ea· d~slty 

~ad ~ t~, acc~a,teit~ 0:f ·t1t~. ~,tem .flu:14., .and: (ctJ ··ba$·· n ,capBbt1tqi, 

f(lr me~gv ~tor~~ •'1t· tfflil ~*~ f!ru!fl.... ~t~ooa ,es:eU.lot~s ~f 1t1e 

ft.ula l!lrilil$ ¢0;1 ,~.a: oh.~ fly the e:fl!~t ei C'$fttaln :eod>intltlffl'l~ "of ·~ 

~:a:t~: vattUbl~e. 

A ~-~l.~ ~c.h®l_.1 ~~!. li.1' ~ fr:ee l'Uf.t:OU - .it 

-avtty field. ·~ ~G (!jf ·th~· piat;on. ~~~~~01• ,to •e --~· of elie 

iluid ·~ ,f;i;'le·. 1-oo,·..,. ·~. pr!'$.~ •dlffer:eitt$ttl: ~, -· ·the: tlan•lt, b~ 

c~o~ t(i ,a dl>iv'.'~ l~a .~~ ~n :ttie puto»1 ~tt,. it"tct:£GJ 

'*1t1d .·~~ ~s~ t{ltflt~s ~e re,r~ate:d - ~f!Ol$ ~it~.. ~. 

•n~lieo~ ·~ .. £1.~ ~to~ •ti~y ·up. ·tl1o .. ~· o,f ·$: O?nta.~ 

¢)fl~d&tt* tt is ne~sn~ ·t0; ituppl;.y s;. dttv~ .f~ m ·tne dl.~elttioni 

~· •tltln in ·~c~~~ of the rasttainiOSJ ~O'J ~t~ in the t~,tt~ 

di.11ocr~1on.. ~ ,e1:1i0tU.call:J ~~lrlJJ m1f de~~ 'th:e drlvt~ t~~\f 

tb pl$toa •t:M. ,~ .~. ~.· O&'Cl.11a.te •oot ~, ~,u11tm:,lurt ,Oillt .• 

,An.~ ~t ft~;t ... $etltc ~di.ti~. ~'1:(¥$. ic~ ·:t:lm· flow in. a ®Mttl, ... 

,e:b;~ui~tlon l®p" D:l$tm;b$V!<.1& ·tn. heat .~~t, or: h~et 1:~val fl'.• Illa 

~:m fluid, :\11th tb~ ~s.ultant. ~es. i;~ ~~ill' lt~ .a.ttd. fluid !tt~ 
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:rate upset the equilibrium balance, and an adjustment must oc:cur to 

satisfy the new conditions. Under some operating conditionsct the 

adjustment to the. n~v mas,s v.elocity level is reached by a damped 

transient with SO!'.'!W itiitial oscillation about the new steady-state 

condition.. The operating conditions of int.erest ii1 this investigation 

are those in which the .adjus.tment results in sustained flow oscillations 

about. the 11ne't"111 .steady .. stat::e mass ve:tocity value. 

One ana.ly:sia of the dynamic. stability of a fluid-flow system 

consists of solving the continuity, .momentum., energy, and st.ate 

equations describing the system. time-dependent conservation equations 

·with s:peeial reference to natural-ci1::culation loops have been de,:ived by 

several authors,, (ll, (12:), (28), (41) (42). The eq,uatlons are non .. 

linear p.artia.l differential equations in .space and time. A direct 

analytical solution is i;mpossible with pre.sent m~thematieal knowledge. 

Several alternatives which have been considered aX"e: 

(1) Re<h.tetion of the non•linear system to a linear one by mald.r,.g 

simplifying assum.pt.ions enabli:ng one t:o obtain an .analytical solution. 

(2) U.s.ing perturhati.ons about an initial steady-state and then 

investigating the resulting time-dependent behavior to·determine whether 

the result indicates unstt:ble, stable., O?' o.seillatory behavior. 

(3) Solving the set of equations by finite difference methods 

using a high-speed electronic computer or an electric analog computer •. 

The a.pp.roach o.f this work was to use a one ... diw.e.nsional model fo:t: 

which a. eystem of equations was written and solved by finite difference 

methods using a digital computer. 
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i'.JO a:smnpti® 111atx ~~ tha:c ttw ~tm laooao~ dw to :htt~r,ml ~ 

£cW:e4"'0 L"l ,~ '®pf m~ neglf§ibla,... Si:.-1~ tte loop .£& a. d.000£ 

tloo to ~ .~. a~~ utth .~. u::11 of ttl(lt ~utt ~· 

:~eul~tod rut a t~fdon of tbo. m:.t.ool ~ ~loot~ ua:!l.18 ~ relation 

,Qf ·too fQm 

~1:0 .N lJAO. o =~ ~.al! vn1ttQ; .,~ &l\ ,the ,.. ma&o ve:l~t~ 

a17.Jt-·~ ~1t1 .of thti, il'Ue .. 

liEl ot-$$$l0n fot ~ to~ .change; in. ~.· .mas$ wlecity in•~ 

of 'tko, 1oeai haa.t~ ·CM be ob'taine.d by ~Ut~t,f.oa Qf tbe tuc l:'at:Q -,f 

~itJ BM e,tt~lw ·~ :in ·tb,n. contil'lutty ~. energJ cq•ttong 111th 

too. u~ of the equatioo of e.tcte. Applylni .the ~ l'Ule et 

4tffcrentiatf.QD to ,the ~t.io~ of ~t.0;,, lq;. (Il.!""t) ,. dte 1t~sult ts 

If this ~1~ ts, :®boti:t~d into the ef!Uilt:iml t>f eont;imd.'.t:Y ~- lg.. ('l1J...:2) • 

thoo ·the. tm:f)rea$ion be~~ 

~lvtug fQ:;: (ahJ.;i:t) tw1d ~cu~ too· t'e$ult into the enGt-Uf' ~Wl:t~., 

gq,. (111-3) • tit~ ~~e~~!on £or ·tt~ · locai ·~~ in. :f;be ~- ve:~1:ty !s, 

eb&ai;~. 



'!MB• ~u.4lt.tm'\ ,nnd the ~ntm ~oot:ti\l'!'l.\t lrt11 (IU ... J), &ism:~ tl'lG 

t..tn~·b](d~!ll~ii; ~lnt:!oushlp•s. <>i th~ f~1 ~,a~ .A ,~1nto t,!to~ 

Qf tl~ mns0: '1eloett,' not\asv;iQ,: in the ste'~.F .~ _.anau.mc: 1tJt:ate ,~ •~ .. 

~'t~i,.."',1·.,.~·""' :~ .,..,it~."' .... ilJ!..,.,.1:,,.,~....,...,..10 ... .,,:,,.,;;,luii-a,.,..... ,ii4' !lo;,,..., ... ~ fwt~ ... .., .... ,;,.....,s· ·.. ·""'~~ . ._,,..,..,t...~.Jt.a,/l·.,...~ 
-~~'Q.M.MfJ ,.,:/ ·~ ~:i,i~. ~----- __ ;~~ · ···* ~~~-~-- ~~-..v,q_ -.-'!r -iii~ -~~~~~~-~" 

A f"llt4tifi p,t"~ oi tlm t::ranabtt l~ ~tor cnn bQ; ~:trt;·,tt~,~ 

1.1 tl;tanln!nti ttb,iee eq~,~~ .. · It\. the a~J•titam oeondit:ton11 •. ~ 

tlm en~y eqmt:lcm <=i(;ibl~) =·QIA11 tlt~.i•~~ ~0/.;;,,z) ~, t.. l11ow If tin. 

~~sa m llealduii ·.i~1:· l~ ·~Jlle(l te> tiitl f.t~ $t•i, ijl:A "7G( bl sl 

.an,d h~~" tho diffft~~ [G(oih/;;;,.a); ... (!/I] ~es ~l: .~ n~~atf~ vQl~ .. 

Sine~ the t~ {$11:;i,;J,;)·(~,/dbj) ·.f..G .nltiacyS1 ~ff$t!l~.t ~ll'.e ~ ,e:.. pQ$'iltlt,~· 

~~a.ail ln tic/da). lhG ,@tmgo bl· (~e:f.;i,e)· ~esults .~. ~C/.:it) $u~l!eas~s: 

bo~ause ;of tho tu~~ ,i~ wlll(:b. ··$1:l ~. ~t be· ~#.\~ ®t by ® 

tn~,a.'$~ In tMl t:eettttm~ tt.J .fluid fl®~, r ¥ ··tc;· $l~. 41/41 1:0, ~talta,,.. 

'~e ~tt l:):f t&f.s; ~~· :0! ~en:t,i ts: :$11~ 1~ its~ i. 

& .tl\.is £~•et. tt ,e® be. ~ tl\at :tbn inertia ~f tho eu~ 

ta$t1C:~4 m the ~tr!Ql ~abno't ~, ·~ $u&se.q~t undell'&h~t.. i~ 

,SJ,stffl d~:w.g .~ ;t;;l!l ~Q. w!oettJ to ~~1 ·to. ·~ new srtet1t.\Y""'~t.tt.t¢1 

value ,tilt~· ~' bl ~i~c.~JJ. · It shoald he, no:t;¢,j tlmt ·tll'G .. ·.~· S$1U~nt.e ~f 

.~nt~ ~4 ~ve ·.~· tnttwted by cl~ta~ et.th~,: :tue •. ,,~ .~· 11 ~. 

in the· ~e. •cq~.iffll,.., ~. in d!ab~le fli¢.W• the ellt:'mg<a ·h' 

h~ut:. add:i.tton, lr;1 UG~t1y 'ti¥~ fot<.ei:tl; fun~tt<>n. fmt· .•tl. flt'>W' el~{J; . ., 
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~ ~l'le4 ~tt.1~ , .. [(th:t(c~•il ma -~hi~•>; ore,,~ 
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,~ ~.,~ '(f.f tho ~ !tl Bq.,, (Ulwlf)-~ *-~· 'ldlt ·t,e . 

,¥Jffeeted bee~ -o,f ·-the. -d"'~ ltt --~ ~.- -, ~i.etw ·-~- ,en 
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!o s~ and ti.to ;outgo~ flui.d, ~oo:t.a-1:ateil.. 'il!G'. ltt~il f:lutd bof.ne; 

initially o~ .~. ~· inc~~ of ~1,~ ~e 1ft the cooler l!emdts 

in tho. ~SS\UltO ~ flnt1 ~tfl\m~ to ~1 ~, ~' ·~$'~. 

'th~· t:11:eody.stste wlut~ll., lb.a: ,eyel0e ~~o ae. ~ D.a .~· ~ ceootr:ol 

~~1a, boat t.o be ~d hinc .. e., t~ ffl'blrva1 u, tilt-·.~ l0ti1Gi' ,d ttf tiie 

~el:-,, then f.t mutt\ ho m:,eet~d that~ ~ •~ ClllSS of flu£4 ~ tho· ~e~t 

con~! wl~ :~ .·~ SUCC(l~iVO: 'Cml~,Ci,1 'i?0.1~. it. t10ul4 

efflltinoo to ~d.... ·~. pro~s: of this mass, of f1td.d tlhrmdi tilG 

bontel' ts madm h:, on ~reaao; in flow .1:~ • the fluid m~ of e.bw 

:~ ~s of fi'UW .tn ~tag .aecel~nted ~r<i th~ ~. ~ 

by the. heat .oodttton .. , Jn this ~· a ~~· .~~ taraim!Qnt no~ld ~ 

~mvoc.too: bGeauact Q'.f tho ·ta,:ge,r ~t: -of f1:uJ.d ~1ved befcma the, iirivtne 

boo, oo, dts~uoood ~. im: the tdaa,ieiit Ls· ~4.. 

'£o. ~ko fflle ~1f.tattve ffllf;)lysia, ii .b;w .. been ~Jee~ d~ 

tl10 t.atttat!oa ~f a StWtabe~ U~"l&Wtt.t ta ·~ by a dl~ ta tho 

~~i~l ~~ ~lb~ ti,ttJ ~ot ... 

aa ~tbe.9'n· 1:o. ~~ ·that .vuntu~rl flow ~t!la"tt~ ~u not 

a-,,d,$t .1n ¢WI' q,atm. w 1onG ~ ·~no tklv~g f-01!ee 11~ ~tant;., If it 

.~ vt1ey· 1!11 d ftO'(J oy~. then ·thG e~~ .~ :be d~ by tncr:oosod 
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(b) 

Local Acceleration 

3 

(c) 

Local .A.ccele:ration 
-· -.-.---.. -. --. -.. ---.=,.~. -----,==~~ 

Fig. 3. Fluid ContJ'.'ol Volume Position Versus Local Acceleration 
in a Closed~ Natural-Circulation Loop. 
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A test apparatus was :constructed to invest.igate the instability 

eharactertetics: of a n~tural•e:lrculat!on loop operating nee!" the 

thermodynamic ertU.cml point .of tbe system fluid. The loop geomeuy 

tms patterned after that of Schmidt. Bek.art,. and Gd.gull (31) mid Qf 

lolman and Bo,ggs (19). T'ne main critei-ion. followed in the. de.sign 1>1a.a. 

that the flow pas,&ate be: as; sroooth and free of obstructions: as 

voasible. Two loops t"1et'e c0:11structed w!tll tbe major diffe.r~nee 

'betuee11 the two '.be:tn~ 5 .. 33 feet of vertical. beigbt to prov.toe a 

hi.she~ flow rate and to prov.ide in.creased volume to reduce the severity 

of tbe. p.ressure .a.urges. tbe uperimet:ttal data :r~utred was a time 

hist..;,ry of masG veloeity and .of density v~i.at!ons .ar-ound the loop. 

'ito tbi& end, i:nstr~ntat.ton was pi:ovi~d to obta.!,a data from which 

the mass velocity tm4 density could be calcU:1ated .. In addition., the 

test s-eetton wall t~i'.atures were measu1:-.ed to fu1~ni$l1 data for 

calculation oft~ beat tl'artafer @efficieut .. 

'1:lle test a,vara.tua (Figs. .. 4-S) conaist.ed ef a c:1osed, con$tmlt awoo 

circulatory system made o.f stainless '6te(!;1 type 304, c~rcially drs~:m 

tubing, with ai1 inside diameter o.f 0.93 ineoos a:11~ 0.035 ineh wall 

tld.ekness. The oval sh:ape!; ws ellosen to avoid sba:rp bends which would 

increase: the momentum tresatll'e bead loss and tlius 'reduce the mass. flfflr 
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I. TEST SECTION TEMPERATURE INDICATOR 

2. FLOWRATERS 

3. HEISE PRESSURE GAUGE 

1'. THERMOCOUPLE JUNCTION BOX 

5. REMOTE POWER CONTROL 

6. AMMETER 

7. VOLTMETER 

8. WATTMETER 

9. POTENTIOMETER 

I 0. DIFFERENTIAL PRESSURE 

-· Fig. 7. Control Panel Board 
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I. VISICORDER 4. CALIBRATION POTENTIOMETER 

2. BUCKING VOLTAGES 5. POWER SUPPLIES 

3. DC AMPLIFIERS 6. BURNOUT CONTROL PANEL 

,Fig. 8. Instrument Rack and Visicorder 



rate. l'h.e flow path l~tb.i =asuroo alollg the pipe axta. wu 

2ll feet for the· small l~p doatanated as Loop No .. 1 and 38 feet 

for Loop No.. 1. re twt,. volt.11le8• exclusive of a&~iated tublng,, 

'fflU"e 0.129 and 0.180 fts.. ·ihe heating power was supplied by a 

10-kva Se.f.e.ky Ipltnn Cont1!'actor whoa,i QU~~ voltage could be 

vm:1ed from O co. 45 volts eon~inuoualy. ·!hG: elcetirtc. po"..Jel" was 

di&$ipated ia the ,teat section whim a'eted as .a resit;:tance e.l~t 

snd whicb was eoole4 by the flow .of the te$,t liquid in utural-. 

ctrculatt.oa~ Hea.t l'fflDOVal was pr0v!ded for by a coneeotri.c t:ube 

cool• through which tap water flowed., 

&\ assembly drawing .of the· heating aeetloa ta showa tu Ff.g... t .. 

Copper blocks were· silver so1def.'e4 t.o ·the ends and eolUleeted to 

tbe output of the Sciaky ·power supply. ateet:rtcal inulat:ioa from 

the rest of the loop wa& P1t0Vf.ded by Durabta gaakete and 

(1) Ove~s\B'e. pirotecticm wlth a i!L'UP'ture tilse 

(2)· Shutdown of electt:ital power if tile ;&y&tem preuure 

R\lphre diee breaks awl e.tecui.eal power ehu.tdown by the, pre&eun 

cutout switch we1:e eneountered several thles in the- experimenta:1 

program .. Durnout cleteetion consisted of vt•ua.1 obaenatf.on of the: 



TUB I M(3', TYPE 
30!4 SST 

COPPER BUS BAR, 
SILVER SOLDER 

TO TUBE 

I" X 300 lb LAP 
JOINT FLANGE, 
TYPE 3147 SST 

~~ I" X 300_ lb WELDING 
• · . NECK PLANGE, 

TYPE 3'47 SST 

3 
~,:~~ 
lr\ ~ 

2111 LENGTM )( 12..11 Oc Da )( 111 I. D. 
2 6~ 

BUSHING, TYPE 3Qij SST 
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Fig. 9 Assembly Drawing of Test Section 
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test sectiot1 t:empe1;at:t!t"es on t"1o pot;ent:!cm1e.t1;ic type te:mperaturG 

indicator$., .t\lthouth the rc3pons0: time the indi.cetol!'s ~J.as slow~ 

the heat flu~te,s. were 10t-1 enough that ma:nMUy reduci11g power was 

sufficiently fast to prE::n1ent c,rorheating the beater tube t>lhen burnout 

condit ioiui 1;,1ere enctl\Jn.tered. 

the 5 foot leng c@oling Jacket uas t-ie;lded ta the tube. (Fti~ 10} ., 

r!o allowance tias me,de Jfor the uneve11 the~mal e:g~iision between t:be 

jacket and the tl!Jhe. CooH.ng t-t~G 'll1ith tap 11ater, the inlet Md 

outlet tempe:ratur:e ~nd the -volumett'ic r .. a,t.e of fl.ow of the cooU.ng 

water flow!ne thr~u;gl:t the heat el\':Cbanger was miul$ured to provida 

data for a bee.t bat.a.nee check on the en~-rgy input to t!1e system. 

!be t:empe:ratan:e:s ~t'e measured with Cht>Ol'imil .. Alumel thermocouple 

!?l"obes plae~d in tlle ootel' lums wb,U.e tbe voltewetYie flow rat~ 

tvtls n:1iu1sur~d 0i.th a eaU.bre.ted Flowrator, 'l\iio flm,n::ators with 

,:anges O to 0.6 and O to 10.0 gpm wexre connaeted in parallel o.n 

the water inlet U;1te to measu:t'e the voltjfi!e rate of :watei- flow, 

Inlet water flow was tc bave been contl;';olled. by an air actuated 

valve sl$ved. to a tbe~ouple si~'lal or:tgtnat1ng at tbe inlet co 

tbe test secti0:U: but operating expezience led to the proeedut'e of 

manual control... The cooling capacity of the co~l,er titas fou."td to be 

excessive under s-0ma opa:Tating coruii.tiono ailcl i'l.1Suffictent for othe,rs. 

'th.is effect will be ec~plaiued b1 more detail ii1 Cba.pter: V. 

AU Freon ... 114 bulk l('Jllperatures t-1ere measured with hare 30-gau.1e 

Ch:romel .. A!un1el ti1.er1®coll.ple probes in the fluid atr~am. 't'he p:robes 

we:re po,sU:ioned perpendicular to th.a tube a~is and th.e tip was at 
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the tube 4enterl1ne. T'41s positioning was a..ee~:U.a,hed by using a 

St,mgeloek union in wh!~ a !./6 Ml'T ,:; 311@ Sl~g-eloek mal,~ c.onne-etor 

0:i the aesembly Q\a -G~,'Jiii in Fig, ll. ·~ inlet, t.hermoeouple~ for 

t:be t(!,at; .secti()n and coo1e~ were placed i.mme:diate.l.y up$t~ of 

20 diamot~s from t.be Gxte. this ~164".a1~1t &9-1Z1lr~- that the 

tempa-at:m:',es wY1!l"e mea.s1.-u:-ed at paints·~ tb~ '11,oloctty ~ tempt.UN!lture 

All bulk ter:1pere;t.ui-G thenio-eouplee ~ calib-rated in a ldps.omter 

type appara~us •. In -this !tppara:tus, ;the; pres.sure could be varied fff>m 

O -to, 2500 psis giving e c<mUnuooo ~ of caU.brattoa tempe1:'.at.-e& 

to 660°1?.. ·The tttemoeoup.les- usa«l tm thb eaperitlent were calibra:ted 

in the 200 to ~ it®g~... No· &lgnl:Uean.t devtatl® o:f the the~te 

mt frCffl! the .maaufae.turel'"e pu&11sbed. table-a ffl\e Qoted; hence .• the 

tabulatn.d •a1uee c,f emf ,.~sua temperatui'Q t:.-e.te used. 

Cont:t.nuoue RCOrdbtg. of •the thefftocoup,le emt•a wu accomplished 

Uf>'U'tl a M!nneaplf.s•Bon0ywe,11 "Vlslec>rd-... 11 Uw: 4.--c:"t $-f.pal from the 

thermoeoupte waa -,llfled ,oae thoueand t~ by a u,ansis.tor ,amplifte 

&.nd then reeot:'!.iadwith the "Vu!eorier .. u ·tt WU i\Ot. t)OtlSlf>le to detect 

temperature, fl~tuat~ of Ia• tli.an. al>cut 1°t bec.11\use foi- small sipal 

fluctua,t:lt.ms, the pickup noise 1eve:1 was ~ara'W.e to the atgnal,. 'the 

tbet11tOCouple$ had~ frequency raepo11se,, the ttme eon•t:ant betas.~ 

8 tc- 20 inill~ds,,. ~ ti.me cottstmt •$ deduced by c«n,al'iag the 

30-:gauge itare wi're ttie-am~oup1ee to 21-gaug~ bare vtre the~1es 



PRESSURE TAP 

, :::sl BARE 30 GAUGE CHROMEL-ALUMEL THERMOCOUPLE 

0 

I" SWAGE LOCK FITTIN G 

Fig. 11. Bulk Thermocouple and Static Pressure Tap Installation 
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Outside surfaco t.~r:at.w:u, .of the beater sect.ion we>:e m.e_.ed 

·with Chromel•Alume1 ~pi.e.s i11iu:hatge welded to tl.e -OUttd.de o.f 

tll.G sec..tf.on. All of the wall thei'ft10eouple:i ffl4'0 w,;a.pped ;two turns 

;wound tlw ~e to ~imicZ:e arq e~ue.tkm OffQit&.. ne thentUCouples, 

~e tboo eeeut:ed in p,laee by wappi.ag ta@U with gl.asa tapa.· 

Sevot'Ql tne1.··,.u»-couples were :i.nfilCted in the· wulation auuowding 

th.e loop so that e ·eh~ck could be made on the heat loss to the 

envtronrnentt. A lmowlec:~ of this heat. loss W.St p&r·ttculalp ~t 

ill the te$t .section!~ ~r tbat. ~ con:ect energy iupu:t to the 

s7stem fluid could be oot~e,l~ 

the ener.o t1.tpUt to :the test aaet.lou t.1as me;;sund with a 

preciatoa 'Westo11 porteble wattllleter wUll ~ r~e .of. O•SOO wact-s·ano 

ll~ ~uracy ot O.U per eent of fu1.1 •cale• ha. cheek,. the heat 

generaiion was alw ide,~ned by :the pro~ -of the volta:ge, eero11a 

the test Get:t.ton ond the em:-ren.t through it... 1~ cllh'ent •• re~..e.d 

with a cur..-t t:.ansf~ wlth a:atf.os of S.:ZDOO -· S:4000 aad read 

on .. c:al.inat:eci aumeter·.. Voltage drop along tile ces:t aectio1t was 

-.urd with a Wias\ion: l)OJ:<table v.oltmece# uith a~ of o .. :30/iS 

volts and sn accuracy of o.a per eent of full seale.. 'the heat flus 

dea&lty of the teat ~tlon ta oaly a ,fwi\-ctioa of the t.otal 1rui~ 

ad the heat transfer area aua is shown -bv th~ fo11owtng equattonez 



Te ootaf.!!! th~ ~ielt_ f1.Qt,:, !oolcnt.:toa_. :a P'ott.enl&ter ii.a-a 

~i3in,,"1ly tnntalled h! tho loop.. The Pctt~ter ls e.. volumetric 

flow mruwrtrq; t:r~$du.~r with a dlgitat e1eeh'tce1 s!~l. output 

mose frequoa~ (cps) 1$ directly pi-oporttonat tt.> flow rate. _ lklch 

:pulse re.pt"eoontu a ,dl$eretQ volume f-or fl~1 tota!~tion. 'Thie 

oothod of flo~ ~~tlf!~t t,&$ fou:ud to oo lqatufaet~y tieoouoe 

,tkg Pott~ter- rotor VOtlld be.cwo st.u~~: {2..,tec- a f~, hows· operlltf..oa. 

lnapectiot:1 of tt~ Pot.~ter· upon ~etle\>"1.'Al f%:c;~ tha l~ revedo:4 

:no s~iflcant; depaait;t; Cl: eattes!on. "£'1'10 ~-were tried 

before nban~~- thin method of flG1>1 ~t. 

Since. e -~ ean be: wed to ma~. fl~ with a hip ~ 

of accuracy -and !ts accuracy is not af.fected to cs lar:ge a ae.gree 

tw corm:a!ou or de.pastes es~ ot the ~tbc!.' mt~. it ms ~cwled• 

to, use tbts. type of equipamt for -the ~ ~u:tua. device.. ·'the 

ventw:1 'tJU. chosou. ,owr the m.echanlcal1y ntmpler tl\!n piate .-tftee 

becautia of its h:tf;hu pre&Gure recovery.. '.the now rate ta the loop 

.QQalj 'trtJrY ~ tri.do Iimits. ad. heneef the vent•1 was sked ·to 

-obtain pites~ drops of r~ble: JQaPltmtet.J at the ~tea· kt.sh 

and 1ou ftw r.ate$.. ~ venturi 1mfl de.s-lgne4 ~tns to the 

pr1nctp1es tot tcrth in reference (46) * the detaS.l& o.f tha <lestp 

~ sbmm :t.n J.?ie. ta. 
'The .flO't't ~-esGUre drop in ·the vellb.U:'i mt& measured by t.m 

~t.hod&: (t) tt m~tet: -eontnin~ e fluW of 2,.S*S speet.fte gravity 

~ used for .ste4tfy-5ate i:uns., and (2.) a d!f~tlel premmre 
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etandueer Statlt49 Model Wl 80 ic. o-s paig. for the ~r,:maient •'Utl$· 
Ute atgnal fl'Om .lhe Qt-M$dueer was, E~d ueina the ftstcol'der ... 

Die·. tamsdueer •• COl'WSCted b:J short lines to the. pc-euure tape,. 

lhla -~ ~ r-a,pld O$poase t:.o a ~e ln the. flow ·rate 

• evldenced bJ' :Che, cbMp tn the PJ:eS$1K"e •op. 1.'be accuru1 

o:f ·the: .df.f~lal .l)JN.amntl!'e :tran:$1ucu was ,0 .• 2:s per cent ftd.1 

scale. tion11-R1ty ,and -stuid,.$' we,:e lesa thau 0., 1 .pert ceat. 

S,etem presaura at: four ,oi\lta. la the $fate auld be meuured 

by _. of ne•SUl"e tr~ra or by a He:ls.G bourdon tee pn$$.tm.,. 

gauge.. These loeatioae ,oe shmm ta Jrtg .• 4" Comtectta to the 
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&ystelU was b7 ~ ·Of a 1/3 1ft x 1/4 bch S.Cektck malo ~ 

•~·lded to the Swqeloek union (i'i.g .. l.l)~ the presaure u-.~a 

wen: use4 for the aanst.t measuremeats, -~ the· SfN&•s were used 

for .s;teady•atste open;Uon,. Ute Heise gauges had a eallmi'a'ted 

aewracy of o. i Pfl' ,ceat of dla full scale reading., All preaSUl'a 

cap lines we ,cooled in • counterflow water cooler ,to insure tiult 

the· tostnllleftt. line~ -~ alwan, Mt of ltqdd ,and that tke: 

~fl.tture Umf.t of ~· of the fluid a ccmtut wltb the trans~$ 

was. not eaceectect. •lbe. aearacy of the ahaolute ,...ssure 0transducel! 

va.a o .. u ·pr ,cent. Ml sede. Noaliaearlty and hJl,Jterlils wen J.eeS: 

than 1 ... 1 per emt. .. 

'Die- accuraq of the .smpltfyf.ng .aa,d ~4f.na lns.trumeat was 

suffte·lent to, tn~ no ap,r.eciable enor .to. dle i-ecorded 

quetlttu ... 

Bafon: hes~ a sertes of ~,. dle huetd.ng •ltage•empt·Uier 
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side. To td:td.cd.:~ the ttqutd ezpanston,. the system •• filled wllh 

just ~ liquf.d. • a11otl ~eu.riultoa.,. l'bk was· accom,U.shefJ 

by ftltlns the -,•tem With aoae arhttem:, ~t. of fluid .and. t• · 
~ck!Qg to aee lithe $7$hm woul.S· p;:e;eur!ze.., If lt.would, .. then 

fluid was bled ~om tfae $J'Stem until tu pn&IVl'e 'began to fa:11. At 

t:hls point~ the .&Jll~ contuitle4 the· a~ amount, .ttf l~ ·~ 

u,uld, allow prusurt#ttou.. To ~ .~t the tempe,t'atl!N' taf t'U 

liqaid tn the: ~ulato:t'· 414 eit ~ the operat~ teanpe,:a~, 

of 2:soor,. ehe. line &tm .tfle loop ~o ttie< -~ator ,' WU' ,:uo ttlrou.gh 

e wtu· cootei·. 



hfore begtmd.ug the -,e.:u,mtal wm:k.., tao loop wu hy~ 

R$ti.call:, 'tested at 1000 p;st -4 checked lot :teaks.- When all 

leak& we~e stopped,. the: s7•tem• wld.a& bad 1*!a. C'~ with 

b·lchl~~ :eotvent durmg s:esem))l:,"' .wa evacuated tto remave .the at:r. 

Ute- 1-,, .a aa,c~ bibbg wa&· tken fttled by hotlt.ug ·the 

F1*>D-·114 illlo ~ lflp. Aie wa& a.ccom,llshed by adding heat ·to • 

hegn.,.1J.4, eontalne• ,uf.,th. wrap-~ rea,letaQd -«er:e ad mf1t~md 

l.'$.-1.ng laoip• :th• 1tablng the, ·temperatut.Te: ad preaa•e of ·the ~toed 

loop ad 1Tr~114 supply cy~ ,ya~ (fi.g. S). Beat-.. a44e4 

until the tem,emt.w:e of ·the. rreon-1.14 in the ~tafaer wae at thG 

.u1:.tl.1'4tion t~a~ ,~espoadf;ng to t1te ~~e Sn -the e:,lto.&2 em 

.l•p... At the Nme• "'-• eooliD& wat:er wae ,passett -~ tile cooler. i1'l 

the loop. this :P1»C~ nsulted la the· b~lt4 llel11g dlst:i11ed• tnto 

the loop t*ere tt was .~4 back to the 11.quW atate.. After -the 'loop 

was ff.U~ the aysc. ~Nute was .. ~. wi.th the BCGlllllt~ ad all 

~- -and tr~ l.tnee were b'1e4 t<> *emove ·anr air mid.I mtght 

still be tn the ~tee.. 

·ro &at.ermtne tbe chatp of •the: $7,slem· ~ mass: of h'emi1*'114 11l 

the ~ant vot\llte syse~•) uae. waa ~ of the t~ tables ,-.. 

i'~U4.. Af~ a. ,artlel f•Ulblg ,or 11le-edtrg of the -,s~ lt tm& 
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""'>(:Wld e1:pan'itl "to tllll'I t-.ritical 1.~lume at ttie c1r!ttool J)."$ssure and, ~pet'a ... 

t~~. st~ tlte er:t~iC,a! w-ln."ne is appro,~dw1ite,ly ,fflle ... ,tld.rd :the 1:lqutd 



a~t in this; e41)Gd.riwutui P£~- at s:tm;:cina, ·the loop t;o ~attag 

using this· •thod ~~ted in a teat.· .sect.um. rupt~ due to OVOZ'mJat-._ .. 

(a) !'111. :tho G,Stetn Compl.ccly wf.th fluid:. fo ootain a &eGued· 

~~;,, bleo4 ~ of :~ flatei bock into the •~ly· tank s ,the. 

fluid ~ ··upon h&~iu&., iltls· mGthod tiOald :~ &eatlns to Ute 

crU't.-:al t~ture along th& $at~atad U.quitl -lme. Above tlte 

,ontieal ~w:Q; tlt¢ heat~ cm~~ q ~he ~f.t:lcnl r~ ... 

Au al4:emattw to :thi.o ~thol wtnd<t be. ·to. adjunt. boat ~put Qr 11.aS;t. 

~...,al in. ~ to tm'J.ng 0the $f:&tem ·to· 1:bo -~i.'r;'~ opm:at;i.Qg poi~ 

~s wu .the procedUl"e; QSGd by· Bol.a.m; d Do~ (1~)~ 

(3) fill ·the ~s.leD conwl-.el)"' ,lfitJl fluld by pre$1lllr~ with 

an aeomulator to th'e ·do$'ked •••f.tlS pl:'.e8$1R"e.. .A$ ,the fluld ta 

heated., it ~- into ttw sGeaaulator· w!.ch 1lold$ the .sy.stem ,resaun 

conatant;. '.Dds· war, tbe ~ procedure tWe4 la tllU tnve:atf.gatloa. A 

VaJ!'iat!oa oi 1th&$. poeedla-~ ts -to ~SSU1:i::-a by·~ of an tmterad 

vump ,~ aceumu,.._.:t the\\ olon ·tile· -ttolltlectf.uB valve. ihe :taltial 

:prea;au.t"6 set'C:f.n$ ls -,_tttatne.¢ by baiancillg ·tit.a htlating .and coolina 

rates • .by partW bu~ .0,f the -~ c~,. lb.le W$S\ ttte. 

~ ue4 ~ 'fmfh.ltte a»:4'Ghah (3.$).., 

lt is ktmwlt ~ ~imeatal work. ~t @ ,the ertt.tea.1 l'~ 

·f.G ~a .• a !a.Qe. •~ lo lena.lt, a,: a ~taut: ~sure f.~ 

.~... A lU'.P den&l.ty ·4e«eue ($dff..e volutlle toe~) kt 

1iJ;· ~ant vo1 .. qa.~ will Jt-eGUlt ,In .. e 1~ ~asr.,re !rm~.. ··ta 

. . . . .. i..-. . : . . " . . . ·,l·,t 4 ....,_..,.o_ . ··- ...... .i1-.. .. <1+:l..-. ···-· of iidi.sk Dreveot· ~ ~ sacrease., ......,_ •$\ w~ .... $U7 - ,ll.9V •• ~ maw ..... ' .· -~ 



:sco11.m~ opec~t:.;bg ·~e®e J.• ._. found ·that iii d:tG ·erri.t:l~ 

·.t.~ t; 1JS;S;· diif~l~ -*» mani~e the ~-l• ~- ~•Ill to 

'*~ e lsge pe~c tlorp ft:'8 ~'•· a w~ ,tb.(m ~ 

~- um- .;.u1, ~~to;" ~&!Qg ~Y.$~ wi.th a, 1~ ~e ~ 

on: the n,~ -sUe of tile accumulator". .it 'w.&a- 43S~ thot -dte­

,ad41Aien. of -tho ~lntor would ~- au~~"t -tho· looi:J ~adan. 

~t: to·•t.nW~ lbe F~a:--e eb.-gea ~~ad m -the• ~~ 

h,p.(m.-· 

'!fae PJ!e$~ ~~-$tf.W was ~e~ to tho- loo, ~o~ 11a 

md>. f;ubiQa fOJ:, ~ ?Jo.., 1. ab ·was Joua4 to ~ wwat,~ ~UH 

o1i t.hi.l time de.ta, 4wl ,CO • l'®tc~ fl.vl4 f!uw IQ die. $4ilU. 1w 

duril\Q a: pr•saurc trawd.~ whtm ~au Clta ~aulatcm km 

iuact1oniua eff-aa~valp. ~t a.- very $1~, 'Uc®~~. In the -so.~ 

-l~P• the Pff48ramt ~ -®lmOf;ted to the loep tit~ 1/2 tad) __ 

~.1.tg •ldl all~ a-~ faster re~ of -the- ~umula.tw:~ ·av.en 

thta arr~ -~ -llletxecttvia 1D 4-p~ • hip ~ueo.~1 

p,:eN:are osd.11-i.oa& .al.though it £met~ mudl gw:e effecttvel-, t~ 

-die fk$-t an:a~t; ff.ll! tho slOW(a ~::mre ~-

Ad4ttlon ~- Iha pr~~ -~--ma.do, 'tW?eG ~ ~-

, •• ~ tho. ~atom ait a ~outaat P.l'®.3~• (1) ll~~114 -®alu h 

b1e4 fzoal- tb.e a,~- baek co tile SMW17 •~•- (but not ~# (2): tc 

~- po1s1l>lc to ia~ or ~e flut.4 ~ ~ euc;uda.t.ina aJstem ·tdth· 

ti1e ~laer ~yoteQ b:J talsfn& u .lowri.Dg the alt~en P~SUl'e ill 

th.a aCCUlnUUltOI' ba&l ~ (l) heat. ~t~ ~1J Waucel 4ga.m$l he$ 

..........__-_,, ·-"!t. _.rz,. __ .....,._,.. '!'f'"' _~_.,._.,.__,... ~,ff-ffl!<f'i ""-~,~ 'II. ... ,..,..rt~ ... A ;11\.._,u, g- _,.,..it ,a'tuo.. ~' ._-.u.. ~ ~- ,...,,.- .I!''"'' __ ,.,....,,..., l;iiV~';i:if ~ ..,,:1;.-4,~~Q. u,, --,, ...... ~ --~ 
_ ... ..__..s-.. - -...._..~_ ,.,.._ __ .. mecho4 ·was -~--- -_ - --· l•· UU' 
-~• ~-lffi.iJ ~ ~ - - - -- v•-• . .,-· * 



Operation cf -tbe 1:io.~, was bogw b7 p:::~tltm:izf.as the s:,&tem to· 

the desired op~nt:fn.s: preoGUre. A 1~ rate .of heat~ ~&,: mas 

Q()plled to the. t:oGt oect.~ t\) start the fluid fl.owing., a,ou:ug ~­

flow '-1Gs aot ~ m1 00:11 the . f1u1:4 in 'too lao1 had been heatol to 

near tba opOt"attug ~atur.~. Aftett 8PPl'mtimate1y f'lve mtnutea of 

heatf.ng :1t one tr.:' tffG. litt?i tlte ~~· ~tOUld k t21c1:"eased by two ktt 

tncr~t& to $:ho ~ii-ca ~-tug ~., 

With tho· acanula~ b tb4l ~seau tt> ab,~ol\'b the volume !D.~ean 

due to hGattng, the: ~;;ttcm ost.h.'!!ntidly oporatad. at .;c constant ~.ssure 

O.""tcept fo;, mall fiuc~!\111'1 atw>ut: tlt!:! QGmt.- nts left oaly tw 

v.arl.ablea to· v~, in rwudng. tko test; i:ff'll3.1"SQ, ··the system pre~ $M! 

the beat added or· r~. '&e~f~1r a •awtee of .~ could 'he atfe 

$ a conntant tJ~$U1:'e st!\ variable .-keet 1l1lmt « a c~4tmtt. but: 

1np,1lt cuuW ~ mp:;tn~~ and tlte pre•me '~i<ad. flte th!rf eonbolltag 

vaiallle wa~ t~ ~latio.n of the inlet t~a~ by ~111.ng .. · ct. 

~tbs water .fl.• 1:'ata,. . 'l'hf.6 •s the nu~ mtbod of em.itroll:1-

tha 1Ale:t tenl!let:4~ otte•. the ~D~ ad heat input: ,icre; ~. 

Vt&wd ~a.ttcm of thf1 r:e~ed ft\dd ~tU#e1 prusure 

diro, ·#C~& the· \. ... b¢l. ®d $-J'Dtell'i P!',GGffilt'~ tiffi.$ aa·tail.\ei.\.. 1.'b!& 

ca.pabtlity ~ a ·~ ~eant factot kt tldG t;.~at: ~ogr-.. S1i~ Iha. 

oomprc~ U.qu!.4 =~n!Dn \fa$ t!u\. main ~4,mulc ~ of t~t 

tu this .lnvead.sation.J a tmowlc~ of tmpe~ ·and ~e&sure gave- the• 

the1:tt0dynamtc state ~f ·~ s!!.st• at all ttw~. 'Ude ~~ of 11• 

the~ $~ of tbe fluid ect var·iws points 1ft the '°'* made· aucti 

eastet ~ msn~aalotl at ti$ ·8'._ ·~ ,and heating Jtate t:o .... 

-.... _., .~--""--"'""' ----- . .... o-- ~·~.,.-·""' ~ ..... .., 



Sf.nee· the ~s~ of the ~a:rf.m~l p:rott~rL-a '-"a'S .b) dGft~· the 

1;;'"e'&1i:ffl i.:ll wot.eh the r,rcessute ad flol-:t f !uett:a:tlou.s- occurr.ad end to 

find tl1e cause. the t.eae ~)lram was of &it e~1o~atoey not1Jt0 .. 

Ons:tduabta latt.t• tk1S poss1'9le · tr.! ~r.u'tdni tfie tost '1"0~ e!~, 

the ~t.-ibloo wlddt itef.t~ed the ~~ie state. of th« .qstem and 

th~ flew ~~~ w~1:e be!.n$ eoat:1~oou::'ity l;eoo:itded .amt th\1$ could 

be. r:achecmed at t!f:trJ' 't!mo. 

mid.al ~lor~t»ey rtJ..,1\9. re~Aed t'i~ teiltab1e eond!ti.on tQ. be 

41 s~ fwctkm Qf ~.1e !nl;gt and 01.1tlet t~:i'.'.li-U-et~n .of tha £1.~id 

~'"l ~ ~:t~ sectifffl - A constat poi~ ~t. !hat !a. the 

:fl~!.orul could. be n~otateft ,~t.h ·ttte• til'C"~dlpatdc Qtata · :e! tt!e. 

$YBtib fluid,.. 1he ·~. progrtn ffll& :thc,n ~t.l!at'fad OD fhtding thi.$' 

fmlc~:f.on:11 nl::ttf.onst\f.p.~. 

As ·the. nutj tfflS.· hcamtl to Che ertt:tca! 17eS1.oai a 1:n1d.d fluctuat:lou 

ill f1ou' and pr~~swr~ "70\dd be ·eneount.ered-.. '1le fieequen¢1 -cf these 

ftu~ton& would ~. 1n the· r~~ of t.O to ao ep,i attf · uere, e&oontWl1· 

~em: of the ium:t.b,a r.a.ta. · t'ho ~nttutte of tll!:? flootmti0?$ 

~ tA: .some 08C;ant on ·the· treatt.ug ~l3':~ a Matier h~ti. eate 

rewlt.ad tn luge,: fluct~iQn&.. !,t pres~oll~ett ~ the crtttca! to: 

about 40 pal above ~·tt!eat. the flttctuettow,i ~ encomte~ ~:fl~ 

the. m::tt ~er~ cf the f1utd tn the ~t ffC:tion was 1n t'he 

aaa-.as S"attge.. The• temper.atur•s wet:e 1o;..1s•r be.!.ou the edttcd 

~e;t:ure of 294.26°1; hence.$ ttte phenfflll(;;na eoul.d not. ba, cttribued 

to the @ltleat. r.otat, btit rathet' to a et-!t!eat ~~on. 



!ha fl11etuatkm$ mild\ were: ~•oa 'd1en ·~ fftD htiott 

aitical ~es at~· ~t ayea. ~UN ewld ·ba ,~ease• 

OI'' Glim~ l>y ~tng :the Qste$ ,.,..._.,. ·nd.s establt.1-4 dle 

fact that t:tlO fl~tirms wel'-e da~t ,Ql\ the $J'fftelli p~G ,q, 

ell_, ·tt. ~at*°'of the: fluid .. 

s~ ·die flue~~ enco.-red et a ~eta.tare hektt, 

;~ ct'lt.1cal ~,. thltt pMSented, s. .-i. ta getttf.q to the, 

....-.tti--""" . .-- ...... _... ,A,,.,.. --.....t.·-"" __ ...,... . . • . -- ...... "'·- . . . ~ ..... ::· .. -• .~r.a .. -v. ·~ ~-~:...:~.was .o "'~"" ,- ~ ,,owl' 

11\puta (amallff· ~itda O,f fl~~) ~, ~ CODling ~· 

W$ of,f to •ma the .,.~ temperatul'Q to -- ... --~teal -~. 
&'ta •dto4 ~· ~. - long - ... ~ t& ~ the Q'ldcal 

eoadt'ttoa.. nie ~ _.'hod ·was to heat :rapidly thr.oup thb r:egl.Oll 

oi· tnstshUity by leaving .tlm em.,t;tng .-, off -4 utq lii@b. ·~ 

lnputa to ratse .. ltw, •1&tom ~ ... tta,ldty,.. Ou.ee ·the ftuicl -.a· 

~ to ·ttte. ~· thd ·the cr:htol ~rdul"e, W8$i reached ~ 

-elona th.fl ~ eeethm., ... $he ,loop ahfl>lted • :e"ttlble .~atf;as 

~actu'l$ttc. file. ·tSH velntty '10U14 ·t,e 4m&iaenb1y higher. 

tt wu dl-~~ aat. tw ftg;t'OU ,of stable operaU.. .. 1a 

1,e deflaed.. One r.ql;Qn wa$ &fuel ·b7 tile ·~ section ou.t:let 

~atui-e hell.lg holGU· o certain ~~· l'.aage which 'Wtli l>• 

calld die :C:1"'$U1iUoa ~un ~ d th!$ ~iUen tempN:a~e 

·~ depende4 • the ~ ,ree~. • ~_. ·hi.lea~ ~.f:lnaif by 

$Diet: ~-e to ~ l4'$t; sect.ton helag a~ the tranatttu 

tempera~• ·def~ ~. 

Once the fl.ut.4 t~atun. Ila,!, been he~ post .. '~ltimt 

~atwe •. and- ·tlie ~P '\'08$ -operat!na atm>J:y •. the co.ling -~ flow'. 



eou,ld be tu~. whldt ffl'Ju14 hduee ·f:M. inlet ~at.re. .-4 

~eci.,tt.ate .~· ·~. of ~table ~eti®~ 'ltd$ time the, 

fl11ctuatf.o:::ts; would ·t,:e. u1 ~· &equeacy z-~ .of O.l. to 0.5 ep1t., ad 

~e tmalogODSI to .the ncof,f,ee. pe~coleto.f' ef~tll't ·~ ill ~ 

~. •1.etema. FU!tb:u lowering of tlui\· 1nte.t. ~atwe would l"eal.t 

in die trQJ1$it.ion bnc\ te the M.~ f~eq~q ftuct.uatk.tn; .. 

ffhM e,el:'nttus: m the neu-clt:i~l :s:•on .Qt 1,n ~· lupes~ 

tt ~ found that ~r ~£atu con4lt1CU' the test: sect.ton wall 

~atm:e 1t.1m.tld 4•r~• 'hy .. t so°r twl~tf.tc SQlte tap.~, 

I.ft ·t'ffll heat•ti-:mafe,r ~flef.ent.. !hf.a coditlon wnaally o.e~:r:ed 

when the ay~ flute !nhit t~teatue was, $.l dle point 1:ltat farther 

~-eue :la 'Che inlet ~&ratura re-S\llte4 1'.i an in~e•ed flew rale.., 

·~.61'..-J.... A:....--.,;.,-. '*'·-· ,..i.. .. .k,-'1,,.t ,.. __ ,....,._. ~.&:,lilt~ .,.L,,."" .;.,..,.a-.,&e,­~~e.i, & -.....-~ 4U :~ ,NUclii, ''°'"-"V-.. ~~~,flli,lf ·ti:J~.y,,.u: ~ ...... w-1q,-. 

A fffll eap1Qt"S~ l'ttt't$. Weft tnatfe at $ti'bffitd.@1 {*~S la. 

'di..idl the. f:tui4 ~d the -•t Met:lWt 1n the ~esae4 ·l'tqutd 

atate .md h!ft a~ ~ $\l,~ -state~ W£tl1 •the· $miler:- loop,. ~ 

No: • .1) thl.$ ,mode of ~loo Haviltad 1ft. 1~ ,~swe ·.and now 
f!ue.tuo.t.iou of ·th~ ~la.tor type"' tr a~ius the, coo1ia$ ~ 

Gou_.. the fluid could he· ·made to ~. to the ~4ted mglon 

eatiftlJ.• Rt.ma tu this t"egicm. oore quite sta'bl1.l but much b~ wall 

t-am~es W8t'G ~~~d aa. t~4 .ac Gl:pceted ,&!nee la this 

nghffl d1e vaJilff heat ... ,trawfer eod:flct~ tr; ~. ~ .. 



fhs ~tem of ~l!q die t~ .flutd ·~ .in tl'laptar W 

tflll ·~ l>e· eqla~ lit ·cleto!l. .When ·the. Dukl mmpet:~ ·wafii; 

hl~ the. cntt~i ~tm:e., btp; powe~ i'npula Cb~· 14 .k\t) 

wouU i--0:wt IQ. ,tho .. cool• betng tmt.tble to ~ .t'tu, .. 1tea1 ~-

.Qt the ll.tstieat potratbltt coo11ag.. vnee•· ft. ,:ate :CH p).. M· ,e 

«m~~- tile f1ll114 ~~ ,11:f: ttaG. Wet. to the ~ .. eectlffl 

would 40nt~ \to dSQ... .J:n the crl.tiC$1 -km .c f~ rate oi 18$, 

Iha O.S s,m was ad!klent tQ aiata$a a: ~mtr lttlet· ~4~ 

tit: ttta ~· 14 .kw ~· ~- 1':lh wtdc: w~ktlon tu ,QOOllag 

~uu~ts. t~ted tl:te cte~otutfZ) ~ ,~ ta the ~. 

~'tU'Ri .qtoaa to to,, .~ bputa ($ k!t,). 

'!'he poesl'Mltty of ·f:ta.e. spd.tJ3 el&@ .of die acc~101:· ~. 

·the ·•v~ fluctuc!~ t$¢ 1-eat~ t, <fflmflotet., d'O$f.q the. 

u.!ve· ,e:Qf.\1.1e~ ~o ~-• tha tonp .• , the, ,et~ o!· Iha 

~·-·- t;,...,.,.:t; -· --o~t--a ·- ...._. ·~~- -.1: ;ii;f..- ......,....,_,r,s . ..,.,.. __ , •1,c 1,t..-
'~>."'.Y .... - Vil>~ - ~ ~ ·~ ~ ·~~~ .... ~- ¥ . ,;It$ 

•ysces ~ oseUlettnn., doslng ·'f::11e vtd»e hd ao effect:.. -. a. 
._.,.. - ............ .it ... ..,, .a..-,...-..-. -~··-.c· ....._ ----.-;•-•-It,--. .... ,,,..~- AfE.a 
~ ~~~ .~. ~: _,~~~- ~ -~ -~~ MJ: ~ v;•~ v~ 



·7tl'le ,~ of tkb ~~1 ·~ 1i71/JS· ~ lnveet.lgd~ ·tile 

~1tatton of a utwd-eil:eulatton ~· .ta ~ ~ei":U,ical est. 

to ~emlne ~e: aui q ~aure .a flaw fl.~uattow!t 1uftt kl.ea 

~t.eff4 m eaitmr lOQS • ~tee). tu tl\e literature~ To ~ 

•fl, tr$1$lent: ·~~, pre~,,. .amt. fl• ~t• ··--~ 

--.11..... A ·· · · ·· 4 .a,it....,...,.--Jt. · illt a'I\.-· - .... -~'I- ·· · . · · · •-A .i- •'t...i' .... ~· · .. ·~ •, ~~~• o.., .~ 1.::~-' ~ pr~~ ... ._ -~ 

dtap~ .. 

It wae 41~~ in t11e ~-._. t• the~~ ad 

.~t,:· of ·th$ flw:twe~ tt0te4 -~ -ce Im a •yq-~~ :f;f .~ 

~.Sc ·~. ,of ~ ftulct in ·the ·~~· Ia • e£f«t. • -,.!ml 
thi9 ~!c ~te., •the ~t 4f de:mky -4 -~- aloq • 
;t....,.;1;. . ..,_ . 1-·•-Ai - .. ..,. __ ,,,,_ a;..... d ... _ .. 'f;_. -- •'"--"' '1;-,a,. ..... . 
~~ wa-sr P ~ .,...,.,..,sua, _.,..... .. --,.... .~· ...... ~us: ~:w.' ~s, P~ ~ 

.~ de f#Ct ~i; .. the e~ f!quat:hn ii* ttd,titea .6ff e ,eon~ 

-•·..-- ·--A """"·-·· -~--••--- .-.~ .. ..,1,,. __ .,.~,..,s,/~.,.."1'.ft'!ll 41A bffl~at,ll ...,,..._ ..,.1\,..,. ,t_,...,. __ '!t. 
-~~~ ~ ~ ~~~~~~a; ~1'. ~ ~-~~~.r,; .Av.~~· W ·~ -~I:~~-

'1m· 1:osutts of tn!e plot ~ dlom lu Fig~. ll. Jt. ta .-~. thl• 

~ •bas a mailmG value .cad :that :t,hio wt• vtl1 :&htft wtth ~ 

,~~s -. h~ ~~.. 1e: wos: not~ ~-.atatty. ~; 
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,~sclU.a:ict1a ~ .~ 10-:lO q,~ ~~. A~g ~- th<! ·ir!Sbt ·ft b~ 

t~t~ sltln ~s~ltcd 1ft flou ~, ~~ o-sc!ltat~ fa the o ... l tc-

0/.,2 •· ~,ge. S~,.0 f.t ~ ~ Me!ced f.!'~~Gnmlly that 't!!ei 

q.sctltc'tloni;t ~,wr.a .l'ftti:f~..bt m. eystfflXf -~l"otir.,ro Sld prot)SU!'e • ~ 

~.urr<mee ct.).f W$te~· fltm o$tl:f.llot~- in. ·the, 1tt'4J!o:? .of the ~ilmmi 

f;t,;: tti~ (~) ~doot "~· ~thet- f:nd!mltloo thtlt ·th&· ~- of 0the ~~·. 

ftm ,f.lselltatd.Qn '\;'QS· ·n ~-oog ~t·!ou of ~ ~c v~~:blcEh, 

·~~ ,st~.:ft~""::t~ of ~he ~ ~let $S a fmetmn .t T or lt :le ·tm.it 

tt :1.e a. ~mm,rc of 'the tft'fhffi, ~sf.Gil d ~. dntd witlt beat addttton •. 

,. ~- in the' ol-opG: ·.of tile. ~t ef.ptft~ a dtffemat ttate· of 

VE)!;~ c~~sim t.d.t!~ ~'t' a4d!tloa ·'eh~ ~.nett"J idth :t'he ~-

,w,,J,,..,_. 4'<,t, .. ,.= k,... ,.,,1. ...... ~-.,.it:-~-""' ·;,,t• .-,.t~,..,.t ......... aii;.., 4'.'.'!'>~""'""A .... :_ ,..J;.,.i*'.,.t. . 
.• i~ ...... ~... ~ ... ~~,;- .. ~:"'1.1 'li>.li,"".;,",'"' ~ ....... ,,, ,... """""""'"'ill,~,B/,\lD, - ~~ ...... WQ.~ 

tlto *i"IIDS, ~ ,mwt: d~ ·~ta ~-.... ~* ft -•~ IZ!ot-1 

~aeUtat:11.m ~•ults f.f ·tha ~ttiffll i~ hl."cas ~· ·~ In def.~ 

~ ~ oo r.-~d t11ltb ~ .• 

ae ,&m-s!ty--•thntw ~ t:a • ~~ ~t~ of tfte 

fli,tJA ti'd.d,t can be die~~ lf ta· i~t ~c ~dl'$S, 

~, t~. 'ltz· t'hia case, &t f.f) t:i.\e ·~ .~ '{Jl'ea~e ~eh ate ~ .. 

A ·~ f.tt. the- s~ fli Jhe, - pr~ ~· ~ or b ta.tt~s ~ dl'~ 



iA .- ·if.'Jlte. of cha.it.a~ ,a£· oW! of' ttio qwu:iitiltkiw t~. rcsgeet tf> · the. 

ti~ .. er. ~t ~. if t-:v ~ tlot.t.~ .~t !t, ~· ta a ~. m ~ 
~O»e Qf th£$ ~~w1 at the iE'Oiilt 1i.ib.e~e ·~~ ~ in f.i,~ of i~ 

®Q~~ t"t.\ilt ~ l.4PU'il ic ~li,. 14.. 

~ o~~ of Ui~ ~ in ti\ 't\fff~ 'l cone~. to e 

~ m Q11,1pe of tJ v«~ .~ .mid. atme.e ~ ~e in ~':..1/o.b.. it ~ ~ 

m ·~·~· {IlI ... U) that .'3n ~- in d{J/dll ~ld w~t ·!Q .. ;t; pea.~ 

·~ in the .iocw. ~ v410¢1ty :ttw:~ a t~mw~t. 'ftlb m.ll .~ .. 

. 4 ~ iu. the a.wi:~ ~o \'(1loc1ty i.l1i .~· l.~:,; f~~ bz, ·fwthB' 

~{$ .m ·~ leeQ.l ~,\Ua.e.e ~~ the ,e1'stem. a.tnce th-o ·t.= 

:&ate <Of ch~ of ~-1tf de~ ~ the: tl4e'.3 wl~tty kt addit~ to. 

~~~ut ... 

the. ~l .r~,fes.~f;m}; of tt1e .f1:u:ttl to· tl1.e o~a.t.1Jt3. .eondlt~ 

~t.'£i ~, ,ph p;:oc!Ui:.t- •~ al~pa ·kt .es fo11Qfl!!J., A poli.ttlve w1uc Aw 

t!(ili),/dl ·~· ~ thfJ CJtthalpy .,~~ u -St!®~ t'lum, the. ~" 

~ct-84&0; .ood,, ~fi;,,. ~he fluid v1ti bt., ~cel\,,'l'.~ ~lltbly tin:~ 

(b't~,-. t~"'''- ~e,,,..._.,1:_...,.,,_ 'i, ·-.V.:.A·rtf•~•"'""' 4~,.'t.;na n..,.,.,. i:;.t,,,f,.,.., 4'i-~~ .,...,.,o,r,,...,. ,..t;....,,t,. ... 1.. .... 
~ . .._,.._"- ~.,.....,14~ .;;,. ........ ~ ... vw ·,...~- -"- w,- r,,' ""'.:.--' -....-.· 'l,,UW4o> ·~ 

.:tli'!'-.. it.~,. intl:I'"'"'....,. #: • c~.~·,Pr~t\<' ~ •. 1 • .,,~.' t""Q .... ,.,.r,'.1,.,,, .... 1.nu- "'-""--.n .. .:.,,.~ ,f1n4 .t..·--·"""' . . e.:i. ... ~ ,/1 . _,... ~ ..-,. (.;:lo<-· ~ !U. ~~.r ~-"-ti . . • UWQ."""'"'>'· ~ 

aluid w:tt.1 be ~1¢.114.lt~ ~e t:c.,l4y l$.i t:t\a b.e'~r se~tcm lbm& '­

~. ,r~~u, ~.. litmev~. ,ther,e la a. ga:iot. a,t. ~• _t;he ~tl• 

,ft~; decs:~ •t.o a .smati \>'$11~.- ats Sn~a~ .anot.~ dtaage $ti. 

tllO rate .Qi ~~at~ oi ~ f:lulit ·with ,~ lie# $ktbt<U4 

·l\e 'f*®~ ~p~ir:~ t<1 be ~~ o! M,!~@,t ~ates !;Jf ~leJ:a~ vi 

6t1 tttuo vl:tk ~t ~a~. & ~ C;ti\ ce11. • fl.a ac-1:ee~ ~ 
"'-"''t"' · ....,.. __ .,. · b'£.= . ·. t -· 1•• .......... te1vt". "'"'~ "'""--""De ·the .c.'t ........ .cf Bult QP'¥MiY ~ .a. ~N v,,, •. ·• :•• ~- ... .._ _. ~. . ~· .. ·· . ____ · . 
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wi:1.l b'J t~ t:r~e:1 at ttS\ ~1:!t ~loctty. .ill• .~. elc$1tl etJ:<eu1atoi-y 

.system wldt. .~ ~kK$t in~s&ible flatd~. a tr:~i•t ls ~rtctii ·to 

d~lot;;.. 1.'!d~ ·~ooueo of ·~ent:$. nb~ in flt,., 3 ('b). 

'llie otlettlat(;)~y ~tlautor in the. ne~·~1ttetll r~n.tt1n .·~ ·ho ooaly~ 

m team of th~. vm;:w.tlM ·of 11:lth 11.. ~~~· ~per,atwg ~ndit;l~ ltJ, 

ditch ·ell~ .sl.opt1 ()f [(5· Wl:SU~ h :ts· ~omltait; oi' ~Gmrl.y so.· ~. l,oop ~,tat(tI) 

11:i.til no v-~t~n. in fiffl.1 ~ate otb~ •.~. ·t:mtdom. f!uctuat~. Adj'tm~'s 

of .~ ope:r:at1~ p~~t&l:'~ ·S®ll (1$ ~, ~JUtl (1mat t"~VGJ.),, S,Y,$taffl 

pltaasee mid tntet t~~~, t1ittdt IJ.'t'~ the' il~id m :tbe loop o ~-t mere f'uttbelt ~,,~~t ml.t 'tesU:1~ .in tl di~ ·tn. swpe of 

~rs~ h :i.D:b:,od~¢tf'J. the ~~&f.l.rili:tJ .£>f .~. ~i:1tab,lf.ll? .eowJitl-. futt.,~ 

adjoo:~t ()f the• &}1'$~J ttiaz~ter:D, uhict1 ;r:eallfl~ tn,. a change of ·the· 

·$'.1• of. the 11 V(l)t!lNo h e,~~;, >tJill 1:e.md.t 111 $US~tM.d fl.t>tt (>$el.llntims,. 

':flie osctlt~tf~s ·~~· .~ ~evtl!f~ ~a ttw ile~t lutmt f.~ in~~ac~ 

aad. will ·nQt ~$$.de mitf.1 the fluii s.tat~ tis· •~d .tll'Qtl tllo ~gton 

- wl,e,h the d~o :bl $~i)O ~£ thl:J j~ ~.$~$ ll ·t;~· O'@W,'.'$.. til&t l~, 

·tQc ~evtln.t O'Se11ltl'.t~s,> the ·Sl~ of tt~ tfJi W!'®s, ·b: ~ve should ·~~ 

M, ~t.y .·~· ¢0l:J:S:~t ~w • ~s$Dile £11 ti~ ~t® s~tf.mt .a,: fie tl~ 

n~ta,r &:-1.d ~,~er. ·~ c~ ~~. oi two-pt~se ~,~t~ .. 

flt~ pr~blem ,cne~mte1rad in tt7b\5 t,;1 tt~{lt~ ~lk th~ e,st~ fl:uf.'4 

~t .~. ~ton .~h d!n'4 'Cl.Wtge !rt &Q &m~it;y vM":sus e-ntbatpy ail~ 

~eeui•.,11, l:s ttw ~·. ~Q ·th~t. ~mtelred tilbe:ri tbn ~ iJ..~ ~••s ··~ ,~~tt1 

!tf a ~®1 ts, iti~~·$etl .iTOm lt;o $1:elld!,-~t:o.te wlue to , .. ~ h~~~· ~iua 

~'I. a ,St~pat.se ~»I'.. i'tl!e ~$:il'Ul"C ~i~t¢t1;1 ~"1ll$ I~ :Ii:'~ (ll;t,~ ·ttlG 

~i-· b4l~.. '11~ ~¥'0'$$(! ~an ~ 1fe1$0~ by ve.'lw>ctty ¢l~,,. ~. 

~!f ·•omd ·tlltl:· ~eba ,~. fluid ·~ t$'IW€}11ed f~ ··~~· i'ffl&t.ev seittl~ ~<ill 



iiteq.~d.ea, (1f oeci1.~tim1. :ty mUy~ ·~-~llt and theo:r,.. ft iias 

~t1. ~~ tbiU~~ a cl.'inl,A~ iii :fd~ value ~f lhJ (.J;D/~) ta too c.ot4'f.Jztoo 

tt tui."": muiu~1 f'! """~ ~~ lm:t!;a in · :tli~ Uc1~'f' ,~.~tit.1i1 of th..G tu'oa . tharll ·- ~ ·-- .. ,-----~ -. ·- -- . -· - . :0,- --- --- -- --~r~-- ~ -- ··-.-- -... --- -- ... -·- -.Ji:- - .. -.'.ft 

a~ee all$; ~n/4t. be -~$3\~t>~tze, i~ :rapWl:y,., ilr;, flitdi.tii'Al~ tlt~ GJ.~at 

ftutil 1~ un~,~~~ fu\ftbe~ ~s~i1 .-~~. ti p~Q$, ~0:~ tb~ l1tm;t~r, 

,~.te~ild .,mt lm1@ 1,rea.~~1 •o ~~~~ ~?I}· .:a)·.. l.~. ,a iiat'U)::nl.,. 

~t',cei·tJ;~:,tJ.on 1®p /A~ ~itt.lili ,ttie il~ ~t~ iEf ,wi•de:t)t ··OZl • t;eat .:tD1ri1t m1j 

~. ~~,o~nt ~stt,i a~~:ge1, tli~ flon~ty ,cl:1~~~ wt~ •~i:Dtute ~®~~a-
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lits s;ttttetl 1.ab:)V~:, t'i10 iinl~t bull~ tempernttu.-e ,tt> the h~t:01:' Stt~ton, 

~responded to tbe f!ei<:lpef:4-tttte .at the m~::tt1n.lU. ·of the .;t?h e~e .. ~t · ~s 

?.)l;essux-~. ntf.s ~e tha~ re.preserJts the UP!~t:' Um!·t~ value of ~e: 

flexi1 t1.atie wld,cb oould be obtained t,1 t!tis l~. 

U~r ,~ e~1d!tttons1 the 1teot seetian '.t'.1~11 ta!.upe-t".(1"tlli'¢ ti.tm 

,tib..,~,tved bl be~~~ <m· tl$~t;U,1J.ro. 1!J;f ~., 'l'it!,s ®niff.t~n genG~~llj 

ttem=ed f.n t.ll4 ~!otl t« ~itdl tb!.r fltal:~i f'lot:J .~ee~~ed.· Re~:::11:~ 

tt> if.111, 1Ss tho ~~t ,$~t.'1.Qtt W411 'ten\~at~ tKAf1u diler~ase ® ·~. ftw 

a~c:tioo 'l,1,:,~l too~~~,~ 'ti,10:uld attim ut¢t~e, .~ t.\e, flow decr~ed,. 

!ttlllt la.tt~ · ctm~it~t 'wt,ulti hn"1e resulted, ~1 ~. i,u..~ut bad t11~ b¢Gt!.'%1€1:1s 

t~en ~t!n1~... Homv~rl' :tn order ·.to CQatln~ '~e e.."tpet~ttlil ~~!t~ 

the. ptlt~r would 'be ~e~~d t~ the ~t~ .~. il$, .b:a.d occurted,. 

~ .F~.. !7 i.r; sht,Kzr;~ wb.~1: t-ri.11 1~ t~d a ftt)t<• :a.nstebtlit:y.. the, 

~~ ~4'Uf: :eo the. te~t t1eCkti~n:. 't~& nQt!'t~lY' "Qcfi:.ry :ste~. ltt th~ 

paitit~ rma ~l~o ~;~ 1§'.1'n~ ~i.a~;~ by ~t 000: Iru, ~. of the. 

l,a;.r~ ~e l.n t~ ,,,~tl temt>etlitt~c, tho.t ltc.e oeem:r~... "tld.~ c~ 

ln tmU. f!~l)Pratu1:'ll. Wl$ cltm>a~ et~ o~ta:~:toill 11Q'1.d.stnn.ee · Pl tl~ tufa;:. 

mJfftckutly •to 1:r:.sult 6..1 th, 1,1:(mf;:i.tion t)fl ~;;r;r ®.t.,ut. E~ the ~r 

,$Upply;. itiis' back .aud f~rth mtmrpl;;ty ·~Z; ~etrt:eal :res1.$t~ .~ 

pot,ier wsulted' 1-n t~ ~ttit:~t1'ed fl.ol>r mt:l ~,e,:,a;tute ·Qs:dU.r\lt.w~ .$1.1~., 

'~ iulti~1 ~f~et ·~.· ~te~.tiu1ti::.ratton i~ st10wa :In Flg.. tt,,.. 1.'ue 

intem:1 stat<! ,c:f 'ti:1.Ii fllu:t« ~1'1tesp:0nded ta the ®5~ Jat .. t ~f the fl~ 

~1 the lie~tet" ·~ ·~f.na to the r,i;~Jt oil t:b~ rrmi~ilt.1m; in the; ,~ c~(~y .. 

~ pt~ ~. tb{} p~~s~~t~tl(m ~$ to s!llft th¢' the~~~lc ~te.;::e, 

,0f tie flui<t .. so. that if®, m,jor ~t of ·the. Hubl •in. ~. het1~· ~ton:, 
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-f;n, t:lhl1eh 4,c/&1, ~~~ ,~~- kl.. w1ue:~ Uien -~ .pi:-r.w,m;:re ftuc,t~ 

e~tWti,, the itWCO~~ ~1,a~ ch~Jgt.i ~o k~ :e ·aou dc-1v~ p;e.c-~-i:l 

@e! ms!1 valoetty:. 1110: c~ut.er model t~ -~!~ t.o, ~ie:t the ~s 

v~loeit:</ -¢:htlt;g0: ooeauso of. tha ~uov-tton s0f a -~tat r.-et•an®; 

f.l~~.. tt did 'S,f.v~ a~ ~f.~i~ ,tbtta -~~ k'4nd.Gmt$ ~~ ~a 

e.::..1)Gc:ted .. 

1!!1,0, low f.1.~uency tr£'~~n -~ -~i?l:.v tl~ to ~PY bt®fl~t; 

i'he· 4~~1~. iZol:· ~- 4tf£~ont mo~- cf ~e<l~CD 1$ $ 

~lok.i.cd t~v~1· ui Ctlv-v~ m." 1!be h~l f',.:et,um.e, ~tl~tt= 

;to cauooi by tlm 'Z\'a,p.td vatiat.kln 4f den~ '1l; :tb~ tMQ VU'iti®l lQflG'• 

At -~ ~ue11e~, ~i di~ ,eon~t ~l~ -of Aulda-~.-

balng ~tmd- -~- -~ test ~io.G -md· o t;f.nG- v.,.~ denfif.J;y 

d$:Sttloot&ml .ft! .tf:lo. e:$Mr ~d -~1l" f.e_. '0$4:obll$bed ~- ,a~ 

·.1:~ ti1 -f~i ~ •~-~ f11.1etuat~ At the 1• ~~~ua •n 

lmtge ~eta ~~ v~wt10~ ~ be- Ql:iliutetl ft:imi- 'the b)st ~ttm, 

-~ -~ .a t~- 1'$~ -~tty dtetr:tbutt• ~-~- .'lll'i':))te, <&btly .a 
·:nenc(l • :~ :1~io ~~ Olf 1~· flt~~ ~dlt~ ts-~~~* 



A Cross•sectional t'tt"ea; ft2 

A.a Heat•.tranafer area, f t:2 

d Dt.ameter .• ft 

o1 Lumped internal drag fotc:e&, lb.f 

E Voltage acro.ss teat section. volts 

F 'total frieU.onal lQsses. 1bf/ft2 

F* Ftlctioual loss per unit length, 1:bflUt:2Hft) 
. '> 

g t.oca.1 acceleration of ir:avity, ft/sec"" 

Sc Constant of noporttonaU.ty, l2. 2 1bm-ft/1b£•se:c2 

j 

L 

Mass fiot~ rate: lbm/i1r 

:Pressure,. lbf/ft1 

'£ Fluid tempatA\lture,. 0r 
V Total volume of 1Qop, ft3 

Vn Volume of subdiviston. (Au .an) ft1 
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z &1evatlu,., ft 

"n .Length .of nb41vl-aion •. ft 

~ Denelty .• lta/ft3 

.fJ 8lectr1eal .ft$f.1.1ttvtq,~ ohffi-,ln 

r 'ffae tntenat., ,aef:illtd by Eq:. (ltI-16) 

Supesacd.pt:• 

{"'') la over eymbol 4euotes ..wffage; value 

n Denote• s,ac.e po&f.tlon 

l Inlet eon.dit.lon 

a &xi.t ecm4ittoa 
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'l'he eKPJ:'eaef.011 fot" calculating the tnaff flow rate thl'Ollgh a 

vent~t. assuming the, flow ts 1.neom,re:aeible ln l'lle ventuti., an4 th.e 

in.'everelbtU.tiei can be .ac:conte4 for bJ uatog a dbehuge coeffleknt,. 

is 

-<'· 1/'i 'I/if A, r.i2 · (· )~ 1/2 11'i.- #'L.-
lft o ~ II,· a a,a: ~ le P1 ·pt • ParJ 'l,q;/IU,' 

\then 

m flaw:~-~ •. lbm pet:< bl' 

C d!sehuge. coeffieient 

111-Pz 

,A2, 

At 

ventur.l ~· upstream tube fiameter., 0!093 tn. 

venturi. mete-ir :throat diameter., O. 3963 In.­

upstream fluid density~ lbm/ft3 

:p,:ee&Ure. clrop 1n psi 

t ~ t ....... 6 ~. 2 ·. uZ'OG · -e~t ,1,U10· · 

upstream tube ••• ui. 2 

factor to accoun.t for unit& 

gravltatu.mal constant. 32.2 1bm ft'lthf••ec:2 

(1) 

dlacharge coefficient.,. c,, was 0.98,. ·'fll4 _.l~tty c>f ~oaeh factor" F'• 

WB$ 0.983. Making thea subatitutions Into &t•titm (1) give& 
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:$ystem. When correcting the manometer readings the manometer 1.tn.es 

were &S$umad to be ftlle(I; witll S(f>p freon .... 114. 1be observed head 1:11:a:s 

U) 



1lhe a,steta fluid used in dd.s a:tudy ·was ,~ 1.14.. Fran~lt4 

.. choaen be.cause of tta low crl.tt.cal tempe~ure .ar.u,i pruaure 

(.94.)°'f. 474 ... 2 paiQ) •. $M:Uablltty of d1a~atnic: data. aad f.t• 

tow level of te>¥1d.t.7.. fN<m. 1• a tradamatk for'· a group of lutlog.ated 

h)tdro~eons'1; m>ntaiuia.g. one w ~ fl0ttt:1u ,~toma. wWe-11 ·used' ae 

1:'efrlgerants ad propellants.. ·'11le chemical naue for freoa•114 18, 

4:ichkiNtetraflour~ (Cifl4Ct2) .• 

Van Wie and. &bel (ll)) have publlshd ~les .of the. thel'JllO(lynamte 

propeties cf b'e.on•ll4 {40) hued • COff'elatt~ .of ~ pees$U#e:,. 

t.be Po"V-X retet!onsMp"' Mturated liquid d.en•1tJ\, ad heat -.pactt:y ,at 

~a l'Jl'essures pnblhthe"d by Martin {!S).. i'h.e t-ablu were csputea •ln:s 

a digital computer., 

FlgJ.Jres 33 en4 34.~ ·pr~ from, data .la the the~e 

tabtea,. It: 11hould ti,e noted that the ·deruttty .and enthaln values ~ 

a iaobar In the ~~see liquid cegton ~ eatnpolatu f!'om ·• 

a:lttcal tem,eratwro. to the saturated l.iq;dd ~a;t.ue COl'ne,ondSoa 

·co that. presaw:e,.. 

Ute· deflnlth'm of the themodynamk $Ate ftXG;ions ea dd:tned 'by 

ae~l authortttea ·l• ~ ID rtg.. 3$... ·&e. Qt'.ittcal net.on defml:ttoa 

l• not wtfon !f1ith df.ffnent authora... Accodias to efermce (17) •. it 

.i'& not clec •~ ·OG.fl· shoul4 tt:,eak of a a:it£:ca1. sta&e mr a er,ttlcal 
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region .. 

figure 3S ,shotiSa tbe variouS: r~f.ons as defined by l)od~ (7). .. 

'Elle ,tetm fluid. was itven t'C water aubs.tance wben subjected to· both a 

pres$ure aiid temperat,ure greater than the, e:i"itica1 pressure and 

temperature.. Ui.s. reason for defining tbe flut<l .regton a$ s.ueh W'S 

that a liquid at a pite&a,w:.e greater than :the etitical pressure ca11 

dt,ang~ to 'Ii va:,ot.,, .a:r· vtcJa. versa. without SJ)J observable phase 

ch~gi'h He cQtH:lud~d that a ,ubatanee l.n· t:h{s region can neither 

be called a gas noi- a l.iqutd ... 

1"he various re3ion& defined by Sear.s (3S) ~d also by Zemaneky (44) 

ae shol'm. tn (b) •• ~s tnenttons tlw.t tbe boundary between the. gaseous 

Md vap-or regions 1$ mme.:e'S$..-Y .s:f.nce the prco.perttes of a vapolt dtff~ 

.in no ,:es,peet &om. the p;ITOpetrt.t.es .. of a gas .• 

'The regions as ile:itt,eti by Young (43). are sh~;in in (e).. Be 

ment1$led that. tt wa.s 41fiieult to clas:td.fy ~ fluid whose temperat:ure 

is ,:,ery neat" the ctritica:l temperature al'le t1llos~ preasure is gr.eater 

,tluin. tl1e eriticai. p.resourta.. ·He ma<le no 4tte\llpt to def tue (lutmt.itatively 

tllis difficult region., 

The reg.ion:& ~6' defi.notl by Joung (43) ,:ot:tespond t:o the reg!oncs, 

use.d £n this tbeets~ 
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Dopee (7} SeA~e.(35)ANo ZEMANE.1<.Y(44} 
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In thG ,ttll&lyaia i'ltt Cba,ter lII dta f:m;tte <liffa~eace eqwtti•a 

~ibi.no; tbe {dmp!Uied system- wt~ •·lt~ an· tke' •thod of 

:SOlution. indicated.. 'lfiw :soluttml ~e;t& U,f t."tJO ~te:: (1) s"temlr, 

otate caleulactons tf); •t up the tn!Ual eandf.tias .fat the: tir$l&ied 

atUl.lyef.&, -4 (!) the mtaBs,f.ent solution,.. !he· flow diagrarmi for the 

caleuladoos .~· :sllooo. in F--. 36· mid lf ... !ha il~toas of the: 

l~~ subdtnries ad: gc,ou,lng ~ ~. tQ. Ytg. 38 ... 

·~ cmnput~ so:ltlt:101\$ ~. Jxa 1:00 et ,~s~ of 475., 520. 

and 600 pala. Tabulated ,mluas of ileadty 1as • a.cti-otJ ~ entt.lpy 

at these: pressures: -re et.ore4 m :the ~--~ L~ lttter:polaton 

'f;)U~· 

~. oi thia untmown va~tation of ~t:,. fr.!ettoaal :and• 

~tun ht~ verro o'btabed by cm:i-ele:Une ·the clrivtng p~sure • 

a f.sctf.on of i 2~. '-'he 1.btear eqt1at!a used tfC& of the fom 

"--·:i« ...... 1 ~ti'~ ,' 

N 0 .. 1$8 

NI .!S .• O 
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STEADY STATE .ANALYSIS 

Dime_nsion, Read in input Data 
and Problem 

Calculate h(z) using energy 
equation 

Determine density distribution 
using h(z) values 

Calculate .6p 

Calculate P 

Calculate new G 

Check co~vergence of G against 
initial G 

Determine syste~ mass 

Print G, b.p, p ~no.of 
iterations for G 

Go to transient analysis 

Input Data: 

.6.t time interval, total time 

hat heater inlet 

Q/A for entire heater and 
cooler. Program distributes 
Q/A for each interval 

G estimated 

System Geometry (lengths, no. 
of subdivisions, volume) 

reference pressure 

convergence criteria· 

E 

-- ---------~-----·--- - ·---·-·-

Fig. j6 •. Simpi:Lf±ed Computer Flow Chart for the steady state 
__ --·-··- ______________ .Analy~is 



TRANSIENT ANALYSIS 
I 

From steady state analysis Test convergence of G 

Step increase in heat input Q/A 

Calculate new h(z,t) using,energ 
and trans ort e uations 

Determine density distribution 
using h(z,t) values 

Determine density distribution, 
.t:,.p and p from ste.ady state 
program 

Determine change in system 
pressure 

Determine F(j) 

Solve for G( j+l) 

Print G, P, L::..p, P 

: I 

I 

Go to next 
problem 
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-~--Fig. 37~··-, Simplified. Coi:nputer--.Flow-Chart ·for the-Transient-·.Ana.iy'sis ·1 
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SPACE 

1 A-B 
2 B-D 
3 D-E 
4 E-A 

A-C 
A-ft' 

j__ 

DIHENSION 
(Vertical) 

3.0 
8.334 
5.0 
7.66 
9.667 
ccw 

D •---
lo50 t.167 
5.0 

rl ,t ·~,, ~· 
i 8!E __ -- B -· 

21.664 ~. 3.0 

_ itA ___ t_ 
2.33 

F 

·,·-

LOOP NO. l 

Volwne-0.129 ft3 
Vertical height-1~.o ft 
Flow path len6rth-27 .5 ft 

-1 
; 

Not to Scale 

Dimensions in Feet 

D 

H 

;i ~·! 0 .I 
0 ,! •. E 

0 t!. 

1.5 
~~0.167 

I . 

5.0 

SPACE DIMENSION 

l A-B 
2 B-D 
3 D-E 
4 E-A 

A-C 
A-F 

(Vertical) · 
3.0 

lJ.664 
5.o 

12.99 
lJ.661.i 

CCH 
32.324 

5.33 

B l l]_t_ 
H [{ 3.0 

--~----,,·-------·---·~--· ·····--- (l) ') 

+' ljf nd I 

2~-33 
' f 

LOOP NO. 2 

Volume-0.180: ft3 
Vertical height-17 .33 ft 
Flow path length-JS.l ft 

_ _......_ -~~~ 

Fig~ 38, Din1ensions of Experimental Loops ~sed in Computer Program 

• 

~ 
"' 



of the traud.ent res~sG a,ectei.. For ·the. h~ fr~ey 

'b,ms.tents a smaller t!mi tfttenal ws used to d.,tam the ~l,$te 

transient ~ue-. 'i« the slower tr(WS;iants a luger t:tme lnton.el 

·was· used to red.uee the no;lutf.O'.l.l t.ima. 

'f'Xlb wa0, also the ed;.teri;a '™4 by Ab:tad (1) :!a, kf.a trau:i.euc 

sulutioa. '!for the Jl&'n used m tMa. p~• die• mau· ·veloct,1,t~; 

mcoan.tei."ed •. t1t 1..w lcs.s .tmffl o ... 25 a~ ... 
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C 1644/AMU 10 2 TILT 
DIMENSION RH0(3 ,27),ENT<2,27>,SPA<4>,SIZE(4),ITESTC4>,DEI C4l, 

lOELZ(4l,NSPA(4),HB(4,51l,H(4,51),HBAR(4,51),HBBAR(4,51),HNU(4,51), 
2 HR AR Nll < 4, 5 l l , RB A 8 C 4 , 5 l l , DE I B C 5 J > , DE I 8 Hf 5 J > , GM Ax C J n On l , DE I P C 2 0 Qr, > , 

3RHOBAR(2UOO ),GBAR(20 0Gl,P(2000 l,F(2000 ),HOUT(2 000 ),DELH NU(4,51) 
COM MON RHO,ENT 
RH0(2, l )=75 . 1446 
RH0(2 2)-73.4644 
RHOC2,3)=7l.6714 
RHO ( 2 , 4 l - 6 9 • 7 .~ 9 1 
RH0(2,5)=67.63 
RH0(2,6)-67.5 
RH0(2,7)=64.8 
RH0(2,8)-61.4 
RH0(2,9}=59.8 
RHOC?,J D>= ·)e .2 
RHOC2, 11 )=56 . 
RH0(2,12)=53 . 6 
RHOC2,13)=5 u . 5 
RHOC2 14)=47. 
RHOC2,15)=4 3 . 2 
RH0( 2 ,l6)- 39. 4 
RH0(2,17)=35.8 
RH0(2 18)=32.6 
RH0(2, 19.)=30 . 
RHO(L,21)-25~4 
RHOC2,23)=22 . 2 
RH0!2,22)-23. 8 
RH0(2,2 0 )=27 . 5 
RH0(2,24)=21.55 
RHOCZ,25)=19.21 
RH0( 2 ,26)=]7.7 
RHO ( 2, 2 7) = l 6. 5 7 
RHO(J,Jl-75.1446 
RHOCl,2)=7 3 . 4644 
RHO(l,3)-71.6714 
RHO( 1,4)=69.7691 
RH0(],5)-67.63 
RHOCl,6)=67.5 

RHO(l,8)=58.5 
RHO(J,9)-56.5 
RHOCl,1 0 )=54 .2 
RHO ( 1, l 1 > =5 1 . 8 
RHOCJ,12)==49 . 1 
R.HOCJ,J~>=46. 
RHO( l, 14) ==42.S 
RHOCl,15)-39. 



RHO(l,16)=35 . 
H 

RH0(1,18) =27.S 
RHOC J, 191-25-5 
RHO( 1,2J )=23 . 5 
RHOC),2]) =21.5 
RHO(l,22)=19.8 
RHO(l,23)= ]8 . 5 
RH0(3, 1 )=75.1446 
RHOC 3 ,2)-7 ;S.4644 
RH0(3, 3 )=7 1 .67l4 
RHOC3,4l-69.T~9J 
RH0(3,5)=67.63 
RH0( .3 , 6 )-67.5 
RH0( 3 ,7)=65. 
RH0(;$, 8 l=62 . 
RH0(3,9)=6 1 .5 
RHQC3,1 ;n -52.2 
RHO LS, 11 )=57 .5 
RH0(3, 12)-55.6 
RH0( .:5 ,l..'.S)=5 3 .5 
RH0(3,l4)= 5] . 
RH0{3,l5)=48 . 
RHOC3, 16)=45. 
RH0( 3 ,17)=41 . 8 
RH0( 3 ,1 8 )-38 .4 
RH0( 3 , 19)= 3 5.? 
RHO( 3 , 20 )= .32 .5 
RHQ(j,21)=29.8 
RHQC3,22>-27.6 
RH0( 3 ,23)= 25 .8 
RH0( 3,24) -2 4 .6 
RH0(3,25)= 22 .2 
ENT(l,l )=58 . 178 
ENT( 1,2)=60 .9831 
FNTC J, 1)-63.831"12 
ENT(l,4)=66.7311 
ENT(l,5)-69.6994 
ENT( 1,6)=70 . 

T 
ENT( 1, 8 )=80 . 

ENT(l,1 0 )=84. 
ENTCJ,1])= 86 . 
ENT·( 1 , l 2 ) = 8 8 • 
ENT C 1 , l "3 > = 9 r,. 
ENT(l,14)=92. 

ENT ( l , 1 6 ) = 9 6 . 
ENT ( 1, 17)=98. 
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ENTCl,18)=1 00 . 
E N T < l , 1 9 l F i 2 • 
ENT(l,2 G)=l 0 4. 

ENT(1,22)=H>8 . 

ENTCl,24)=111.5 
FNT f1,25l=JJ~.77S5 
ENT( l ,26)= 1 17.6484 
ENJIJ,27) 12,~. 04 1!.8 
ENT(2, 1 )=5 8 . 17 8 
ENT f 2, 2 > 6,L 9 8 3 1 
ENT( 2 , 3) =6 3 .830 9 
EN I C 2 , 4 l =- i, 6 • 7 3 J l 
ENTC2,5)=69.6994 

= i , r• 
ENT(2,7)=75. 0 

ENTC2,9)= 82. 

ENTC2, l l)-=86 . 
ENT(2,l 2) - 88. 
ENTC2, l:5) =9 C. 
ENT!2,J 4 )-9?. 
EN TC2,l5)=94. 
ENT( 2 , l 6)=9 6. 
ENT(2,17)=9 8 . 
ENTC2,18)-] 00 . 
ENT(2, 19)=1 0 2. 
ENI<2,2 i) >-J n 4. 
ENT(2,21)=1 0 6. 
ENT(2, 22 )= 10 8. 
ENT(2,23)=11 0 . 
ENT(2,24)=112. 
ENT(2,25)=116. 

J FOR MAT<2I6,JP4F12.5,2I6l 
2 FORMATC1P6El2.5) 
3 FORMAT( 2E]2.5,I6} 
4 FORMAT(F16.4,1PE18.5,4E16.5) 
5 FO RM AT(3El2.S,I6) 
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10 READ INPUT TAPE 7,1,IPROB,IPRES,QBYA,HIN,GBAR{l),EPSl,NTESTl, 
T 

K=l 
II = l 
IF(NTESTl) 12, 16, 12 

12 H8LAST= O. 
READ INPUT TAPE 7,2,BR1,BR2,DN,DN1,V 

READ INPUT TAPE 7,3,SPA(I),SIZE(I),ITEST(I) 
DELZCI )=SIZE CI )/SPA{ I I 



NSPA(I)=SPA(I) 
HB(I l)=HBLAST 

HB(I,J+l}=HB(I,J)+DELZ(I) 
14 HBBAR{I,J)-(HBCI,J)+HBCI,J+l)}/2.0 
15 HBLAST=HBCI,L+l) 
16 ITER-·1 

IF(NTEST2)19,19,17 
17 READ INPUT TAPE 7,?,QCHNG.OEIT,TMAX,EPS2,E,HJFSJ 

READ INPUT TAPE 7,5,GC,EL,EK,ITSUP 
19 DO 50 I-Jv4 

IF(ITEST(l))40,30j20 
20 OEL(l)=QBYA/SPA<I)/GBAR 

H(l,l)=HIN 
= 

DO 25 J=l,L 
H( I ,J+l )=H< I,.ll+DEI < I l 

25 HBAR(I,J)=(H{I,J)+H(I,J+l))/2.0 
HLAST-H<I,l+J) 
GO TO SO 

30 H<I,11-HIAST 
·L=NSPA{l) 

H( I, J+ 1 l=HLAST 
35 HBAR{I,Jl=HLAST 

GO TO 50 
40 DELCil=QBYA/SPA<Il/GBAR 

H(I,l)=HLAST 
= p 

DO 45 J=l,L 
H CI, J+ 1 > =H ( I, J )-DEL< I> 

45 HBAR(I,J)={H(I,J)+H(I,J+l))/2.0 
HLAST-HCI,L+]l 

50 CONTINUE 

L=NSPA{I) 
60 DO 65 J-1,L 

CALL INTER{HBAR(I,J),RBAR(I,J),IPRES) 
IF<RBAR<I,J))90,65,65 

65 CONTINUE 

90 WRITE OUTPUT TAPE 6192,IPROB,I,J,HBAR(I,J) 
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92 FORMAT(]7Hl IN PROBLEM 16,3H H(I2~1H,J2v4HI - JPEJ2.5,37H WHIC 
1H EXCEEDS THE VALUE OF THE TABLE) 

. =3 
GO TO 150 

100 CONTTNUF 



RH013AR(K)=O. 
DE P K =,·, 
DO 135 1=1,4 
L=NSPA 
P SUM=·{). 

=ft 

00 l3D J=l,l 
___ _,_,_Rli.Q_SJ,JM::;Rf\AR( InJ )+RHCSUM_. 

IF ( H l:3 fl AR ( I , .J ) - BR 1 ) l l 5? 120 11 l 20 
115 PSUM-PSUM-RBAR{I,J) 

GO _TO 130 
12n IFCHRKARCiv.ll 8R2lJ25vl25o115 
125 PSUM=PSUMYRBARCI,J) 
130 CONTINUE 

RHOBARCK)=RHOSUM/SIZE(IJ•DELZ(l)+RHOBARCKJ 
135 DELP(K}=PSUM•OSLZ<I>+OEIPfK) 

RHOBARIK)=RHOBAR{K)/4. 
GO TO <J39.21Sl,TI 

139 GBARNU=SQRTF((OELP(K)-ONl)*RHOBAR(K)/DN) 
If(ABSF{GBARNU-GBAR{Kl l-EPS]*GBt\RCK) )]52~ 152, Jl.J.Q 

140 GBAR(K)={GBARNU+GBAR(K))/2e 
T. = r- Y 

IF(ITER-26)19,145,145 
=-?-

150 NTEST2=0 
152 EM=RHOBAR{Kl•V· 
151 l=NSPA(l)-1 

TEMP=RBAR(l,J+l)-RBAR(lvJ) . 
QFI R ( .I l -TEMPI C HBAB fl, ,I+] }-HEAR (] r,l)) 
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155 OELRH{J)=(RBAR(l,J+l)•HBAR(l,J+l)-RBAR(l,J)*HBAR(l,J))/TEMP 
GO JO (l56,277,34Dl,JT 

156 WRITE OUTPUT TAPE 6,1607IPROB,IPRES,QBYA,QCHNG,OELT,ITER,GBAR(l), 
· JO.El P < 1 l ,RHOBAB(]),, EM,HI AST 

160 FORMAT(19H11644/AMU 102 TILT69X8HPROBLEM !6//7X11HPRESSURE = 16, 
JRX6HQ/A = JPFJ?,5,SX10HQCHANGE ~ EJ2.5~AX]0HDEIIA I= F6.3ll9X9HII 
2ERATION8X~HGBAR11X7HDELTA P9X6HRHOBAR13X1HM13X5HH OUT//I14,1PE20.5 

161 WRITE OUTPUT TAPE 6,162 
]62 FORMAJ(l9XJH.111X]7HOEIJA RHO{OEI IA H6X?0HOEI IA RHQHIOEI IA RHO) 
165 l=NSPA(l)-1 

1 n = 
170 WRl~E OUTPUT TAPE 6,175,J,DELR{J),DELRH{J) 
175 EORMAI(!21~1P2E25.5l 

GO T0{180,280),ll 
. 180 IFCNJF$T2)20D 



200 K=2 
---~HQUT CJ l -HLAST 

IGMAX=l 

GMAX{IGMAX)=GBAR{l) 
AC 

235 T=OELT 
GSIGN=l .. 

210 QBYA=QBYA+QCHNG 
2JJ M-NSPA(4,+J 

HNU ( i 1 l ) =H ( 4 1 M) 
D 
IF(ITEST(I))2]69215P212 
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212 QOV~=B~Y=A--------------------------~ 
GO TO 220 

GO TO 220 
216 QOVERA--QRYA 
220 DELQA=QOVEKA/ SPA(!) 
225 GDELZ-GBAR(K-l}/OELZCII 

L=NSPA(I) 
=l ' 

1030 HBARNU(I,J)=HBAR(IvJJ+DEll/(RBAR(I,J)•DELZ(I))*(DELQA-GBAR(K-1)* 
1 (H{T ,J+] )-HNU( I .. J>)) 

TAU=RRAR(I,J)/GDELZ 
2 2 9 . H NU ( I • J + 1 ) = H ( I , J + 1 > + ( 0 El TI I A lJ h { 2 111 * H BAR < I , .J l -H (I , .I+ J l - H N ll ( I , .J l l 

l+HBARNU(I~J)-HBAR(l,J) 
IFII 4l?3Dn231:?31 

230 L=NSPA(I) 
HNUCI+l,]}=HNU(Ivl+l) 

231 CONTINUE 
DO 233 4 
L=NSPA{I) 

H(I,J)=HNU{I,J) 
232 HBAR(I 7 J)=HBARNU(I,J) 

HCI,L+l)=HNU{I,L+l) 
233 CONT I l\lUE 

HOUT(K}?=H(4,M) 
IF<HTFST)236,237,236 

236 DO 234 I= 1,4 

240 

=N ·A 
WRITE OUTPUT TAPE 6,2, (H(I,J}, HBAR{I,J), J = 1 7 L) 

-2 
GO TO 55 · 
PCKl=CRHQRAR<K)-RHQRARf1)l/8HCRAR(Jl•f 
FtK-l)=ON•GBAR{K-l)•G6AR{K-1)/RHOBAR{K-1)+DN1 
TFMP=GBAR(K-J l+CGC*DEI T/fl >•(Off P(K)-E(K-1 l l 
IFCK-2)240,240,245. 
G8ARCK)=T-EM~P~~~~~ 



130 

GO TO 250 
24 S GRA R ( K >-TEMP+ EK* f f GR AR! K-1 > * GB AR l K- 1 l >- l GB A 8 C K-2 l *GB ARC K-2 l I > t DE I I 
250 I F(GSIGN)265,255,255 
255 IF{G BAR <K>-GBAR(K-1 ))260,300 ,3 00 
260 GMAX(IGMAX }=GBAR(K-1) 

?65 IF(G RJ\R (K 1) GBAR(K))?70, .oo ,3nn 
27 0 GSIG N= l . 
272 IGMAX-IGMAX+1 

IF{IG MA X -2) 30 0 ,30 ' ,275 
275 IF(ABSF(GMAX(IGMAX - l l-GMAX(IG MA X -2>J-EPS2•GMAXCIGMAXT-2ll276, 

1276,285 
l6 GOT 

277 WRITE OUTPUT TAPE 6,278 
278 FORMAT< 35HO TRANSIE NT ANAi YSTS RESIII ISttlJX4HIIMEllX4HGBAB1 

llX7HDELTA P9X6HRHOBAR13XlHP14XSHH OUT/) 

282 LL=K-1 
DO 279 L-2,LL,ITSUP 

279 TAPE 6,4,TI ME, GBAR(L),DELP(Ll,RHOBAR(L),P(L),HOUT(L) 

TIM E=D ELT*AL 
WRIT E OUTPUT TAPE 6,4,TIME,GBAR(Kl,OELP<Kl,RHOBARCKl,P(Kl,HOlJTCKl 
GO TO (16 1 ,1 0 ),JJ 

280 IFCICONV-51281,28~.?R~ 
281 ICONV=ICONV+l 

"GBA R(l) =G MAX(IGMAX ) 
RHOBAR(l)=RHOBAR(IGMAX 
DELP(l)=OELP(IGMAX ) · 
IGMAX=l 

GO TO 2G5 
283 WRITE OUTPUT TAPE 6,284,IPROB 
284 FOR MAT(9HOPROBLEM 16,35H HAS SUCCESSFULLY CONVERGED 5 TIMES) 

GO TO 0 
285 IF(TG MAX-6)30 0 ,286,286 
286 J-IGMAX-5 

DO 29,J I=J, IGMAX 
IF(G MAX(I )-GMAX(])*.9)300,290 ,290 

290 CO NTINUE 
295 WRITE OUTPUT TAPE 6,296 
296 FOR MAT(4 5HOTHE LAST 5 VALUES OF GMAX EXCEED .9(GMAX(l))) 

_______ GO __ T0 _277 ----·---- __________________ _ 
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300 IFCTMAX-ACCT}325,325,305 
305 K=K+l 

·= + : 
ACCT=ACCT+DELT 

T 

625 WRITE OUTPUT TAPE 6 7 330 7 IPRCB,ACCT 
330 FORMATt9HflPROBLEM I6,25H HAS COt;>lPUTED THROllGH I -JPEJ2-5,22H ANO I 

1$ NOT CONVERGING) 
-? 

GO TO 282 
· 340 WRITE QIITP!lJ JAPE 6v278 

JJ=2 

END 1 ' 1 , 1 ' 0 

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



The second version of the TILT program differed from the first 

in the calculation of the enthalpy. The difference in the code is 

listed below • 
. --··· . 

GO ra,1en,2sn1,11 
180 IF(NTEST2)200 7 10 1 200 

rH·· K=: 
HOUT(1 )=HLAST 
IGMAX= 
ICONV=l 
GMAX!IGMAX)-GBAR(J) 
ACCT=DELT 

2;)5 T=DELT 
GSIGN=l,, 

210 QBYA=Q8VA+QCHNG 
211 M=NSPA{4Hl 

HNU ( 1 ,, J ] =H {ti, Ml 
00 2 31 I= l v 4 
IF(ITEST(I})216,2]5,2]2 

212 QOVERA=QBYA 
GO TO 220 

215 QOVERA=O .. 
T ' ? ?·) 

216 QOVERA=-QBVA 
220 DELQA=QOVERA/ SPA(I) 

L=NSPA{I} 
DO 10.30 J= l l 
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1030 HNU{IpJ+lJ=H(I,J+l)+DELT/(RBAR(IvJl•DELZ(I}l*(DELGA-GBAR(K-1) 
1 •<H<IvJ+l)-HNU<I,Jlll . 

If(I-4)230,231,231 
230 HNU(I+1 2 l)=HNU(I~l+1} 
231 CONTINUE 

DO 233 I=1 4 
L=NSPA(I) 

232 H{I,J)=HNU{I,J} 
H(Ivl+1)=HNU<I,L+]) 

233 CONTINUE 
HOUT ( K) =H ( 4 · M} 
IF(HTEST)236,237,236 

236 DO 234 I= 1,4 
L=NSPA(I) 

234 WRITE OUTPUT TAPE 6,2, (H<I,J>, ,1=1,1 l 
237 DO 239 I=l,4 

l=NSPA 
DO 238 J=l,L 

23 8 HR AR < I , ,I l = ( H < I .. ,I l + H ( r , ,HJ )} I 2,,, n 
239 CONTINUE 

=2 
Go· TO 55 
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