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- CHAPTER I
IRIROBUCTION

Interest 1o utilisisg natursleeirculsvion loops for some boiler
and anuclear resctor coolant system designs hios focused attention eou
their dynamic behavior. Much anolytical and ezperimental work hes
been done on the prediction of transient behavior of both single-phase
and two-phase natural-cirenlation systems. One region in which
transient behaviow has been noted experimentally, but which has not
been investigated, is that region near the thornodynanie critical
point of the fluid,

Tuo very desirable characteristics of o naturaleeirculation
system f£luid are that the fluid possess a lorge heat capacity, and that
the density variation vith temperature be large. Doth of these
regquirenents are oot vhen the fluid ig in the near-critical regicn. The
gpecific heat capacity tn the critical region beeomes large, but only ever
small temperature differences. Since an sctual system will @Waté with
a finite /T between the inlet and ewit of the heater section, the heat
eapacity of the fluid vwill bave a {inite value. At constant pressure,
the density of a supereritical fluid decreaseo ropidly with increasing

temperature near the critical point. The magnitude of the demsity

change, although swaller, Is gnalegous to the change in density of

water and its vapor as the water is vaporized.



v

oo chepgeo o the tronspovt properiics of viscosity and chowmal
conductivity are aleo of interaat. The viscosity deercasee o &
minforn valug which means that the viscous domping charvactevistic of
the fluid is at i€s miziovs wvalva. The thermel conductivity decreases
by approximotely 102 por cent.

Tuo possible appliecations vhere a natural~circulation loop might
operate near the thermodynamie ¢ritical point of the fluid ave (1) the
icop is dogigned for operating in this region £o utilize a siagle-
phase heat~tyonsfor mediun and take advontege of the expected high heatg-
transfer covfficients, and (2) the £luld pssses through the eriticel
reglon as it ic heated in o supereritical oressuve pover cycle. In
either of the cases, the limitaticans sosoclated with the physical and
hydrodynamiec instability in the operation of a auclesy reactor ave
eliminated oz considerable smoothed, sinee the bheat-tronsfer agent is
g suporcritical single-phase fluid. I both opplications, hnovledge of
the expoeted dynomic bebovior is desirved.

Qualitatively, o motural-cireculation loop can be cousidered as &
physical system having inertia, resistaonce to €£low, a prossure
differentisl due to density head, and encrgy storage in the system fluwid.
Disturbaances in heat input oy heat romoval with the resultant changes in
density head and fluid flov rate upsct the equilibrium balance, and on
adjustocot must oceur to gatisfy the ncv conditione. At certailsn
eopbinations of power level and system prossurc for a given 1loop
configuration, the gravitational driving foree within the systom will

increage while the damping within the systom may decvesgse wntil sustaingd



oscillations im £lov oad progsure moy ooour. It moy be that, wder
cortnia opveveting conditions, dyeamic oguilitzimm will sevoer be

, ,:amé,iaeé as long oy the $luid i in the zopion of the critical poing
unless o gystan geometzy can be devised which would minimize the
uastable effects. |

@ﬁe analysis of hydraullc stability consists of solving the
contliuity, momentiny, Gnorgy, end phencmenelogical aquations describing
tha systom. -Imen such equations are written to include all the winute
dotails g-f- the systen, thoy often becomc £oo complen aad uo longer
amenable to solution.

The principsl shiective of this study wves to study exserimentally
and analyzica’l‘iy the transients cncomtered in the eritical region. The
experineatal povtion comnisted of constructing a Freon~1l4 closed
natural-clrcularion loop and instrumeating ¢o oeasure the flow and
pressure transients. Froonelld was choson ag the systen £leld becouse
of its low critical temporature and pressure (204.29F, 474.8 psis),
availability of thermodynande data, and because the basic mechanism
of the flow lactebility noar the thermodyaamie critical point should
bz the same for all flulde. The smalytical portlos consisted of
siolating the loop by ubilizing a digital computer fo prediet the
ronsured transients. The one-dimensional connsrvation aquations wore
written for o control volune and then the control volumes were cascaded
to obtaln the simnlated loop. The systom of linesr equations thus

obtained wag solved with an IBM 704 electronic computer.



CUAPTER XX

SURVEY OF LITERATURE

& supvey of the litorature reveals that the fivst information on
heat tyensfer in the eritiesl repion was published in 1939 by Schmide,
Bekert, and Grigull {37). BSiace thes seversi esperimental and analytient
inwestigations hove boen pade with the ain of doveloping pzééi@tim
methods for, and fhe understonding of, beat~tyansfer In this rogion.
in the process of obkeining heat-transfor date in this reglow, several
poperimenters hove peported pressure and flow occillations of such
geverity that it was iopogsible to mabke heat-tyansfor meagsureneats in
ehis arvea.

Schnide, Behevt, and Grigell (37) iuvestipated the heat-trapsfer
charaeteristics of ammonia in @ thermal-gyphon cppavatus, The
experinental procedure was to charge the conptant volume systen with
ony arbitracy awount of finid and heat to the eriticel yegion. The
change of stage Srom the oaset of heating could be followed on the pev
or T8 diagram as o line of copstant veluns. Heor the eritical pressure
both prossure and teoperature fluctuated widely vith time, so that

seneura

gt in this region wes made difficult and, in pavt, impesocible,
Thege fluctuations sppearad not only during heatiag but persisted hours
aftervards. In passing through the eriticzsl state during heating, the

pressure and tempovstere increase was rekavded greatly because of the

increase of the volume cocfiicient of onpansion ond cp

san and Dogge (19) studied the best-trsngfer chavacteristics



of Freon~12 in its critical repgion in a closed natursl-circulation Ie

It yas reporeed that in the ’Eﬁeis;imxs elose to the critical state,
fluctuations in pressure ou the order of 20 o 30 psi were observed.
Accompanying these fluctustions was an intonce vibration of the tost
apparatus. Whea tho voete of cooling water wos ineveased co that the
precsure ia the apparotus vas veduced, the Flucteotions subsided;
howvever, 1f the soovling water £lovw yate was dececased or Ehe powdsy

Increassd, the fluctuations bocame move severe and did not subside

witil the pressurs hed visen well sbove the eritical value. In waay
lostances the prosowse Tluctuatious did pog wubside wtil & prossure
of 130 to 200 pol sbove She cvitical pressure wes atiained. The
ingtability of operation in the viclaity eof the eritical point was
cetwivated to the ropld chenge of properiics in this region.

Presouve and flov oselllotions similay o those reported by Holuon
aad Dogge (19) were zepovied by VanPuitte and Crosh (35), in o report

on heast-trausfor o watoy in the critieail zegion. Fluctuations In

s

pressuve and flov were cbseyved in the near-cyivical vegion vhich tended
o destroy stesdy-stote conditicns. These fluctuations geemed e bo a
fanetion of the syston pressure sad the test sectlon pover input vhen
the couditions inm the test section were supereritical. With a constont

power iaput, the fregusucy sod mopnitede of the luctuntions iocrsased

&8 the pressure opprosched the evibieal proocsupes. The fluctuations

slso jnceeased in feequency and mopnivude ap the power input wes increased.
Vhen the fluctwatious wers cncounbored &b ¢ pyessure nesy the epitieal
prassure {3250 to 3700), they could be stopped by raising the pressurs

about 200 psi.



In o series of cuporivents with corbos dionide in the critlcal
vagion by Snith cad co-wverkers (&), (20), (21}, no f£lov or pressure
fgstabilitics wore noted.

The sccurrence of pressure fluetustions severe encugh to induce
reported in sovercl popers. Hines ond Holf {18) in a receat study

of the pressure £luc

gbions encountored fn o digbatic flow of RF-1
aud Bethyleyelobonane (DRCHA) ot supereritical prossures veported
Lluctuntions in pressure of 300 psi pesk fo pealk with frequencies in

ae frem 000 to 10,000 cpe. The vibzatien was very destructing
o thinsuelled tubdog. In tests with thich-uvallod fubing, similary

pressure Sluctustions more poasured but the fubes were able to resist

the effoct of the mochonical stresses. Thole paper {18) gives &

compreheasive survey of the ldtereture of similor cccurronces.

sentation of "bolliog sonps” and associated mochanical

vibratioss, Firotenboog {10) roported the zosulfs of informal intepviews
with vovious rosearchers in which “bodling coungy ' sechanical wvibzotions,
ey

sod pressure fluctuations wmere disevssed. czal of the conclusions

zoacked were!

1., Under coriain conditione of locnl boiling, which Include o
boiling«like mchzwiﬁ:z at supercriticsl presgeres, iatense sounds (holling
sonesY ond sechanicnl vibyvations ecan be geuwovoted.

2. Thoe sceurrence of these intense sounds and mechanical vibretionp
io intimately velated o thoe operstiung conditions in the heated portion

of the loop.
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2. The boiling sonpe and sscociated vibrotions are acconpanied
by large-amplitude pressure and flew fluctwetfons, elthough such
fluctoctions may oeccur without the gencration of sounds or vibrations.

4.  When thege vnususl phenomens occur in o qystam, ﬁm condition
is veproducible wd eversible.

5. Thepe wmuvown! phenomonz ovhibit 2 threchold condition,
penorelly oceurrlon chovk 70-88 per cent of the burnout heat f£lvz,

G In tho cose of intonge sound geveration, inercasing the heot
fiuz, vhilo wnointainine o constent inlet cvbesoling and flow rote,
results in an inevecssd Inteneity which mazinices and then decays oo

burnout 45 appronched.

s of the rssoeioted vibrations may show the some
rattern: e the sowd penoration phenomenn, or may peraict wntil the
burnoer condition,

2., Dexing vibrabise, ond probebly duping sound pencpation, the

sariodicity in bubble formnbion: that ig, 811

are synchronized ond grow ond collanse simmltancousiy.
9. Thoe cocurroncs of boiling sengs and ascocloted vibrations
snpears to bo confined fo logol {oubconled) boiling systems. Thepa

F AT v o i %
{nat vapor gonezotion) sy

0. The wnuoual phonomens result from prossure woves and/or flow
finctoations vhich foduer worishle hoan fronsfor 4n the systen. The
waridbility in the hoot-tvoncfor vote ond casppy dissipation of the

arononrs wave resnlts i the intenss sovmds and wibrations.
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In the sweary it vas concluded that the sevaerity of the vibrations and
intengily of the soands indicate a possible 1imdting condition for some
Boiling systemy. Deeouse of okher more dwoediste needs in cases shere
these shenomons wore cbsepwed, they were comsidersd to constitute a
nulgance condition sad thus wove not fgvestigated systemavically, It
was recognonded that sone systematic dnvectipation of theso phonomenn

e Initicted, directod of obiaining an o éﬂw::i:m‘ ing of the couse ad

offect relations, znd gt discovering methods for eliminating the
BUCETenes

Coldma (16 in o roport of beat-trancfor cxperiments to super-

eritlon) water ot 50090 paia distineuiched botucen hent traonsfov vithout

Eox

Yehint o or | T wods ond beat teencfor with “whdlstle.!" The

frogquancy of the whistle gound verled from chout 1200 cps to 2200 gps.
Inlot tc@g«rxr@tm» copeared to hoave the greatest offect on froguency.
Pressure had Iietle, i soy, effect on tho Srequency. A gystom procours
ircronse of oboul 50 nei cccurred st the onsct of the whistle souad,

GriZfith and Seberohy (16) made a photogrophie ctudy of £Iuid moticn
in the neighborhond of o heoting suvricce in g container £41led vwith fhudid
zt its thersodynonie critical polet o dotornine 1F :my bubble~1ike

mtion could Bo Jo

wotad, and Af so, to relage this sotion to any chowp

tseropces in the heste-transfor rate. The vicvel recults pave some
indicotion thot bubhle-3ihe apsregetes mey foroy but, uader the conditions

of this tost, the brhble«iike motion did not load to zny sbrupt lncrcose

in the heptetronsfor pate oo is oboerved o nucleate boiling.



The fluctuntion of the nsturaleciveulation fiow rete in suberliicol
progssure systoms, porbicularly those in vhich boiling tokes plaee, hon
bocn widely oncountered fo boilers acd mucleor yoametors. A wut, thoge
iz no single theory thot desceiber fmowphose hydroulic chavactoristics

over the antire rouge frow atmospheric pressure to 2000 psiz. {45).

The snslyticonl and experloontal vork cueocicted with resctop zad

tzot loop otability hoo beoo revicwed by Andovcon end Lettes (2). The

gool of snolytics]l work concorndng a tos

i

3

> Yoop stebility enolysis do &o

¥

nredict the depondenece of the inception point, froguency, aud smplitude
of cscillotions on cysten povemoters. Tuwo cpprosshoes sre used te
onalyze this probles. The firot is thet the gonersl egustions of the
gyaten, such as the csorgy, continuity, zod pomentun eguations, are

solved with the rosvitont solution Indicoting the iuflucnes of systen

poranstors oa gbability. ‘Ihe sceond approoch o thet gsome coutrolling
phonomeooi, suel 8o an eptromun in the prescure drop versus flow rate

ry 8 posuzed ghe only phonomenen of fnporbtance, and systen stability

iz evalusted by fovestipation of factors affscting this phenomentn. e

conclusions veachnd oo o vesvlt of thic survey are: (1) the cuponinental

3

fnforoation in the f£icld of veoctor and tect-lopp stebility fs suovse:

,;3:

{2) suniytical procodurcs ars still fn o peelinfoary state; and (3)

beenuse of over~dosige of posctors due o lock of informntion, & moure

presise mothod of pradiction of stability is Luportaet to the fubwes
dovolopment of bodling wobeyr reascters,
A pore vooent review by Bockjerd (465) discussss hydvodynamice stobility

in resctorg, Reforcnces Lo recent reoctor stability work ave given.



Bydvodynamic Ingtal

$e

licies fz11 iato two clasces fvom the veactor point

of viow. The fizst c¢luss includes powor-to-vesctivity feal-badh

e

Fagteb

@

ilities in which hydrodynonmie phemozons prodoninate. ‘The ssound
clasg of inorobilitics ave those in the form of verying coolant flog
vates or deasity veves traveling in the fuel chonwel, vhich would

=

affect the peactor in ¢ woy siuilar to exborsal 4is

turbonces, The

geactor pover would fiuctuate with hydrodynsuic variations.

Poltz pud lmryay (3L ia 2 study of two~phase Preoa~ils flov rates
#0d pressure drope in loag and ghort pargilel tubes zeported periodic
fluctuations in the £low in the loag tubes ot high hest flux. Vader the
condition of hipgh heat lsput the flop in the tvo loagor pipes vonld
begln to fluctvate, slightly ot flvot, thon with increassing anplitude,
wabil the {lowmetor bobs veve going from top to bottem. The Slowmmctor
bobs slamalng against the botton stop indicoted 2 flov zeoverasl. The
tve pilpes vould bo wut of phase, with ose tubo hoving a £low rote of
gbout 700 1bnfhy when the other pipe had no flow. The Fluctuations
wete eyelic with & poviod of about 10 secopds, The two short plpes
vomadned relatively steady nith some fluctuwations of about ¥ 4 pap cont
of average flow. The fluctustions could bo dampad put, vithout decreasing
the hoat load, by restricting the flow through the short pipes. The sane
fluctuating flov could be obtained ot o lover heat fiuvs by restriciing
the flow to the inlet womifold. In each case the fluctuations oceurred
when £he heat iaput vos sefficiest o vaporize dbhout 70 per cent of the

liquid Slowing in

thot pipc.



Loc, pb ol (22) v e design study of themmosiphoa reboilers
(patural-clrculotion vortical tube evoporators) deserilie o pulsating
fiow mia:ia was cucountered. In on offort to wndorstond better the
cauge of the high volociticos vhich they cheoorved st the ontles of the

5 .and 10 £t veboiler mhes, a saall laboyotery, single tube glass

thesmosiphon veboiler wap built and operated. Teot was supplied by

meams of an eloctricsl hoesting clemant weapped arousd the tude. Siow-

mabion woving pickuves of the wit showed very plodnly o rapid pulsating

flov in the tube with cach slug of liquid ond vepor lesving the tulc ot

&

high veloeity. Boch pulsc of sized ligeid and wopor leaving the top

of the tubcs wos sceompanied by a “hickbock” of the liquid ian the botton
of the tebe. 1t wos coucluded that anything thot could be done to
fnevcase the yesistance to "hickback™ would permit higher Fluxes before
vapor Jocking oecorved. ‘This was deffoed an the onset of a surging
Lype £low. :

Andoraon, 3&3&. (473, by solving the tine and space dependent

congervation equations oa an analog computcy, wewe oble to prodict the

hehavior of o two-phase notural-cirevlation eyston during transients.

Thelr podel was uwsoful for investipatiag the polnk at valch their

syston vwould erbibit ocseillatory behavior.

Guande (32} developed an analysis for prodicting the onsct of
stable porallel chonnel flow vgeillatione ov “chugging® which oecurs

wader eeviain oporating conditions. The anolysis io based oo o

Lincavizod treatvent of the conservation enuaticns and equatios of

state for small pertwbations cboul some etendy-ubate vaiue.



Bellds and Wpesly (61} presented watheusticnl wodels for three
modes of oscillation of & sinple two-phase flow, natugal-civeulation

¥

syoten, topetiwr with gualitstive vesulis of experinents wit

1 @ soalls

scale loop model. Theiy basic appronch was o cousider the loop as @

dynanic systen of noulinear time delays, stovage cleneunts, and resistonces

.

Standavd nethods of contyol~-tacoyy analysis were th

a spplied to predict

tio onget of instabili

Stz
&lstad, gt al {1} reporied solving the couscrvation and state
equations by finlte-differonce methods foy touperatures and rates of

flow in the trossient operation of g natuzal-civculation loop with a

siagle~phage fleld as the oivculating £luid.

agricons of prodicted
peviommance wlih actual performsnces for two esperimental water loops
wore made and Jound eatisfactory.

Vissler (42), utilizing an analog coupuber; studied the osciliatory
behavior of o two-phase ustural-civeulation loop ok atmospheric pressuze.
e general conclusion of the stebility anelysis was thet a natursl~
clrculation loop could bo made uwnstable in the sense thet & swall dic-

w5

¢ oacilictions.

placement from the oguilibriun stete could jead to wnda

.

Gorlid €12) developad o oodel for o two~phase nsturel-civeulation

Joop based ou ¢ congept of caseaded coutrol voluses and Iumped pave
ization. Tho wzgm wes appiied €o @ general systen and, hence, pove
culy genersl voguits.

tiyer (28), {26}, and Uyer and Rose {46) diccuss the derivation of
the transient squatious oo applicd to the parsllcl flow configuration

{eonstant pressure differcance across the hieated section) and present the




ok

: Eoe gyniom ol

Botaile of the zethod, compsrizon with

suprvey of the literature

that flow aud progssuve oseillatious in disbatic Zlow hove boen casountored

e of ppernting conditions with nany different systoas.

o noeded fo rok

Eheoe sceningly wavelated

IS
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The fluid fn & natwal-circulatic

i Ioop con be considered a8 a

ruodynanie oyston vadel (o) posscoses the characteristic of ine tia,

{b} intorscts with the walls of the survouwadiong pubing to produce o

resistance to flow, (¢} contains a pressure diffeventisl duc to density
head for the accelevation of the systen £luld, and (@) has a capability

£luid mase con b obtained by the cffoct of cerbain combinations of the

syston variasbles.

wnical medol o the froo piston in g
gravity field. ‘The moss of the piston corvesponds to tho mags of the
£iuid o €he loop. Tho pressure differential due to the density head

coryospoads to g deiviog foyce acting on the piston mass, Friction

re: loopes ave represented by vl o

lgcous damping.
aecclorate the free pistos wiformly up the bore of the containing

cylindsy, it is neccssary to supply o driving force in tho divcution

of motion in excess of the restraining forescs acting dn the apposite

dirvoction. By pericdically iscreasing aad decreasing the driving foreo,

the pistos can bo made to oscillate about some oquilibrium poing.

Assune thot steady-state condicions ouwist for the flow in a notursle
cireulation loop. Disturbanccs in heat input or hest removal from the

system fluid with the regultant changes in deasity head and fluid flou

1%
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rate upset the equilibrium balance, and an adjustment must occur to
satisfy the new conditions. Under some operating conditions, the
adjustment to the new mass velocity level is reached by a damped
transient with some initial oscillation about the new steady-state
condition. The operating conditions of interest in this investigation
are those in which the adjustment vesults in sustained flow oscillations
about the 'new" steady~state mass veloéity value,

One analysis of the dynamic stability of a fluid-flow systen
consists of solwving the continuity, momentum, energy, and staher
equations describing the system. fime-dependent conservation equations
with special reference to natural~circulation loops have been de£ived by
several authora; {1y, (12), (28), (41) (42). 'Tha.eqﬁations»are non-
linear partial differential equations in space and time. A direct
analytical solution is impossible with present mathematical knowledge.
Several alternatives which have been considered ave:

(1)} Reduction of the non-linear system to & linear one by making
simplifying assumptions enabling ome to obtain an analytical solution.

(2) Using perturbations gbout an initial steady-state aud then
iﬂvestigating the resulting time-dependent behavior to determine whether
the result indicates unstzble, stable, oz oscillatory behavior,

(3) Solviag the set of equatioas by finite difference methods

‘using a high-speed electronic computer or an clectric enalog computer.

The approach of this work was to use a anawdimensipnal.model for

vhich a system of equations was written and solved by-finité &ifference

methods using a digital computer.
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atic of the

Figure 1 depicts & schen o, The closed loop conglats

of two legs of verticol round tube of comstant cross ssctienal area.

Kk z = D the Fluld cokers the hot L

oe and Flovs in a one-divensionnl

P

manner in the positive = direction avound the loap. Fluid property,

veloeity, and host £luwrvaristions in the rodial direction are comsidored
aegligible' ficat conduction in the axisl direction ia ﬁag!;mted‘ The
portions of the Lot and cold leps not oceupled by the test spctien or
cooler arc adisbatie. |

 In & thermodynanic analysis, the loop can be considered as having

diabatic and adisbatic sections. In analyzing dicbatie flow, twoe
approximations are gencrolly made. The £irst 1o that no oxterasl work

is iavolved in the proccss. The sa

cond iz thot the €low is incompreseible

in the sense that the density s indepondont of prossvee and o funstion

of tomperature or enthelpy only. These spprouimotions are dependsst on
the major offoct of hest transfor being & change in tempersture wit

eily the coses but,

oaly a secondary change in pressure. This is oxdin
when heat is added at o sufficiently high rate or the fluid is in o zegion

where larpe ¢h L small quantitics of hoot

mges in density oceur with oven

quire a conpideration of the

added, the induced prossere cha
@ram*ma effect on the comnreasibility 4o the fiow. The cosumplion of
a constant reference pressure can, in some casas, bo fulfilled io

practice by instolling o surge tank in the eystas to da

P PressuTe

fluctuations. Ae o first approximation then, the sosumption will be

gade that density may be ovaluated op a function of enthalpy only:

p = ol p*) (171-1)
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Fig. 1. Schematic of the Loop for Analytical Representation.



The mejor difficulty encountared in a compressible model in which
the density 1s evaluated as s function of enthalpy snd pressurs is one
of numerical stebility in the solution of the aquations describing
the system, The vequired time-gtep size is on the order of the tims
for & sonic vave to pass through ona space step

standpoint.
A natural~cirenlsation loop can be operated near the critical

encountered in smay industrial spplications. Thevaefors, sttention was
transisnts ware rYeported in the literature and which wers encoumtered

Considering the fluid in the ot" ¢loment as the tharmodynamic
systes, Eggvmgﬁgggﬁgﬂu

Assuming (1) the work done on the systam by frictional forces
is negligibly emall, (2) the kinstic and potential energy terms can
be neglected, and (3) the affect of pressure changes with time on the
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anthaloy rico I GO

ba weithon oo
pohfor G OMfam = GlK. {I1T-3)

a dotepndved by

The caustion of pol

Ehe i volune slonont ie

that the density 4z mot 4 £

snton io oot alloved; ead, hesee, o loegl decresss in dov

local compro

o ond veloeity which gze

posults in distwbonges in the loesl prossw
propagated ot the gpoed of B@mﬁd throughoot the loop. This cffect i
the same o thot which vould veouli if one of the beads on a etring of

clogaly spaced boads wove mow uli the boads would pove the seus distooes

with the sase welveliy. Thercfove, because of £his assumpbion, tho

& o

oeoeniun cqauation st be intoegrated over the cablve loop eiveuis and

& used fo represent the bebavior of the oworage nass veloeity, f‘, only:

L jaciory - -

-F LTS

'b}

B¢

€34
ﬁ’

s

and the total rosisitonse oo fluid flow, 7, is

gg 1;‘1 " :3: f ok PRah Y
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The gosumpticn woo onde thet e vomentue losues, duo to internsl drap

f-x

e

forses in the locp, wre negligible. Since the loop i 2 cloned

s
CRECBLE

Jap = 0.
Por o given mzz:‘vmuc@ progoure, the frictionsi pesistanee to £iovu
due o the mopombn gochouge vith She wall of the conduit wos

ealeulated ap o funetion of the actusl mess weloclty using o relation

o !;»:J.;@ - (IT1-3

.

wvhere T vag & congtont whose value depended os the moan mass velocity
and neon density of the fivid,
fn onpresoion fov the loeal change in tho mass veloeity fo terwg

-

of the iocal heoating con be obtained by glininetion of the time

rate of
density end eathalpy chomge in the continuity ond cnevgy cquations vith
the uwoe of the cguatien of stote., Hpplying the chola rele of

difforentiation to the equation of stote, Bg, (LIi«1), the rosulg is

Ipfot = {Aofdn)fahiag) . {I1T-10}

I£ this vesult is gubstituted into the oguation of continuity, Bg. (IIL-2},
then the cupression bocomes

« @GRy = {dsfa)DPhig) . {IXT-13)
Solving for (@h/ot) mnd substituting the pesult into the eneroy cguation,
Bye {I1T-3), the apression for the local choppe in the mass velvclty is
ohtaincd,

©elzy = Qi) [69uin - o8] o (T11-12)
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This equation ond the sosentuw eguotion, Hg. {I1I-5), describo the

encrgy~iydrodynanie velationships of the flov system. & complote plcturc

of the mass velocity bobavior in the steady and transient state eom bo

obtaived by the slmnltancous solution of these cquations. The techniques

and pathods used aro ﬂscus&e& in the loot section of this chaptor.
Qualitative foalyeis

& gualitative piectvec of the transiont loop bohavior can bo cobtaingd

by enanining these eguakion

s, In the steady~state condition, the
momentun equation stotes that (dB/de) = O and, therefore, fp =T, In
the cnersy equation G@Lioz) = Q/4, therefore, €6/2) = 0. iow 1f an
increace in heating power io opplied to the flowing system, Q/& >G( b/ z)
and heuce, the difference [G(h/2z) - Q/A] ¢

shes on some negative value.
Since the tern [(L/0)(d2/dh}] 1o alweys nepstive, there is a positive
inerease in DG/O). The chasge in (26/2z2) vesults in (GB/of) increasing

bocause of the incroased Jp vhich in turn must be balm

ced out by an
faerease in the resistance to fluid £lou, ¥, to return dG/de to zero.

The result of this scquence of events is shown in Fig. 2.

o this fipuwe, 1L con be scen thot the inortia of the streom

regulted in the Initial overshoot and the subsequent undershoot. The

gysten damping cauged the mass velocity to docay to the new steodye-siabe

value sfter o fou eycles. It should be soted thet the same seguence of

ik have bees

initicted by changiang either the fp or ¥ towm

in the someatun cqoation,

wever, in J{iabastic flow, the chanpe in

heot addition s uwooslly the forcing function for o £flow cha




MASS VELOCITY, lbm/ (sec)(ft2)

o

Fig. 2,

TIME
Response of Natural-Circulation Loop to Step Increase in Heat Input



A paasi.bﬁifzgplmmmm of the sustainmod flow escillation io deduced
by further anolysic of Bg. (I1%-5) zmé (I11-12). There are four torne
in Bg. (CIE-12) which would foree a change in (96/92). These sre
[(L/ey(dasan)] o G, @h/oz), and Q/A. Q/3 io the only warisble which can
eadently. €, [(1/e)ac/dn}] and ©hI2Z) ore dependont
guanticics vhieh can be oonipulated primorily by changing the thervo-

dynonic gtote of the fluid. The post favorable condition for largo
changes in ©G/Hz) ko occur is thet the multiplicr texm, (172} {doidnl) .

and the term [G{an/oz) - O/A] bo lewge.

.

Lot us consic

cr opain the sequence of ovente fosding to the damped

poeililation in the Fig. 2 and this tioe ssome the poltinlier is sevorcl

times lorger, An Snercose o the hest fnpuk vesults ia [0QR/az) ~ arnl
bedag again vogative. This difforence iz owltiplied by o lorge mmbor
and, thoreforc, o Isvre positive @6/2) results. Yhen the overchoot
COBUER, [&@a&la 2} ~ Q/8] becomce positive sad again 1s wultiplicd by

the some large pumbor. This process continues oo loap as the L

EEe
chonges in @G/ ozY result in Jp's vhich canmot be damped ropidly cmowh
by the friction ond ponmentum losses in tho aystem,

Thus for the analysis has been primarily on the basis of o single
eontrol wolune of fluid. Vhen o serios of thego ore cascaded to pimulate
& hostor or cooler seetion, furthor deductions con be made concopning the

dyoonic bobavior of the loop, Io Bg. {IX0-12), throo terms will bo

3.

ic atote and position 2 ag

offocted beesuse of the chonge in thermodyno
the f£luid moves frou one contrel voluoe to the ment. The local mess

galoeity, ©, will be chonping because of the £luid expension, 1/p (&f“*iﬁh}j




a7

e

end Qhfoz} vill bo changing beepuse of the hest addition. The voloo of

448 ney be chanplen bocovse of the varistion in best-tronefor coefiiciont
with the thormodynende ctate of the fluid, Henece, there are scveral
possible wochonians for chenges in GG/oz) to scewr congidering osly
the eguation deseribing the leanl chanpe of mass velocity.

To obtain o better phycicel pleture of whet is happening, lel ug

assune there s o control voluse of fluid at the upper cod of the heator

i gl

section vhich %9 nbout to uederge ¢ lorge copossion with the heat yidsh
il be adfed dering o ting intervol. Thes the hest is added and thoe
expanoion tahos plose, there will be a simltancous incsease v sposiilc
volune of the fluid ond in the prosecure of the systom, The pressuis
inerease ocovrs bovause of the spacific vilume fasrease since for the
#izat fou tine intorvels we can consider the lospy 28 having o constunt

totsl veluwe. The loepl pressere increose i tronsmitted ab the spod
of sound throughout the loop., Since we apsmed thot the control wolune
of §luid wap at e top of the heater, oaly o sooll anoust of fleid 4o
fevolvod Iz the lorse volmme facrosss. Hopee, iF would bo ressomable to
posmpe thet i the heotine vere to be docpessed 2ad the cooling Inercased

at thic time, the offent of the presgure oxd flow fnercase could be

quickly gancelled. s i the effect that io cchiowed by the loop
dymandes. Too fnceeuec o the fleid flov ot the top of the hootor
canzed the £luid af the cooler to flow festor and be cooled mozas
aulekly and o the soe e the fluid fo bouted loss In the hestor
soction.

The fluid ig Leatsd legs in the hooter bosouse of two factors. The
initial spocific volume iucresse wonld tond to propupate o mass veloeley

disturbance in both divections vwith the roeoult that the incoming fluid
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8 sloynd and the outpolns flvid acecleepstod. The inconlng £ieid baiog
ivially clowed and She iaceosse of cocling woto in the cooler wosulis

in the prossure ond Elov zetwning fo nowmol ond, fndeed, wndershooting
tha stendy-state waluog. The oyelo ropunoo oo ooon o the nest control

wobung of fiuid 4o honked o the point thob Hrehor heat ae}@ii‘;@w ikl

S 1.7 Y .
xzees in ewacifte wolimm.

dynemdo otete of the oysten £lnid 4o such thot the

comtrald voluue of fleid vhich 7:; about to wedadps o lerpe ouponcion wigh
the boat ©o be edded duping o timo im;m'mi iz ot the lower end of the
hootow, then it wwld bo orncctad that, e the nocs of fluid iz thoe Indglal
eoatrol volune passon throunh succeoosive control wolunes, it vonld
continne to ezpond. The progrecs »f this smee of fluid throuph t%m

honter is movked by on fmervesce dn flow pote o the fluid abead of ghis

porticuloy mase of £luid is boing acoelovni

> upererd gheough the heutoy
by the heat additlon. o this cooe a louwer fyeguoney transiont weld be
erpeckod becguse of tho largper copunt of fluwid dovolwed before the driving
fovee, as digcugand abowe, for the tronsicat is reducod.

To swrarize the auolitative malycio, 18 bos been eonjoctured thog
the initiation of o encgained transdoat 4o cowoed by & chosge fo thoe

pate of posslovetdon of the £inid in the bester or cooler. This conjocture

wng based on recsonlns frem o physicol model ond frem emsmisation of the

R

onc~dingnstonal covations deseribing
The hypothesis fo odeopeed thot gusteined floy oscillations vwill not
puict in any sycten oo loop au the deiving foree yamaing constong. I it

doog wary in o flowu gysten, thoen the chongs mwt be dasped by fncxeosed
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£iuid to become such that a non-wniform rote of sccelerstion of tho
fiuid io agoin significont. The First towm will depend on vhere in the
tent section the low doonsity fluid is formod. The latter torm vill
depend larpgely oo tho time required to heot the cloment of £Fluid to the
same thormodynsnde stote 2o existed provicusly. To odequately coloulate
tho tronsient time in the adiobatie seckfon of the hot lep, it 4s
nogegsory to hoow the point ot which the noneuniforn aecelevation bhontoes
o ocowr: hence, in o finite differcnce cclutlon of the conservation
countions, tho lensih of the incrouvents should be as small ag posoible,
consistent with the coonombes of purchnsing computor time. An oxder of
mopnitude aporosinetion ig thaot umﬁ lensth of the increment be oqual to
ien diamcter.

Snother way to visualize the operstisn of & natural-civeulation Toop
and the somditions during o transient fo to voe o plot of Eﬁ,gg VersUD
loeal peecleration, Thic kind of plot io shiovn {n Plp. 3. If 2n obsoreoy
poved with o control sotume of fluid arcund the loop, then Fis. 3 {2} shous
o history of the spubiol gecelerations coperionced by this control

volume In steody-stoin operation. The £luid ontors the hester st point (1)

wideh ds the cuit of the hoater. The £luid cont: vol volunme then contimucs
at ¢ constant veloeity uwp the hot lepg and ovor to the cooler at noint (3).
T the coolor the £luid o wnifcealy decclerated to the inirial velocity

at which it eatored thoe ﬂﬁwgu point (3) to (&Y. The £luid then travels

at a constont volocity baok o pofnt (1). The slope of the curve fo the

boatar, noint {1} to (2}, will depond orinorily on Bhe heot fap it ond tho
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thorsedynanic stato of the £luid at the ontrance 40 fhe heater. In o

eongtant avea siagsle-phose oy high-progsuce tvo-phase gysten, the

dongity in the visce povkion of the loop vwill oot wvary nuch with tines

heace, the wolocity in thils portion of the loop will be constant and

equal to the velocity of the outlct of tho heotor. Thus the trausiont

time of the control volune through the cdizhatie sec

ton is reprascated

by & verticsl line on e pesition-accclerstion diagran,

i voluwse of fluid

The sequence of ewvonts whiech oceurs vhon the gcontrg

boping to poperionce o groster vote of scecleration at the upper end of

&,

the hoator scotion, sug

: a8 1s encowtored whon the slope of the denoity-

enthalpy ewsrve incvrepscs, is showm dn Fig. 3 ). If the loop flow i

initially oo showm in (o), thon during the tine for loop to adivct
o the new flow pottorz shown in (b)Y thore will be o traasient condition.

On the other haad, if the loop io indticlly fn the state shown fn (b)),

thore 1ill be o teoncfeat introduced in goiag to the condition in {a).
‘The guestion con be posed as to which trassicion would bo easicr for

yaonie asyston o undergo.

the iaitisl aceeleration in the
hooter 4s lorge o dovn In (2).
The resulte of cuperincuts to confirm those poujectures will be

prosented o Chapter VI, The asslysis of the gystem cquotions for

5 usiog Floite differance nethode is acxt doseribod,
telds stable flow

1% the simsltancons sclotion of the systen cguotions
conditions vhon the asceloration of o £lufd control volme in the heatsy

or covier is conotani, uad oseillations vien the scecleration is son~unifowm,



chen the hypothesis will have been confimast for this single-phoss
systom,  IF the compubter podel prodicts phe two vanges of fxequoncics

_

corresponding o v

e din the heater or cooler the nog-uniforn

accoleoration occurss the hypothesis can bo oztended to two-phase

systons because of the similarity of the secclepating forces, thus
providing o unilying theory for the oscillations gacountered ia

»

suboooled and fwo-phal

e gyotans.
Programuing Analysis

& Jiffercogc appeosingtion to Bg. (EIi-12) wwitten for coach

increnent in the beotor tube would supply @ docoviption of the

paviation of local mass velocity aboub the Svernen.

worentus equation vioids the behavior of the overage megs velocity with

tlaw.  Tae siouliancouns solution of these equatioas will give 2 complote

dogeription of the veos volocity of tho £luid fa the ayston a8 @

fuackion of tioe and gpace. However, i wuly the behovior of the

average mass veloclty with time is desived, then for easc of propramuing

for a digital couputer solution, ouother proccthas is followed. &
difforence approsimution to the energy cquation, Bg. (IL1-3), fe uoed

5

to obtain local chanpes fo onthalpy. Local volues of density ave

evalogted fron o Jocal walves of cathalpy. The clevation deiviag

I 5.

presoure eoa thew we caloulated En

3 tho dencity distribution. Tho

o

mase. veloeity which resulis from the clevation hosd is then compubtod

andy if thio chechs £ao Initdal vose velscity, tho computation ecadg.
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oo

The peasval opproachk to the solution of

50 equatioas is bo assume
- somi power loput, sod stendy-stote conditions

3f the “"initial voloe” Lype with time considered

The steady-stats conditione of the systom at

& = 0, defiine tho falticl state of tho oysten. Thoe deoplop fa the syston

sorven as the “bomdary condition”™ to the problom. The cucvgy, contiouity,

GoucatE, S

| gtate cgugtdons for the loop, a8 doveloped in finite

diffevence form, arc svived for the valuos of nase volocity, en
and pressure ot &ino & - 4 in toxme of the quantikics of time . &
digitsl computayr progran fov as INR704 wos developed to colve the

€inite Jifforence cguantions by ou iterative method to detexmine the

Gruanic bohavior of the systen during the trangioat.
Tae iﬁéi:gmac;n: "“L&ui" af the probica ls tiac ¢ veferrved to by §

ia the finite z%.:.:,"’.ar* see oguations. The mein uabnows dependent varishles

o coslant enthalyy, maos volocity, and poossure, desipuated as B{i),

83}, aad pli},s roopsciively. The awmilinry unlnows

perature, which con be detcrnined

of the waln depundent veviablos from the Labulaied waluos,

e

Yuo sioplifying acounptions sude with refercnce to the dipitol

omputey are as follous:

{8} CQuasi-gtoaly stobe conditions arc sssused to provail duving the

framsiont, f.¢., i€ s cupposed that ot cadh fustont during the Lrasciont

exloto gn festostoncods gtoady state gad, o8 & conseguonce, tha

stoady-state Svickion fockor can be applicd instanteacously.

(b} To allov foz -%—‘hﬁ gpatial wavistion of he fluid proportics

loop io divided into n increments. "Lumped porameter™ representation
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used for overy incresput qud the Smdomestol cquations describiay the

5 g

bebavior of cach supneat ave goserally exprosced in terus of the dolst,

putlet wod average propovtics of the £luid io that iscrencalb.

ooy ds sectivasiized in the g-dizccticu by dividiag it into

o intorvals, wot cocesserily ovenly spaced. The wmesh focroment Jz ig

glven by

Dlp * @p ~ Zgel »

od at & nusber of timen during the transient,

=) - O, £{1), o {idont(i¥1). The tins stepe &:{j} are not

necesaarily ovenly spaceds:

2605 = 205 » {31} .

The aoalyels do divided fote tuwo moln savkse--steady stato ond
tronsient. In the steady-gtate apalysis, the systenm thermodynande
propertics in coch control volws and the mss velocity preveiling
throughout the syoten bocouse of the stondy-state hest input are

enlealatod by the o

wuter apd otored. Thape guontitics vill be woed

25 inftisl conditions in the transient snolgysls ohich caleulstes the
mata fadopendort vorieoblos (b, B, ond p) ot time € + Ot in terng of the

cusntitfes ot tice, €, sltor the steop dncresse in heat daput.

The steady-ateto quantitics ore ovelunked froo the transiont

equntions by starting fren plven Inlet coolont propertiss end an

wsouned uons woloelty ond mofataining consgrat heat Input ond heat
ertraction levels dering the sucesssive tino skess watil all ghe

talteulated guantitian converge o wlthin & praseribed e

bo noted thot here tine is need as o dumy varisble--only a8 o means to

dy-state guantities.



The transient analysis conuists of threo medn partes (1) enthalpy
caleulstions, {2} maes welocity mlmlaﬁm, andg {3} prossure
ealeulstions. The system state properties (hy ps ) &ve caleulotoed
at time + 2% using the initisl opatial distribution of thope
proporties caleulnted for the steady-ntate und the value of wmaes

voloeitys 5& at $imo Y. Thoso propertiss are ihon beld constand

during the mess volocity calewlati ug the systom density

distribution et time % + A4, the puss velociily is enlculated at
timo t+ Ate After this caloulation ths muss velocity is exanmined
for convorgenco. 1f tho mess wilecity hao converged, another stes

dncroace in bout fnmput is onde and ths caleulutions reposted agmin

This procedure is vontinued until ths mesy velcecily fauils to converge
or & spocifiod hest input heo besik roachede

Following the precedure of Noboavandi (51}, the onorgy cnd tromsport
spuations are uoed to caloulete the svernge wnd exit covlant enthulpics
for ouch pegrmnt respectively ot time 1 + A% ge a funclion of
guentitios at ime t. The energy equaticn, Do {IIIe3), then
sxprosged in finite differonce Porm end solved for the average
lutd du the dncrowent st time %+ Aty is ws follouss

estialpy of tho
B 2Ry fe/mye ~ BB (o -, G/

(11113}



uorpy cquotion for the adiabatic scetions of the loop, io £indeo

Hifforonce forn, con bo aitply Jderduye

from Bg. {111-13) by neglacting

the boat eddition topr

Bt =B v 5ty (5 [ga - hmﬁﬂ} (rr2-18)

For the purp

we of doveloping the trangpork cquations, it i
sasumed that tho enthalpy distribution alvag the £low poth in coch

seprent io lincor. For uy increment, onec way write:

E,B{gg w% [&&*& (e-T/2 ¢ 0y, (tw!z?j {IL1I-15)

(1E1-16)

Brpanding the above cgustion in Taylor Borics, ueglecting second order

orrs and putting the repult in findte difference form yiclds:

%* (3@!) - hn’eij} e % [g f‘n{j} - hmeﬁﬁ o h&@i{j}:{ . ﬁnfjé’l} - En(j}

¢ITI-17)
z;mﬁt;;ifi*l)f = ﬁmt,,.iﬁ‘g’l}

To obtain the nass veloeity gt time £ + 4%, the momentun equation,

Bg. €IIi~5), fe written in finite differoncs form ap follows:

Beiray = 60 + B [p(py - #D . (LIL-18)
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Tunctions describing well friction obgcywations ia steady-stato

poaasure drop cxperiments ove supplicd Ly veons of expirieal cquakions.

(g = ugpy B (111193

The pregsurc ot time & + f¢ ¢ obtained by cssuming o constent
voluse and nasy gystien exigts. The foerecte in spocific voluae of the

£iunid st o5

e {391 4o used to compute the prossure at (1), 4n

aoproxwimste vodulus of clasticity is used to calculate the pressure

mgen



CHAPTER IV
EXPERDMENTAL APPARATUS

A test apparatus was constructed to investigate the instabilicy
characteristics of a2 naturalecirculation loop operating neer the
thermodynamic critical point of the system fluid. The loop geometry
vas patterned after that of Schamidt, Eckert, and Crigull (37) and of
Holman and Boggs (19). The main criterion followed in the design was
that the flow passape be ag swooth and free of ﬁbstrueéians as
possible. Tuwo loops were constructed with the major differcnce
between the two being 5.33 feet of vertical height to provide a
higher flouv rate and to provide inecreased volume to reduce the severity
of the pressure surges. The cuperimental dota required was a tine
history of mass velecity and of density variations groend the loop.

To this end, instrumentation was provided to obtain dats from which
the mass velocity and density could be calculated, In addition, the
test gsection wall temperatures were measured to furnish data for
calculation of the hest transfer coefficient.

The test apparatus (Figs. 4-8) consisted of a closed, constant area
eirculatory systea made of stainless stecl type 304, commercially drawm
tubing, with an incide dismeter of 0.93 fnches and 0.035 inch wall
fhickness. The oval shape was chosen to avold sherp bends which would

increase the momentum pressure head losg and thus reduce the mass flov

36
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rate. The flow path length, measured zloag the plpe axle, was

23 feet for the small loop designated as Loep Ho. 1 and 38 foot
for Loop No. 2. The two volumes, exclugive of associated tubing,
vere $.129 and 0.130 fﬁg. The heating power was supplied by &
70-hiva Sclaky Ignitron Coniractor whose putput voltage could be
varied from 0 to 45 volts comtinuvously. The gieetric pouvor was
dissipated in the test sectiom which acted a5 & resistance element
and vhich was ecoled Ly the flow of the test liguid in naturale
circulation. Heat removal was provided for by a concentric tube
cooler through which tap water flowed.

An assembly drawing of the heating section is showm in Fig. 9.
Copper blocks were silver soldered to the ends and connected to
the output of the Sciasky power supply. Electrical insulation from
the rest of the loop was provided by Durabla gaskets and
washers.

To protect personnel and the test section, several automatic

safety features were included in the apparatus:

{1} Overpressure protection with a rupture disc
{2) Shutdown of electrical power if the systenm pressure
exceeded a pre~get pressure

£33y Burnout dotector

Rupture disc breaks and electrieal power shutdown by the pressure
cutout switch were encountered several times in the experimentsal

program. Burnout detection consisted of wisual observation of the
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test section temperatuyes om twoe potentiometric fype temperature
indicators. Although zhe response time of the indicaters was slow,
the heat flumes weres low enaugh'that menually reducing power was
sufflciently fast te prevent overheating the heater tube vhen burnout
conditions were encounterad.

The 5 foot long coecling jacket vas welded te the tube (Fig. 10).
Mo allovance was mode for the uneven thermal ezransion betwsen the
jacket and the tube. Cooling was with top water. The inlet and
sutlet temperature snd the volumetric rate of flow of the cooling
wvater flowing through the heat ezchanger was measured to provide
data for a heat balance check on the energy input to the system.
The temperatures were messured with Chromel-&lumel thermocouple
probes placed ia the water lines while the volumetric flow rate
was measvred with a calibrated Flowrator. Two Flowrators with
ranges 0 to 0.6 and 0 te 10.0 gpm were connected in parallel on
the water inlet line to measure the volume rate of water flow.
Inlet water flow was to have been contrelled by an air actuated
valve slaved te a thermocouple signal originmating at the inlet to
the test section but operating experience led to the procedure of
manual control. The cooling capacity of the cooler was Found to be
excassive under some opevating conditions and insufficient for others.
This effect will be explained in more detail in Chapter V.

411 Freon-114 bulk fomperatures were measured with bare 30-gauge
Chromel~Alumel thermocouple probes in the fluid stream. The probes

were positioned perpendicular to the tube axis and the tip was at
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the tube centexlinz. Thls positioniog wes oseccomplished by using a

Swagaloch wnlon in whish 5 1/8 12T = 3/16 Swapelock male counector
had been sre-walded on one of the fla ¢ the hex body., The details
of the asgsenbly ars shoum in Fig. 11, The islet thermocoupnles for
the test gection and cooler were placed fmpmediately upstreoam of

these components. The outlet thermocouplos wers pleced approuimately

30 diametere from the axii. This slocemout sseored that the

temperotures were Reasured st posints whore the weloeity and temperature

ant, or anearly so, across the tube,

Al bulk temporgture thermocouples were calibrated in a hipsometer
typo apparatus. In this gpparatus, the prescure could be varied from
& te 2500 psip giving a continuous rasge of celibration temperstures
to 660°F, The thermecouples used in this experiment were calibrated
in the 200 ¢o 500°F range. Ho significont deviation of the thermocouple
onf from the manufactuprer’s published tables was noted; hence, the
tabulsted values of emf versus temperature vers usad.

Continucus recording of the thermocouple emf's was accomplished
using o ¥ionespolis-Houoywell "Visicorder.” The d.c. signal from the
thermocouple was amplificd one thoussnd times by a transistor ampiifier
and then recorded with the "Visicorder,? 'Ez-waa_nét possible to detect
temperature fluctustions of less than sbout 197 becamse for small signal
fluctuations, the pickup molse level was comperable to the signal. The
thermocouples had good fregusucy responss, the time constant being about
S to 20 milliseconds. The time constant was deduced by compariag the

3-gauge bare wire themmocouples te 28-gauge bare wire thermocouples



PRESSURE TAP

BARE 30 GAUGE CHROMEL-ALUMEL THERMOCOUPLE

I"™ SWAGE LOCK FITTING

Fige 1l. Bulk Thermocouple and Static Pressure Tap Installation
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viideh had been tested for response and vhich were found Lo be ia

this vouge. {15).

™

Gutside surisce tomperatures of the heater section ware measuved
with Chromel-Alumel thermocouples dischepge welded to the ocutside of
the pection. ALL of the wall thernocouplos vere wrapped two burns
arcund the tube o uinimize any condvetion crerovs. The theruocouples
were then sceurcd iv place by wrappisg thom with giass tope.

Several therswceosupies were inserted in the lusuletion surrounding
ihe loop so that & check could be made on the heat loss to the
environment. & kuovledge of this heat loss was particularly iumporitsst
iz the test scetion in order that the covvoct euergy input to the
system fiuld could be Jdatermined.

The encrgy iaput Lo the test section was measured with s
precision Weston portebls wattmeter with o range of 0-500 watts and
os sceuracy of 0.25 per cent of full scale. As a check, the heat
generstion was also detormined by the product of the voltage scross
the test seetion and tho current through it. The current was reduced
. with a current transformer with ratios of 5:2000 to 5:4000 and read
on a calibrated ammatex. Voltage drop along the test sectlon was
measured with a Weston portsble voltmeter with & range of 0.30/75
wolte and an accuroey of §.25 per cent of £ell peele. The heat flux
densigy of the test section is only a function of the total resistance
and the beat transfer aree and ic shown by the following egquations:

@
_ 1 E° i Btu e ex
Wby = 3 R T1.0354 Ki-sec (Iv-1)




o obtaln the tpuncieat flovw indicntlon, o Petterncter wes
oripgioally foctalled in the loop. The Pottermseter iz & volumeivic
£low meosuring tronsdecer with a digital electrical signsl output
vhose frequency {cps) is divectly proportionsl to flow rate. Each
pulse reprecents a dlserete volume for fiow totalitation, This
method of flow mesgugoment ves found to bo weetisfactery heeovoe
the Poltermoter robor wounld becoma stuch offer o few hours operstion.
Tagpoction of the Poltermoter vpon ranoval Izom the Zoop reveglod
po gippificant depogite or corrosion, Teo FPottormetors werce tried
before chandoning thio mothod of flov measuremonk.

Since a venturi can be wsed to meesuee flowe with 2 bigh degree
of securacy ond its zecsuraey iz not affected to aps large & ﬁagrae‘
by corrosion or deposits as some of the other meters, it was decided
o upe this type of equippent for the flov seopwing deviece. The
wenturl was chosen ovey the mechanically siopler thin plate orifice
bacausce of its hisher prossure recovery. The flow vate in the loop
conld vory over wide iimite, and, henes, the vonturl was slzed to
@btain preossure drops of reacsoneble magnitudes st the eupected high
ond louv flow retes. The venturil woy designed aceording to the
principles sot forth in reference {48). The details of the design
are showm is Pig. 12,

The f£lov prescure drop in the venturi wae meassured by two
rethods: {1} a mononeter contoining a £fluld of 2,95 speeific gravity

was used for steady-state runs, and (2) ¢ 4ifforentisl pressure
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transducer Stathan lodel M 80 TC, 0-5 peig for the transient yuns.
The signal from the transducer was recorded weing the Visicorder.
The transducer was connected by short lines to the pressure taps.
This arrangement gave rapid respense to o change in the flow rate
as evidenced by the change in the pressure drop. The accuracy
of the differenticl pressure transducer uas €.25 per cent full
scale. RNonlinearity aund hystersis were less than 0.1 per conk.

Systen pressurc at four points in the system could be measured
by means of pregsure transducers or by a Heise bourdon tube pressure
gauge. These locations are shown in Fig. &. Conuection to the
system was by means of o 1/8 WPT x 1/4 inch Swagelock male connector
arc~uyelded to the Swagelock union (Fig. 11). The pressure transducers
were used for the transient ncasurements while the gauges were uged
for steady-state opevation. The Heilse gauges had a ealibrated
accuracy of 0.1 per cent of the full scale veading., All pressure
tap lines were cooled in o counterflow water cooler to insure that
the instrument lines were always full of iliquid and that the
temperature limit of 250%F of the fluid in contact with the trensducers
wae not ezceeded. The accuracy of the absalute pressure transducer
was 0.25 per cent full scale. Nonlinearity and hystersis were less
than 0.1 per ecent.

The accuracy of the omplifying and recording instrument was
gufffcient to introduce no appreciable errorx in the recorded
quantities.

before beginning o series of runs, the bucking voltapc~amplifier



recorder combination wos checked by introducing a calibrated signal
in place of the usual signal. Any varietion of the recerded signal
vwith respect to the input signal was correcied by zdjusting the gain
in the amplifier. Iu this mamner the pexformance of the recording
uvoit could be checked and adjusted.

It was possible ©o ralse the system precsure by tw methods:
{1) heating the constant wolume system; or (2} use of 2 nitrogen
bag accunulator. The method of ralsing the myﬂggw@ during warmup
is discussed in Chapter V. A pressurizing systom was included to
insure that the loop was always £illed completaly with liguid before
the start of heating and to make control of the system pressurc
casier.

The asccumnlator was also intended to domp fleetuations in the
system pressure and absorb the volumetric expaacion of the Freon
as the temperaturs was raised. Without ,ﬂ«m avtonatic pressura
control effeeted with the hydravlic accumulator, continual bleedins
of the system charpe was nocessary to keep ¢ glven preasure in the
system. Algo the heat input and removal vates had to be controlled
much more closely. The hydraulic aceumulator was a Greer 2 1/2 gallon
balloon type with nitroagen on the gas sida. Tho test fluid eantezs
the steel tank and collapses the gas bag vhen the pressure increases,
while the gas bag cxvsnds and pushes the test £luid into the system
when the system presgure decreases. Three nitrogen bottles vere
connceted in parallel with the gas side volupe to reduce the pressure

tise in the gas side becouse of the liguid easpangion on the liguid



side. To alninize the liquid expansion, the systom was filled with

just enovgh liquid to allovw pressurization. This vas accomplished

by £illing the system with sone arbitrery amovat of £fluild and then

checking to see 15 the pysten would pressurlze. If it would, then
fluid was bled from the system until the pressure began to fall., &t
this point, the syctem conteined the minimom ampunt of liquid waich
would allov pressurizction. To insure that the temperature of the
iiqguid in the sccumnlator did pot exceed tho operating tomperature
of 2509, the line from the loop to the accumwlator was run through |

& water tooler.
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CHAPTER ¥
BREERIMEREAL PROCEDURS

Bafore beginning the experimental work, the loop was hydro-
statically tested at 1000 psi and checked for lesks. vhen all
leaks were stopped, the system, which bad been cleaned with
trichloroethane solvent during assembly. was evacuated to remove the aiy.

The loop and associated tubing was then f£illed by boiling the
Freon-114 inte the loop. This was sccomplished by adding heat to the
Freon~114 container with wrap-around zesistance hosters and infrasred
heating lampe thue raising the temperature and pressure of the combined
loop and Freon~1l4 supply cylinder system (Fig. 5). Heat was added
until the tempersturs of the Freon-114 in the container was at the
saturation temperature copresponding to the pressure in the cylinder and
Loop. At the same time, cooling water wae passed through the cosler in
the loop. This procadure resulted in the Freon-114 being distilled into
the loop where it was condensed back to the liquid state. After the loop
was filled, the system pressure waps ralsed with the sccumulator and all
manometer and tronsducer linee were bled o vremove any air which might
still be in the system.

To determine the charge of the system (pounds mass of Freom-114 in
the coustant volume system) use was made of the thermodynamic tables for

Preon-114. After o partial £filling oy blecding of the systom, it was

34
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nggesssry Lo asasure fhe prossurs and temperature of the systom in a

",

shase region in vhilch tho pressure ond {enperasture sre independent
thermodynamie coordinaten. With those two coordinates, the spocific
volune could be obtoined from the tables. Then, since the total

volowe of the system was kaown, the charpe could ba calculated from

Yolume of mysten, £
Specific Yolune, ££3/1bm

<harge =

in oo experinestal loop guch as Schmddt’s (373 in which all the

Enes

reating waz dn the Uwoephisse reogion vhere sressore end temperature
ars dependent coordinates, it was necessary to weigh the fluid as the

ioop vas £illed o obfaln the system charge.

Tharee procedures could be used to start the loop in operation
from aozmal room tomporatures. The choice of gtart-up procedure
dapended on the circunstances of a particvlar test. These procedures were:
{1} Chearge the aystem with 2 mass of fluid which wpon heating
would euxpand to the critical volume at the ceitical pressure and tempea-
tavs. Sines the critiecal volose is approwimately one-third the liqguid
saturation voluae for oost £ivide at ordivovy room temperatures and
prossures, i€ wonld bo necessory to £ill the systen about one-thisd full
in order to veoch the critical woint. The boating process can be
followed vn the T8 dizgrom 2s a constont voluse line. This was the
procedure used by Schuidde, Bchert, and Gzigull (37). In this case, nild
heoting vates ealy can bz applied until the system reaches the operating
temmerature and prossuve ponge. In this unethod of heating, the £luid is

eotirely in the tvo-phase or guperheated veplons. The fivet and ouly



56

attenpt in this esperimentai progrem ot storting the leop o opeveting
using this mothod vesulied in a test seciion vupture due to overhcating.
{23 P11l the system completoly wish Zluld, To chfatn a desired

pressure, bleed part of che fluid back duto thoe supply tank ag the

Thls sothed mould allow heating to the
critical temperature along the satuzatod liquid lise. Above the
eritical teopersture the hegting contimues in the suporeritical repion,
fu alterugtive to thic wethod would be to adivet heat Imput or Lost
vemoval in order to bring the system te the desired operating point.
This wos the procedure usad hytmlman end Dogge (19).

{33} ¥ill the systen completely with fluid by pressurizing with
an ocecumuelator to the desived operating prossure. As -:&a fluid 4s
heated, it expunds fotc the accumulator which bolds the system prosgure
constant. This was the asin procedure uged in this lavestigation. A
variation of this procedure xs 0 pressuxize by ceans of an euteranal
punp or acecumulator, then close the conmecting vslve. The Initial

prassure sctiing is miataiued bty balascing the heating and cooling

rates and by partiol biceding of the system chprge. This was the
procedure used by VanPutte snd Grosh {38}).

it is koown from cuperimental work ihat s the critical vegion
is approsched, & large decrease in density ot o constant pressure is
encountered, & lavge density decrease (opccific volume incresse) in
a2 constant volume systen will result in & lorge pressure increase. To

ngevent the pressure increase, it is aecessary to reduce the mass of the

gysten or to provide sdditional volume for the cxpansion. From
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pralininary opersting cuperience it was fownd thai ia the svitisal
weglon it wag difficull o manipulate the controls fast enouph to
prevent a large pressuce surge from davoiopinmg. Ik was thon decided
o use aa accumulator pressurising systen with & lzrge surge chomber
oa the aitvogen side of the accumulator. It wes sgsumad chat the
addition of the scowmiator would sot affcet the loop opevation
azcopt o minimize the pressure changes eacomatured in the crizical
eeiont.

The pressurizer syston was counpected to the foop through 170
inch {ubing for Loop Uo, 1. This was found to be uasatisfactosy because
of the time delay duc to the restvicted fiold flow ia the swall ildas
during 2 pressurc tvanoleat vhich prevented the accumulator from
faactioning eficctively oxcept for wvery slovy tvaasieats. In the seoond
loop, the pressurizer was comaceted to the loop Cheouglh 1/2 inch
itubiag which allowed o much faster response of fhe accunulator. Even
¢his arvangoneat proved ineficctive in damping the high frequency
pressure oscillations although it functioned wuch nore effectively than

the figst arrvengemeat for the slowey presgure surges.

Addition of the presguriser systom made three methods available

to maintain the systen at o sonstant pressare. (i Ireon~114 could bo
bicd from the system back to the supply xeserveir {but not added), {(2) it
was possible to inject ov rowove fluld frowm the ecivculating systom with
the pressurizer syoten by raising or loweriag the aitvogea prassure in

$ho acemnulator bag; and (3) heat fnput esackly balauced agaiast hest
removal. Changes in gystes pregsurc could be effccted by qay of the three

methods; however, the sccoud method was primavily used.



Operation of Lhe Isop was bagun by prassuriziag the system to

&

tho desived opcrating nrossere. £ low vote of hapting power wes
applied to the tost sootiom to start the fleid flowing. Cooling weter
flow was not turned on until the fluid in tha loop had beon heated to
near thse u*;»eratiﬁg temperature,  After approximately Iive minutes of
heating at one o two lw, the power would %o facreased by two ke
incraments to the dasired operating power.

With the acowmilator in the systen o absorb the volune inevcose
due to hoating, the systom essantially opeowatod at o constant pressure
asespt for small fluetuations about the wean. This left only two
variables to vary In vunning the test progran, the systen pressure and
the heat added or removod, Therefore, 2 sories of runs conld be made
at a conctant pressure with varioble heat Input or 2 coastant heat
input could be mointuined and the pressuve waricd. l'hé thirxd econtrolling
wariable wag the regnletion aﬁ?‘ the iInlet temperature by controlling the
cooling weter flow wate, This sas the primory ocothod of controlling
the Znlet tomperatere oneg the pressors and hoot fnput woere set.

Visusl obscrvation of the roverded fluid tomperature, pressure
dzop acvoss the venturl, and system procsure sms msintalned, This
capabllity was a very important factor in this test program. Siaco the

compressed ligeid region mas t_he _mapf:iﬁ thermodynanic veglon of interest

i this investigation, ¢ haowledge of tamp

crature oud prassure nove the
thermodynanic state of the systen &t all ¢imos, This baouledse of the
thermodynantc state of the fluld gt various polnte in the loop made nuch
easicr the monipulation of the systom pressure and heating rate to obtais

a given thermodynamic state.



Since the purposs of the expsvimentel prosren wes £n dofine the
yogion in which e progsuve and flow €luchustiony occurrad and to

cad . Tnry oy ST o Y iy wsimes ol aem o
£iad the cause, the tost prosram was of an 2

slovatory nature.

&5

Considersble Iatituds vap nossible in mw

»

£he variables which defined racie state of the aystem and
the flow megsuranante vere beodng continuously zacorded gad thes could
be rachecked at amy tima,

Initial explovatory runs revaaled the unstable condition to be
& stroag function of the inlat and oublei teupecelures of the £laid
in tho hoater gsection 2t » constaaf powew Imput, That is, the
fluctostions could be associatod winh tho thormodynaaic state of £he
systen fluid. The test program wau thew concentrated on finding this
functional relationahip.

As the Fludd wnn hested to the orxitleal repion, o rvopid fluctuation
in £low and progsure would be encountered. The freguency of thesc
£luctuations would be iv the vange of 10 to 20 epo and were cssentially
independent of the hooting vate.  The magadtude of the flectustions
depended §o somc ovient ou the heating vete, a hinher hecting zate
rosulted in lavger fluetustiops. At presseyes from the critical to
chout 40 psi sbove cyitiecal, the fluctustieony merc encountered vhen
the oxit tsmpersture of the £luid in the test scctiom was in the
280-285 range. These bLompsratvres were 16-15% belov the eriticel
tenpernture of 204.26%F; herce, the phenomens could mot be attributed

to the critical polnt byt rather to & erivlenl reglon.



The flvetustions vhich were encountered wben heating from below
eritical temperatorcs at o constand system pressure could be decreased
or cliniaated by lowering the system pressure. This esteblished the
fact that the fluctuations were dependent on the system pressurc as
vell as the tewperaturce of the fluid,

Sinece the fluctustions were cncountered at a temperature below
the critical temperature, this presented o problem in getting to the
eritical temperaturs. One procedure used wag to heat at low power

inputs {(smaller nasnitude of fluctuationg) vhile the cooling water

was off to bring the system temperature to near the critical tempevature.
This mothod would take as long as one howr to reach the critical
condition. The sccond method was to heat ropidly through this reglon

of instebility by leaving the cooling water off and using high power
inputs to raisc the gystom tempevature vapldly. Omece the fleid was
heated to the polnt that the critical temperature wes reached somevherc
slong the heated section, the loop ezhibited & steble operating
characteristic. The moss velocity would be considerably bhigher.

It was thus detormined that two regions of stable operation could
be defined. One vepion was defined by the heater section outlet
temperature beinp below o certain temperature vauge which will be
called the transition temperature range and this transition temperature
range depended on the system pressure. The other region was delined by
inlet tomperature o the test section being above the transition
temperature defined above.

dnee the fluid temperature had been heated post the transition

teaperature, and the m;; was operating stably, the cooling water flow



eould be increased, which wonld reduce the inlet booperaturs and
precipitate anothsr mode of unstoble operatioa, This time the
fluctuations would be in the froquency reuge of 0.1 to 0.5 ¢ps, sud
wpre analogous o the "coffoc percelator cifect™ observed in two-
phase systems. FPurthey lowering of the inlet tempersture would pesult
in the tronsition bachk te the higher freguency fluvctustions.

thern operating in the nesr-criticel region ot low power inputs,
it vas found that under cortain conditions the test section wall
temporaturs would decrease by about 50°7 indicsting some inprovemsat
in the heat~transfor cocffieiont. This condition uaually cceurzed
when the system fluid Inlpt tempersture wos af the point that further
inzrosse in the inlel tomporatere resulted in on inecrsased f£low rate.
Likewise, a decrcase in the inlet temperature with the reosullont
decrease in flow rate, veoulted in o kest scction wall temperatuxe
rise.

& feov ezplorvatoyy runs wore nade gt guberitical pressures inm
which the fluid saboved the tast section in the compressed liguid
state and left of o sunogheoted stete. Wih the smaller loop, Loop
¥o. 1, this mode of cperation resulted fn larpe pressure and flow
fluctuatlons of the porcolator type. By dnercasing the cooling water
£loy, the f£fluld could be pade to pags to the superheated rogion
entirely. ZNuns iz this rogion vere guite stable but much higher wall
tonperatures were encountered as pould bo cupected since fa this

region the vapor host-tronefer coefficient is wmuch lower.



The problem of cooling the test £luid asationed fn Chapter W
wE11 now bo explatned Ia detafl. When tho fluid tenperature was
balow the critical tempozature, high pousr inputs (assuwe 14 Rw)
would rosult in the gcovler boing uvnable to remove the heat fuput
ot the highest pogsiblz cooling wnter flow rate (10 gom). Az a
consegquence, the £luid teoperature at the inlet to the test section
would coutinue to rise. Io the critical vesion o flow rate of less
than 0.5 gpo wxe sufficient to mointain a congtont Inlet temperature
at the some 4 ky pover fnput. This wide wvariation in cooling

voguivenonts Idnited the steoady-stote test progran in the lowsr

tonpersture vegions to low power inputs (8 hmd.
The posstbility of the spring offoct of the scounulator exciting

the systen fluctuations vas investigated by coupletely closing the

valve commscting the apzemulator and the Ioop. The closing of the

valve hod no effcct oo the dnception of the sseillations, If the

- opeillating, closing the volve haé no offect. Hence, it
was concluded that the prasonce of the scoumiator in the oyston did

not corkeibute to the escillation sochonion,



CHAPTER VI

A Ay
& ik <ﬁ<;&{.‘u

WhL DESULTE AND DISCOSSIOR

The purpoze of this experimental program was to 'invéstigaim the
operation of a natwralecizculation loop in the sear-critical repion
to determine vhere and why pressure and flov fluctuations ‘had been
m@mﬁered in similar leops as reported in the litersture. To this

end, transicont t

crperature,; pressure, and flow messuvements were
made. A sumnary and discossion of f.:he roesults are prescnted in this
chapter. |

It was discussed in the preceding chapter that the aecmeme end
severity of the fluctuations mﬁeﬁ sesmed to bo o strong fuaction of the
theormodynanie state of the fluid in the loop. In an effort to define
this thermodynanic state, the product of deusity nnd enthalpy along an
foobar vas ploteed vepeus temperature. The stismlus iar'this: plot come
Eron the fact thet vhoen the energy equation is written for a Q:azrtm:
volune and the epprozimetion that the cutivilpy ie equal to the ioternsl

energy is made, the density ond enthalpy appesr 2s a product, i.6.,

&)

& % r Iy el ﬁgw & ;\'\"’; d - &4 % ,
1223‘&3 - fﬁ dl} i ,%, { R ”"a?‘é (,,-%t!,l »

enit

The reeults of thiso plot are shown in Fig. 13. It is scen that this
product has & monimus wolue and that thio volue will shift with higher

pressuras to higher tooporatures. Ik wog noticed experimentally thag
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Wt

the floo onelllctions vere post severe in the thermodwnasnie rooien in

e dempity-enthalpy product nlotited worsus T passed through ite

il value, o thir region e Mittle on 1 LPA hw was eosary Lo

Approsching the sonimom vales
fonm the Lsz : or Low bommes TALTE o side rosulted in flm and pressure

o8 :alwbiw in the 16-20 con vampe. Anpwoaching Szom the vight or hish

4 presmyre oeeillatione :m the 8.1 w
G.2 ops vamge.  Simece 12 hod beon noticed cumorimentaily thot the

it on svckon tomperabure ond nmsauw, the

weoillations were donsnds

sarurreter of sugiteinad £lou osal 1intions in the rovion aﬁ the mowimm

ik mothor Indieation thot tho couse of the sustained

Eloy osciliatiorn vno o strong functfon of these thormodymanic vorisblos.
The wdonificoner of the 'h product ng & function of T or b 18 that

iz is o mosmee of the voluw

pzomision of the £iuvid with hest addition.
% change in the olops of the product signifies o different wuts off

73R Beat oddition ohich faterncts with the nomontus

cnuntion o give lncveassd or docrencnd Flovs.

r stendy-gtate 3o veguizes thav the deiving hoad remein mtw&

il tias, Ao the oh 2lope chaneas, o condition do inteoduced iu vhich
e dedving head most chanse with time. Henee, & sustained flow
opoillation veseles 1€ ghe sondition vhich forcas the chanee in driving

hoad con be reprodussd with time.

The donpity-enthalpy product is 2 thoemodynomis funetion of the
f10id vhich con be dotoymined $f tuo indopondent thornodysanie proporties
ave known. In this caee 3t is the tomperastuws and pressure vhich gre lnmown.

A change in the clope of the gh produst v@!ﬁsm- T or b indicates g chonge



B,
'H’ P

io the vate of chauge of ome of the guanele th respect to the

vdor. That is, 1D o fo plolled spoinst &, thewe io ¢ dhange in the

2

waope o this curve o the point vhere e shonge in wlope of th

& .. &

gesursee.  This s dhoun fo Pig. 4.
The vscuwrrence of e s ia 76 versus T corresponds Lo &

s

warpue o sad henge

change in slope of e o change fn dofdk. Ie iy seen

G Dge {IXE~32) thot oo fncresse in 40/3b would vosult in o grocter

agigs La e local unoss velocify during a tvausient. This vwill couse

& change iu the ayovase saes velocity in fhe loog, followed by furthey

aoges in the locul dempities hroughout Che system, siuvce the tine

wave of change. 6 dens sity depends oz the mass velpeity in sddition ko

The physical semifestotion of the £1uid to the opevating coaditions

wiere the oh profust cheanges slepe io as follows. & pozitive value for

/47 meaus that the cothalpy increase i8 precter thas the density
decreasy; and, heace, Uhe fuid vwill be scoeloroted smosthly through

the heater scebion. & pegetive velue for this slope oeans thet tho

donsity increanc 4s grecior thon the catholpy facreeecy and, honee, the

£luid will bo seoclevoied sore ropidly fn the hoster seckion thon in
the previous csce.  lowever, there is & puing ot vhich the negative
slope decreases ko o smwll value. This intveduccs anothor change fu

the rate of secelspotion of the [luid wikh the hest addition.

The provloes apperrs £ be one of difforent vates of scceleration of
e floid vith boot wddivion. In the oth coll, the fluid accelerates more
zapidly than in the -l coll. This tonds to deewesse the flow of fluld
into the n-1 cell. 4t the sane time, the fiuid that left the ath ceil
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will try to travel ok its enit velocity. In o closed civculatory
systen with on alvost incompressible £luid, o tranpient in certain to

develop. This {¢ b goquonce of cvents shovm in Fig. 3 (b).

The oseillatory bohavior ln the nedg-critical region can be analysed
in terms of the voristicn of » with he. Ynder opereting conditions In

viadeh the slope of o vorsus h is constant or noeerly so, the loop operatos

with no varistion in flov pate other than vondos fluctustions, Adjestoents
of tho operating puramoters such as hest fnput (heat romoval), oystem
pressure and islet tomporaturs, which being the £luid in the loop o 2
point vhere furthor adjustuent will result in o chonge in slope of o
vergys h introduces the possibility of an wstable condition. Forther
adjustnent of the systen porcmeters, vhich results in a change of the
slopa of the p versus b cupve, will result in sustoined flow oscillotions.

The oscillations bocom

- more severe 9g £ho heet input io imeressced
ond will not subside until the fluid state io chonged fron the rogion

in vhich the change in slope of the ¢ woerous b curve eceuvrs. Tuok ig,

to provent oseillotions, the slope of the ¢ versus b curve should have
as acarly & constont valuz as poosible in tho heater seetien or i the
hostor and riser in the cose of tvo-phaose sysgons.

The problex cocouptered in trying be operoto with the system fiuid

ak a conditlon ouch thal ¢ change in the density vorsus entholpy slope

acours is the sane ag that encountered vhen tho heat flus aloap the lonpth

of a chanmel is incressed from itn steadyestnte wolue to some higher voluo

in o stepoise monnor. The pressure ifmmediotely begins te rige along the

B

: inexesse can be velioved by velocity chonges, ho

,”

oaly zvownd the eatire loop. Fluid is cnpelled feom the heator seotion wowe



ropidly than ot the steady-state sad io iokvodeced st the inlet ok o

.4

I vate. Thoeso distut

ances sve propigsted o tholy vespective

divections o the cold Ieg of the loop and tead to voinforee and coneold

soach other at Jifferent Limcs during the subsogueat transient.
Prom exaninatlon of Bg. (I1I~12) and loohisg ot the physical

o

expevinental model, an cuplanabion can be obbaiic

i for the two diffcrent
frogueacies of vocilletion. By waifylap expoviment and theory, it has

o i the walue of 1

loen seen thaet o chay {dofin) ig the condition

for sustalood Llew opelilation. Further widficotion of theory md
wperinent leads to tho conjeeture that the portion of the tube in vhich

fhae msgnitude of the 1/p (Go/db) multiplicr chaopes value is ioportent.

€ thio oaltiplicr bocomes lorge do the uppor portion of the tube, then
ihe mees of £luid to be oupelliod from the heater section is small ond
con bo sceelerstod repidly by the buoyant Soveo exested by the ‘hest
addision. I his tops bocomes laype fu the lewer portion of the hounbey

tube, thon the wass of fluld te be eupelied frow the heator section io

lappe and coonct be geeclerated os vapidiy. In addition, the clengnt of

20

id is wdergoing Sucther ceponnion os 46 possoey through €he heater

Ao B

Thus, it scans likely that the firot cose involving small osounio

of £luid could bo corpectod quickly while the second case would take longor.
The donsity and cuthslpy changes of o #luld fo the neayv-eritical

vegion ave lorger with Loy

crature gud proscere thon the chanpeo

encoustered ot lower pressuwrss sod veppepatures (Bpp. Bi. 3o a ngturoie

elreulation Ioop fa vhich the flow gote o dependent on the beat imput and

the consequent denciky change, the deosity chonge with temperatwrs asswacs



e
i)

o significant role fo dotermining the flow poke. Piguve 15 chovs a
typical increase in flov rate ot a econstont host inpet aod prescure ag
thoe fluid temporature is increascd. The dota points were obtaincd in

steady~state rens ot o particular inlet ke

The erioun in the
curve oceurs a4t an inlst temperaturce vhich &s Bolew the eritical toumoroe

ture. The inlet tompovature €0 the Lest sociion st the mosirem in Sho

mags flov rate corresponds o the tempersturs ot the saxime in the
deacity-cothalpy produck. As the inlet tomperatwre 15 increased pact the
tomperature corzesponding to the maximenm In the 0 cuwrve, the flow walo
drope charply ao ¢ result of the decreose in the density dziving heod.

Iz Fig. 10 in showm tho pelationchin betwoen mass Sflov vato in
pounds mass nor hone and the input power to the boater In Lilowates of
a constont Inlet tomperature. The zote of Imeroase of the meos flow zoto
docrenses as the input powsr is increasnd, Tho avplonstion for thio coa
be dotermined from epeminntion of the density-tommersture cuwve {Spo, B).
At 515 vsia and fnlet bulk temporstures in the 285-290°F ronpe, the
ovorage inlet donoity to the tost section com be approximated by 57 ‘Ezaf‘ﬁi:g
to within 1 lbo/frd. The outlet denoity froo the test section will renge
from 54 to 28 ‘Hmfﬁﬁg #a the power is increosed From 4 to 17 kw. Thoe roto
of chiange of outlot dessity decresses shoeply ot the higher pousr foputs

{highor outlot tomporatures). Thie wooes that the dyiving hood for flow

circulation deos not iogrease proportionntely with the power imput: ond,
honee, the mass £lov corvs tonds to approach an esymptotic volue which
is detoroined by the slone of the dengigy-temsoratere curve, L.o.

%{%ﬁ ——> Constant w@%” ——> fConstant vaiuz
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As stoted above, the inlet bulk tomperabure o the hester saction

eovresponded to the tempersture at the manime of the vh curve ot €ails

pressten. This curve then represents the upper limiting value of the
flow vate which could be obtained fo this Ioop. '

Under somc coaditions, the tect seetion wall temporature uas

observed to inereasc or docrease by 50°F. Thio coadition gencrally

s $low opewrred.  Referring

securred in the veplon in which the momios
to Pig. 15, the tost goction wall temperature would docvoase as the flov
began to increspe. Aftor the masimem occurred in the Clow, the tost
maction ‘mn torperatore vould apain increase as the flow decreased.
Tids latter conditfon would hove rvesulted in o burnout had the heating
Irwen continued., Howmver, in order to coatinue the esperimentol worl,

the power would be reducsd vhen the masimem in flow had oceurred.

In Fig. 17 ip shown vhat will be tormed o pover iustebility. The

fm*cr mpui: to the test section wme nornelly very steady. In this

run the pover was varying by about one v becouse of the

large change ir tube vall tomperature thot was cccurring. This change

in wall temporature wos chanping the cleckrioal resistance of the tube
mfﬁi;:imﬂg vo result In the veriation of pover cutput from the pover
supply. This back and forth interplay of cloctvical resistence and

power resvited #n the susteived flov and temperstmre cscillations choun.

The initial effeci of ¢ pressuwrization is shown in Fig. 12, The
fuitial stote of thoe fluid corzespordad to the major pert of the fluld

in the heater tubc bedng to the right of the momioe In the 2 covve.

The purposs of the prossurizetion wes to chife the thermodyoanic state

of the fluid so that the major port of the fluid in the heatoer sect
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brackered the aaxine da the i walue and, Leuce, the systen would tond
£ be uestablce. Purther prossurizatios would shift the state of the

ve gnd the eysten would

floid co the lefi OFf the wandomum in $he b oux

become stable spoln. A can b 4 iy LHE doup wop operating falrly

stably before the bogbming of pressurisotion. The gpvead of Lhe wventiwd

presaws diffevential at this time reflects fhe fact that the iulob

Leiperatore was & Jitdle o e left of the masinwa fo the Fh cures,

. g
2 s ¥

be presswrizakion wos Uegun, the vinturl prossuec differcatisi shous an

JaCEense. This iy bossuge the prossuriser scoutiistor was located upstreoam

o1

would ghow at ks podut. Test, the dnlet touperatwre to the heater bhoging

o fall rather pepidly as sovn ag the mass of iunjecied Fluid reaches thaw

poing. Hote, though, ithat e owilet Lmamawee kad begun to incrcase

with pressarization. This is becouse of fhe decreasse ia the heat

capacity of the f1uid as he pressure wes incveagsed. The decrezse in

 in the thessodyn,

The slope of

e heat eapacity cos be gos mic plot of entholsy

o euchalpy with tempenaturn

versus Semporature Ppp. Bl.
sivag an isobaw is the spgcilic heat. Inceeasing the pressure decreases

the slope of the cutBalpy isobavie line. The decrcase in mess velocity

folloving the iolelsl uwpourge b due Lo ihe chonge in the volune cocfficiont

of expansion as ghown by the change in elope with pressure of the deasity-
Tompopature cueve. Aftoy a fow scounds, the loop sctiled down to stoady

spgiaingd Llow and presgure oseillations vhich were in the 10 to 20 opo

vonge. Purthey fucrcssing the prossure vesulted in the loop bepianiuyg

scbtle dowa to sowdler oscillations. This stotoe corresponded to ¥he major

part of the fluid being on the low tenperoture side of (A wazimu,
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wore triggeved by o chooge in the hest-tvansfor coefficient or by the
changes in € sad ohfez. In most instances, the tont geetion woll

tomperature indicators 4d not show o chanpe in temporsture vhich would

mean an inprovement in the heat-tvomsfov coefficlont, therefore; the

hoapes in € aad Ahlbe were considered at tho trisgering mechanien.

Looking again ot the equation vhich describes the logal change in €,

it con bo coon that for 9G4z to chonge, then Sohbz ZQfA. Approsching
the sezisug value of oh feenm the low tomporatere side results in auw

norease in 6 and deercose dndhl=a. It is conjectured that the incroose

in G, viich 1o dependont on the decrease in p, 19 proster than the iacecase

inotfor., The besis for this conjecture is that the maxioun in the

surve vecurs Decause ghe decrcase in density bocomes larger than the

increase in catholpy. I€ the conjocture o fzuc, then § incresses
fastor than ohlbz doercases and the product will become greater than
Qfa. This introduces the initial tromsicnt. If the 1/ (dofdi

multiplior is larpe, the inertia of the stroms ie nok d

mped by the

resistance to flow in the loop, and svstained flov oseillations zeeuli,

The record of o complote sequonce of swento showing the iandeial

5

srinun ond the subso

bsating through the dh © vont cooling back theooph

the sane moxinus is chown ia Pig. 21 4 woo deduced from the oquation

expreseing JGe as o fmetion of the othor wariables, 2 rapid heating

@

st would produce a minimun of sustained flow

e

©h e

oseillations. Thot in, 4n Bg., (I11-12) as long o G4/4° 6 2bbz, then

odlas vemeing positive gnd the fluld conkinucs to sccelerate with leso

chance for a sipn change Zoz Gz vhich will oecur if € ah/foz womentarily

bocomes larger than Q4. This ic choum in the left half of the figure.
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Tree the thormodynanlc condition wes reachad that /s (Eo/dh) had
opproached o neorly waifors vnlue {thic corvesponds to being predominaatly

3,

on one gide or the othor of the moniown in the & curve} theroushout the
heater leagth, the fiow cselllotions essved. The coolins water $lovw

wag then focrespsed o roduce the indot tomperature and henes frovorse

the mopdoum fa tho oh copve golng from vicht go lefe. Thie action

shifted the ccourrence of the layxpge I/e {d/dh) oroduct to the botton

of £he hedter section swd the "coffee pevoolotor™ effect vas obfained.
Igolated trompicats wore encountercd undoy somc operetiag conditions,

wopally durdng the joitial hoectdng of the cysten. Fligure 22 is o pogoepd

E one such coorvesee. Ao incrosse ia gystem pressure of cppronimotoly

&

(5.3

20 pod ooccwrrad, Zollowsd by an Increzse 4o £lov opd outlet tonperaturc.

1

Hote thot the Inlet temparsture continued fo fndgroose at the some zote
watil some gine oftoy the indtiation of the tvonsiont. Thic transicat
poenrred virile o systen progouse aad hest addition were being hold

gonstent; hevee, the explanation for the trespiont 1o wokb reodil

oeallable. It is conjectupcd that o congutary isprovene

teansfior coefliicient occrwred vhich chea

zod the heot fnpot to the syaton.

Feon the oyuotion describiog the locol dncrocse 48 mos velocity, It can

i

son that ¢ momentery lucrogse fa the hest-transfer cocfficlont han

O B

Il

the some affcet 8 o otop iacrcase in beat &nput and the conoeguent
teansiont. Shortly after shis teonsiont, thy gyston vesched o condition
of susbained flov oseillotions in the 10 to 20 epo frvoquoncy rango.

modynamic zopion fo vhich the liguid

Taen oporating do the they

was entering the fost soction io the oubcoolod state and logving tho

SISO f

oot esetlon in tho fuowphose or suporheated repion, severs prossure
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84,

elrsiges wore poted with the small loop, loop Ho. k. These transisnto

aze shom in Fig. 23, The decrease in locol density was veflocked #n the
presgure vise. Then followed the chenge in outlep tmpcmtum becaua@ |
of the change in spoeific beat capecity oz o zeoule of the precsurization.
The pressuge émp serosy the ventuwri, signifying the mass wveloeity,

ghowed s periodic nawinmy vaim and then an ﬂmﬂiaﬁm dbout the seon
viiich decoyed cuponentially. Hote that the vagiation of inlet tompepnture

wos much snallay thon that of tho ouklek.

This type of teansiont just disc
with Loop Ho. 2 vhick had the eleveotion fop the deivispg hoad increased
by 5.33 fect and 2 50 por cent increase ia volue. The incrcase in
volume helped reduce tho mopndtude of the prossucs ﬂueﬁuas:&iﬂana@

Onee the £luid bhad boen heoted fo the sondition sueh that tho

wiaiun teaporature difforvence across the fest section was attained,
attompts To reduce the inlet tomperature to the toot ssation resulted

in sovere and exratie tramolents in flov ond topovntuwes. One procedurc

reduce the inlet booporoture was ko incrcose the cooling water flow
by o omall spount and thon wvait for the inlet toporatere to decresse.
The inereased cooling woter flow would sconiugly hove no effoet until

eply by ao euch as 3097,

suddenly the ianlot tonporoture would drop sha

Tic rocording of this event io shown becsusc of the ersstic natuwre of the

transicnt. Figuve I8 chovs o soncuhat sunlopous type tromeient. Anothor

procedurs to shub the Joop down was Co reduge the power to zZovo. 7The
sane type of tmansiont as noted sbove would be cncountored.

The explanation for ¢the cevere tromsicnt oncountersd in o chutdoun

from the crditicol zegion can be dotermined Zrom cneminctilon of the term
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ot

the first fev saconds

Tconbe - @47 « I G/2 in veduced, thon Tor

the Gohfe tom 1o larger, decouse of the £luid Inertda, thea Q/A which

noken the bracket tors positive, 2ad, hesce, 9GHz negotive. This effcct

cecbined vith the rodu  anbt with the

o oGt beenuse of the reduce
rasultent decronse In the ﬁriviﬁg head Lo, Op, vesults in o souovhot
sovere axd emfma teasiont when trying $o back out of the critical region.

The mﬁ suceessful procedure lo conins mz of the eitical region

in torms of the tromsicnts oncountored was to peessueize the syztes and

then roduce pover. Thic offect is shovn in Fis. M. The possibility of
encomntering o trenciest due to pressurizotion such a5 is shown in

! go vhe procedure of conling the

Pig. 18 esieted but this vos preferre
inlet temperaburc oy vaducing power prompily. Iy sressuricing, the heat
input eanm be meintadned. Without prossurising the cumzmg water had
o be increuased guickly eoouch so thot the tube 414 ook bcc&m overhestod
duc to the loss of ﬁiﬁ.ﬁ%ﬁfﬁlﬁﬁiﬁﬁﬁiﬁﬁiﬁﬂ. £low or the power had to bo

docressed promptiy. In Fig. 26 it con Do scen that the Inlet tenperature

eould be lowered fn an ordorly fochion Ly iscrescing the eooling water

flow rate. Onee the tomporature Yewel of tho £luwid won bolow the

eritical yoplon, the nouor could be reducsd to soro vithout intvodesing

wny unusual transisats.

The pereolator effoct could boe oblained ot supereritiecal proscurves

by adjusting the thormodyannic stote of the Fluid oo that the ooxioun
in the sh product secvrred in the leser portion of the fube. If the

2d while mointainiog the sooe inlet temporaturc,

gystan proSHure vere rads

the thernodyasnic sbate of the Fleid vould sbift co that now the maimm

fn the 7k product occurzed in the upper portion of the tube, Thus §¢
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would be eupacted thet frequency of the vibretion would focresse

aince sngller amounts of Lluid were wdeegodng the chonge in vate of

aceseration swhich ip o condition for the flow cociliation.

& pecorala

-

gy thiz coujecture 4o shown in

3 o8 Ehe test Lo wvex

Pige 25, Inicially the Loop wes posking ot o Seeguency of G2 ops with

16 to 20 eps o ing at the begluaing

wagniiods

wopaltude of the £lew oecilliation incvcesed Ly approsiasiely 00 poo

i dneguency Luevessud Jvoa 9.2 o 10 ops.

Lo S ;

Eaaporature dEfferenee duz e £he decresse

w 3T

in speciiic

heat capacity Lo illustvated in Fis. 20. Is the oathalpye

at boat

apevature plot hop. D5, LU coa e sesn thot, vith o conska

across the test soction will Do large, thoa deczesse, ond then beeuso

-

Lavge apaln o the slope of he oatl

APy

peratuEe Curve chinages
aloug aa isobap. La Fig. 20 is ghoun o teoce of this ocoursomecs. The

A -

s Bhat the aiak

T3
daeh

iaiviel conditiva was s Iy chonge acvoss the

west seetion was in cifect. Incredsiog the inlel kemperature vesulind

&

i Y

che divergence of Wie laled and cutlelt sempurature 46 the speeillic

LLUse

neat capasity of dae fludd decrcased. Tw dncwcase in tompes

difforonce was sceelovated 1 i £lwid 23ow Lecause of the

duced driving beod tews, fhat ios the do

i oupansion.

‘In €his tost progran approsimdtely 5300 fest of mecopdingy wers
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91

made over a three month perfod. The figures chown represent some of
the more significant events which occurred. It is also worthsihile to
note that the most significent runs were made after it was realized
that the maximm in the density-enthalpy product was the dividing line
between the two modes of opcillation. The majority of these figures
ere the results of tests vhich were formulated to prove or disprove the
significence of this mazimm velve. Since the loop behavior was as
predicted based on reasoning from the analytical and physical model,
it is concluded that thesc tests were significant in determining the
mechenisn of sustained flow oscillations for a2 natural-circulation
loop operating in the near-critical regiom.



PTER VIE

BESULTE AND DISCUSSIOR

dal deseribed in this thoesis wvas formwlated

The theoroticnl me
in on atteapt to predict the traonsiont bohovior of a saturals
civcolation loop operciing in the singlo-phooo vesion noor the

&

thermodynanie erikl

eel podat. To sioplify the computer caleulations

a nunbey of ascunpbions were made. ‘The validity of those asgumptions

can be deternmined fron o compavicon of the prodicted and the
euperisentally ooosused transionto.

The £ivst vost thab the computor model nust setisfy is thot i¢
predict satisfoetorily the measured steady-stote flow yato for a glven

test section pover impub, syctenm pressurc, ond inlet eathalpy to the

teat section, Ia Pig. 27 io shouvn o comparisen of cuperimeatel and

ealeviated flov vetes for Loop Ho. 1 oo o fonction of pover input

oent i quite geod. This, howsvow, io vobt curprising since thoe

pppevimontal data wop used to detorpine the corvelation for the fericticvs

and momentun precsure losses uood dn the conputer csleulation of the

£1ov ratos. Thio procodure, rothor than the conventilonal frictios

factor oaleulation ond the peonptric moncntun prossure loss ealeuletion,

wos used to elininate the uncortainties in deteymiming the friction ond

momontus form losgses. The wore poneral procedure would be to uee the

gtandard sothods of colevlating these prostiwe iospes but sisce the

ne the nechanion

purpoge of the somputer cimulation was to dotors

92
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9

of the £lov vseillations, this pavticulss

by uoiog the corzelation for friction and preveure losses bosed on

this cuperinentel dopa for these p

riicuiar loops and operoting conditions.
The second test that the computer nodel must satisfy o cthak it

prodict satisfactorily &he mecsured transiont flov fluctuvations uveder

okl conditions. A pooker critorion fo that the model predict

poeillations undor tho 8a

: operaoting conditions vhen oscillotious are

encountorad experinsotally vith the loop md predict steble flows wador

the saue operating condition vhon the loop oporated stebly. Under this
eriterdon the freguoncy ond magnitude of the oscillotions need not oggoc
too elooely.

o obiain o o

mpardson of the transionts o stosdy~state solution

baged on the neasured Lost scetlon power, systen pressure, ond inleg

enthalpy was establishod., A swall perturbation din the pover input wog
then Introdueed, The coleulated tvansient respouse in coolant F£low vas
lovals was o

obfained., Behoviow at smeml

samined by changing hoth

ver and inleot conditions to obtain the tronsiont responge of the loup.

Buring o tromoiout condition the density at any positlon & ouck wory

with time vhile wnder stoady-stote conditions the denpity ot any pocition
z must be constont with tive. A ckep incepaso dn heoat feput and renowsni
will sot up o new dengmy distribotion. Thoe assoeiasted flow transient
ndy or may not he demped. The chaage in tho thormedynamile stote of the
£1uid as ¢ result of the now operating conditions may be such thet donsity

1will vary with tine and hooce tho £low gseillation will unover be dompod.

Sinee the transicubs vere encountercd crporinmentally in the
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thermodynande sree in videh donsity varlcs t‘im wast with enthalpy and
PYEBSUIC, Sa8., i rogions In vhich da/dh clumges slope, this vas the
roglon chosen for the analyticsl investigation. Figum 28 summardzos
the results of the compuiior simulation of the loop oporating in this

wogion. Jnitially tho loop would be im the stesdy-state wode. & step

fncresse in the hoat foput ot tioe goro started the transient. Tho

frequency of the lavge slov oseillation is axound 0.2 eps vhi

good agroonent with the erperimentally pooswrad frequency such
shown in Pig. 19. & stop ineresse in pover fmput of 1 lnr wap sufficiont
to cause the nuwerical solution to stop at 12.5 seconds because tho

t in the loop escecded the tabulsted valua.

enthalpy ot sone pod

Subsequently, the stos doecsease In powey input wos reduced to 0.05 k.

After about 18 seconds divergont oseillations ave bepinning to start up.

A dncrease In fhe pouc

= dnput to 0.25 kv shows the divergent oscillstions

begianing aoone

2

To the snalysis cheptor it was theorized thot the position In the

heatoy tube vhere the oosfmun i the (W) product vorsus ta

ocours vill inflvence the froguency of the oseililation. It was reosenad
that whon this mosdsan cccurs at the upper ond of the heatey, smaller

smounts of fluld vill be iavelved in the cuponsion proeess and hence

the Ioop would refurn to the aormal stake wore quickly resulting in

Yation of

highor frequeney trassients. The result of the computey sim

this cecurrence s shown in Fig. 29. The proscere fluctustion i

roughly 1 ope while tho flow {o steady. &¢ the § sccond polnt the flowm

seiliate. The pressure is boglwmiap to flustuate wore
ceults in this figure

podnk out the vajor weaknoss
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of this model in preMcoting the higher frequoncy trensients. This will
be dfscusced at the ead of this chapter.

The retura to stoble operstion sftor o step increase In poweyr 1o

ghowm in Fips., 30 ond 23, In Fip, 30 the thovoodynomic condition 4o oo

tha low tempernture sids of the manipon in the donoity-enthaloy product

tle in Pig. 31 tho the

modynanic condition 40 on the hish temporskuse
pida of the moxives in the density-entholpy produck.

To further 1llusteate tho depandenes of sustsined flow oscillationc

on the thermodynanie conditions, o problem vwas ey abt a nregsure of

600 peia in the ronion of the sxpooted wnctable bohavier. The yeaulic

aee shovn in Fig, 32. A step incresse {o pover lmput of 0.05 kv or
0,357 was guffied

ont £o ponerate sustainod oceillations.

& veview of tho assunpiions made in potting vp the computer Hropemn

{g nov in order. The fovr nojor assonptions nado and the implications
of those ansuweptions sre discussed below:
1. 7The assumpbion thot density could be ovalunted 23 o fumction

of onthalpy ond o voferonce nressure i probably the woskest zssumption.

Pressure variations of e naenitude fomnd wnder opovating conditions
sre sufficicat to introduce flow oseilintions., A rapid pressure
rige thyoushout the ontirs loop results in o new density distribution

not dirvoctly commocted with the heat impet: hence, a tromsient condiiion

eould dovelop even while holding the heat ippuk constant.
This assmption vas made for two reasons. The Flrsk wan

that on equation of otats vos not availoble ithoush It 48 prasooely

botog developod by Margin {25). The second resson vas that dntzo

duning

conpressibility requires o tinp step of
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A
ol
2

#5,
L2
&

b mlﬁtim of the Qqu:ztianﬁ des crﬁamg

for nuserical stobility in i

the system. The tine o

tops o the order of 5 2 w gee for thie
7«14 systenm, becomes probibitively short from o computer~time cost
gtandpoint.

2. %o local vario

sloa 4 the soss velocitys G, was allowed in

w couputey progran. Thls appronimation allows ¢ sweh sivpler
progran o be weitten. UWaen smell tiee gbops exc used this gssumpiion
ig probably not too vestrictive. T.Ixe approztostion will vot be so
geod vhon o veridble ey cectionsl avca fs intwodeced mw the

problen by the supousiva sod coutvaction of the pipe walls dm fm

the prascure surscss

3. 'The syston wes sssumed to bo of constant volune. However,

the voluse e gystom will chasge Juring the prescur

-

toaction of the pipe wsils. To

Bocouse of &
gecvmt for this edfoct the conscevation of mass oguaticn wosld bavo

o bo wpitten

{9IT-1)

Dot 4 v} MBAREY +a8hn

The inteoductios of o veriadble srea as o fuuction of tive aw@nmmﬂe

palysiy considoyably.

& go e ondfore with

4. Tho beot luput and rasdvel was asmex

*

vosilon gl

¥

“"‘1& @ﬁbgﬁ@giﬁﬁ was nods boonase ag ok rhere i B

adogeste heat-transfer coxzelotion fox 4 3 4o the criticol roglos

79

Brpericontol messwrenooty by Holum aad Bogss (193 for o superceitiecal
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£luid ghowed the host-tronsfor coefficiont to vory with length in on

erratic and wnpredictable mosner. The same effect vas noted in the

oporation of this loop. Honce, until an ado qunte correlation can bo

developed, this aosunption will vemain.

The validity of those assumptions so judged by the close ogrecusnt
with experimental vesulés appears to be good. The succese of the
anplytiesl wodel in pro

Jictiny the low froguent

v transients suggosts

that the wnedel is adoquake for an enslysis in which the tronsport of

¢ major eouse of the oseillations. The model wos vasble

suthialpy i th
o predict the mass flow fluctuations at the high frequoncies slthough
e would bo

it gave sono indication thet higher froquoncy transic

encountered under the ceperimontal conditions vhich pave the high

frogquoncy tommaients. This is a ddrcct condeguenco of the first

asounption listed above. The inclusion of donsiiy an a function of

progsoure presonts a lazpe problon from an analysic viewpoint and from

the computer cost ctandpodnt



\PIER VIXI
DIDCUSSION OF WESULTS AT COMCIUSIONS

It has beon detewnined evperinentally thot oporation of o single

nhase, heab-tvansicr loop in the thermody

mande cpitical region of the

£luid of the dosign studied in this experiment vill produce prossure
aad flov £luc

buations wndsy cortain condiidons. The eondition detorntond

enperimeatally fov the occurrencs of sustained flow and pressurc

fluctustions wes thot the syston £luid be In the th

semodynanie rogion
vhere a paxioun i €e density-enthalpy product occurs. In thig

rogion ik vas found thet oo Mttle as 1 1/4 Ly of heating was neconsary

to obtain sustainad €lov cscillations. Thoe lo

B 1

o vould operate stebly

b3

the thermodynanis vegions on either side of this maxdoun in the

donsity-enthadlpy mroduct, Tt wae noted

auperineatally that the

wad frequency of the prossure and flov {luctuntiong d

the nondnum #a the donsity-onthalpy curve was belag tsaversed fron the

rotues oide. Approaching feon tho 1

rosulted in 2 dondnsst froquency of 10 o 20 opg vh
orsing the manimer fron the high towporsturs cide.

| Tha sressure fluctustion encountored could b destroctive to the

3

tubiug 1if oporoted continvously in this rogion.

Thercfora, 1f the tuding
could boe sizod ko nithsotond the prassure £

tuntions or 1f the prosours

fluctustions could b conty o gyston could oporaste in thio region.

It was noted that kﬁﬁuﬁ&?@ the gystom volme in loop Mo. 2 tondod oo

104
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fhysleally, the provsure flvetuoticns ove czused by o suddon

doeponny dn tho donbliiy of o oop. Thic lorge

&

doanity decoyenue wiull Sooh o den Ss vhe resuli of ghe particular

thoraodynenie stoke of the fluid, .o, dn the Pheruedyaonic ropiocs

e iy e A s o For s o L T 2 S
o il do/dh wodevpoos chonpes i value. Then o pressure fluctustion

o o

peours, the aococintad densiky chonge sebo vy o new deiving prevsurs

gad mess velogdty, The cunputer modol voo wnablo to predict the mocs

velosity chanpe Locouse of the cosunption of 2 conctont velorance

e " < L XN 5 < S, S
prassurs, It 4id glvo sow
copected.

e

e fow Fu Ly dan to catholpy btransport

wency treasionts ape chd

i3

L)

2 cm T T B e e ad -
G wers progicbed I35 oopnibvds and

capladned previously 2o Chopter IXE.  The bigh froguency oueillation
in coused by the zopid voristion of density in the twe wertical logo.
&t these freguencios sonll disercte econtrol volumon of flulds are
beilne enitted from gho teok seetion and o tine varyiag density
disgribution in the riger ond downeoner fo cstoblished which giveo
rise to £lov ond pregoure fluckuckions. AL the low froquenciles wvhen
layne diserote control volwes are boelng onithked foom the test seotion,

#he space ead tioo veryis

o density distribution worlas wore slovly and

hence a wore stoble syoten or lomer Syeguoncy oceillation s encommtorod.
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LIST OF SYMBOLS

Cross~sectional avea, ftz
ﬁeatwtraﬁsfer AYSE, fﬁz
Plameter, £t

Lumped internal drag forces, 1§f‘

?bltage across best section, volts

Total frictional losses, Iﬁf/ftz

Frictional loss per unit length, lbf!{ftz}(ft)
Local acceleration of gravity, ftfseaz

Conatant of proportionality, 32.2«1bm~ftllbf-se¢2
Mass velocity, ;ngsee}(fcz:.

Specific eathalpy, Btullbm

Integer denoting time position

Leagth, ft

Integer denoting space position

Variable coustant defined by Eq. (1II~9)

Mags flow rate, lbw/br

Pressuro, Iﬁf/fﬁz

Reference pressure, pai

Linear rate of heat input to fluid, Beu/{sec)(ft)
Time, sec

Fluid temperature, °F

Total volupe of loop, ft3

Volume of subdivision, (4, ﬁ;zn) ft3

ice
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z Elevation, ft

z. lLength of subdivision, ft

Greek Letters

Density, lbm/ft
o Electrical resistiﬁiﬁy, ohn-in
T Time interval, defined by Eq. {I11-16)

Superscripts
(") Bar over symbol denotes aversge vsiue
Subgeripts

3 DPenotes space position
i Inlet condition

e Exit condition
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APPENDIE A
MASS FLOW RATE CALCULATIONS

The expression for calculating the muss flow rate through a
venturi, assuming the flow is incompressible in the venturi, aud the
irreversibilities can be accounted for by using a discharge coefficient,

ig

A=CFady g, 0y oy -] 2 e (D

where
@ flow rate, ibm per hr
discharge coefficient
, - _ , . & 172
velocity of approsch factor, 1 - (AZJAI}

veaturi meter upstream tube diameter, 0.93 in.

(- - B B & |

venturi meter throat diameter, 0.3963 in.
my upstream fluid density, 1bm/ £t
PPy pressure drop in psi
Ay  throat axea, in'2
Ai upstrean tube avea, in.z
a factor to account for units

g, gravitational constent, 32.2 lbm ft/lbf-sec’

The throat dismeter of the venturd used was 0.3963 inches. The flouw
diacharge coefficient, €, was 0.98. The welocity of approach factor, F,

was 0.983. dMaking these substitutions into Equation (1) gives

112
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h=286.2 [oy (o = py) | Y2 tomitr 2

& manometer was connected in parallel with the differential
pressure transducer to provide a check on the transducer-recording
system. When corrxecting the menometer readings the manometer lines
vere assumed to be filled with 30°F Freon-1l4. The observed head was
also corrected for the manometer zero. VWhen using the manometer

differential head readings, Zguation (2¥ becomes

;o= 66.7 (o, by Y% tbm/te ™

1 2,95)



APPEWDIX B
PROPERTIES OF FREON-114

The system fluid uwsed in this study vas Freon~-1l4. Treoa-1llé
vas chosen because of its low critical temperaturs and pressure
(294.3F, 474.2 psia), avallability of chormodynamic data, and its
low level of touwicity. ¥Freon is a txademark for g group of halogensted
hydrocarbons, containing one or more flourins aboms, widely used asg
refrigerants and propellants, The chemical aame for Freon-114 is
dichlurotetraflouvroethane (C,F,Cl,).

¥Yan Wie and Bbel (3%9) have published tables of the thermodynamic
properties of Freon-114 {40) based on correlations of vapor prossure,
the pev-T relationship, saturated liquid density, ond heat capacity ab
zere pressures published by Mertin (25). The tables were computed using
a digital computer.

Figures 33 and 3% werc prepared from data in the thermodynamic
tables., It shouvld be noted that the demsity and eanthalpy values along
an isobar in the cowpressed liguid region were extrapolated from the
eritical tomperaturc to the saturated liquid temperature corresponding
£o that pressure.

The definition of the thermodynamic state regions go defined by
peveral authoritics is showm in Flg. 35. The critical region definitien
is not uniform with different authors. According to reference {17}, it

is not clear whethey one should speak of o critical state or a critical

114



region,

Figure 35 shows the warious regions as defined by Dodge (7).
The term fluid was gilven to water substance vhen subjected to both &
pressure and temperature greater than the critical pressure and
temperature. His reason for defining the £luid region as such was
that a liquid at & pressure greater than the criticel pmasurev can
ghange to a vapor, or vice versa, without any observable phase
change, He concluded that a substance in this region can neither
be called a gas nor @ liguid. |

the various regions defined by Sears (35) and also by Zemansky (&4)
are shovm in {b). Sears mentions that the boundary between the gaseous
and vapor regions is unnecessary since the properties of | a vapor differ
in no respect from the properties of e gas. |

The regions as dofined by Young (43) are shown in {¢). He
mentioned that it was difficult to clasgify s {luid whose temperature
is very near the 'witieai temperature and vhose pressure is greater
than the critical pressure. lic made no stiempt to define quantitatively
this difficult region.

The regions as defined by Young (43) correspond to the regions

uged in this thesis.
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SEARS (35) AND ZEMANSKY (44) .
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tate :ieglons Given by Varlous Sources



DIGTTAL CONPUTER PROGAMM

- ™

In the analysis dn Chapver III the finite diffevence e@azﬁma
dageribing the sinmplified system weove written and the method of
solution indicated. The saimmn consiste of Cwo pavis: (1) steady-
state éalculatimxs to sct up the initial econditions for the tronsient
annlyeis, aad {2) the tvensient solutlon. 7The flovw diapgrame for the
caleulations are shown in Fips. 36 snd 37. The dimencions of the
loons, subdivisions and m@aging are shown ia Fig. 38.

The computer solutions could ba run at prossures of 475, 520,
and 600 psia. Tabulated valuzs of density as o function of enthalpy
at these pressures weve stored in the computer. Linear i‘.ﬁéetpalaticsx
wag uvsed.

Because of the unlkaoun variation of viscogity, frictional and
momentun losses were obtained by eorrelating the driving pressure as

a fanetion of ézﬁ. The linenr equation used wos of the form
P03 = M. & B 025
F =¥ +8 6%

® 0.1388 ~12
2‘31 25@3 Bﬁtﬂ

The time inerovents used in the solution depended on the freguoney
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STEADY STATE ANALYSIS

Dimension, Read in input Data
and Problem

Calculate h(z) using energy
equation

Determine density distribution
using h(z) values

(Caléulate Ap

I

Calculate P

|

Calculate new G

|

Check convergence of G against
initial G

Determine system mass

|
}

Print G, &p, P . no. of
iterations for G

Go to transilent analysis

o

» Analysxs

Input Data:
At time interval, total time
h at 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)

N, Ny

reference pressure
convergence criteria-

E

Fig. 36. blmpllfled COmputer Flow Chért for the Sfeady State
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TRANSIENT ANALYSIS

From steady state analysis

Step increase in heat input Q/A

Calculate new h(z,t) using energy
and transport equations

Determine density distribution
using h(z,t) values

Determine density distribution,
Ap and p from steady state

progran

Determine change in system
pressure

Determine F(J)

Solve for G(Jj+1)

|

Print G, P, Ap, P

-

1
1

¥

Test convergence of G

Test -if total time has elapsed

-

.YEEQI iNo

Go to next
problem

wmifigz>375:;$implified’Qb@pﬁ@%&fF}@ﬁiC@§p§¥fof;theﬂTrahsiéntMAhélysis?
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of the transient rospousc expected. For the higher froguency
transionts o smaller time interval was used to obtain the complete
transient rosponse. Vor the slower traoamsicats a larger time intorval
vas used to reduce the soiztion time.

Randlas (50) derived a stability criteris for the continuity

eguation as

This was also the eviterias used by Alstad (1) ias his transieat
solutiva. For the Jn's used Zo this program and the mass velocities
encovatered, 4¢ vac less then €.25 seconds.

The computey progron vritten in Foptran for the IBM 704 is

listed in the felloviag
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c 164 /AMU 102 TILY
DIMENSION RHO(3227)2ENT(2,27),SPA(Y),SIZE(Y),ITEST(U),DEL (L),
IDELZ(4) oNSPA(YL) ,HB(U351)3H{L,51) HBAR(44551)4HBBAR(4,57) sHNU(L,51),
2HBARNU(4,57) ,RBAR(4,51),DEL R(S1),NFI RHIS51),GMAX(1G00),NELP(2000),

3RHOBAR (200U ), GBAR(20GG) ,P(2000),F(2000) ,HOUT(2000) ,DELHNU(4,51)
COMMON RHO, ENT
RHO(2,1)=75. 1446
RHO(2,2)=73.464Y
RHO(2,3)=71.6714
RHO(2,4)=69,7491
RHO(2,5)=67.63
RHO(2,6)=67.5
RHO(2,71=64.8
RHO(2,8)=61.4
RHO(2,9)=59.8
RHO(2,10)=58,2
RHO(2,11)=56.
RHO(2,12)=53.6
RHO(2,13)=50.5
RHO(2,14) =47,
RHO(2,15)=43,2
RHO(2,16)=39,4
RHO(2,17)=35.8
RHO(2,18)=32.6
RHO(2,19)=30.
RHO(2,21)=2544
RHO(2,23)=22.2
RHO(2.,22)=23,8
RHO(2,20)=27.5
RHO(2,24)=21,55
RHO(2,25)=19.21
RHO(2,26)=17.7
RHO(2,27)=16.57
RHO(1+3)=75,1446
RHO(1,2)=73.46LY4
RHO(123)=71.6714
RHO(1,4)=69.7391
RHO(125)=67.63
RHO(156)=67.5
RHO(1:7)=63.5
RHO(1,8)=58.5
RHO(1:9)=564.5
RHO(1,10)=5u,2
RHO{1,11)=51.8
RHO(15,12)=49.1
RHO(1:13)=46b,
RHO( 1,14)=42.5
RHO{1:15)=39.




RHO(1,16)=35.
RHO(1,17)=31.

125

RHO(1,18)=27.5
RHO(1,19)=25,15

RHO(1,22)=23.5
RHO(1221)=21.5

RHO(1,22)=1G.8
RHO(1,23)=18.5

RHO(3,1)=75.1446
RHO(3,2)=73.464Y

RHO(3,3)=71.6T7T14
RHO(A,u4)=69,7391

RHO(3,5)=67.63
RHO(3,6)=6T7.5

RHO(3,7)=65.
RHO(3,8)=62,

RHO(3,9)=61.5
RHO(R,100)=59.2

RHO(3,11)=57.5
RHO(3,12)=55.6

RHO{3,13)=53.5
RHO(3,18)=51.

RHO(3,15)=48.
RHO(3,16)=45,

RHO(%,17)=41.8
RHO(3,18)=38.4

RHO(3,19)=35.2
RHO(3,20)=32,5

RHO(3,21)=29.8
RHO(2,22)=27.4

RHO(3,23)=25.8
RHO(3,28)=2L,6

RHO(3,25)=22.2
ENT(1,1)=58,178

ENT(1,2)=60.9831
ENT(1,23)=4%,83009

ENT(1,4)=66.7311
ENT(125)=69.6994

ENT(1,6)=70.
ENT(1.7)=75.

ENT(1,8)=80.
ENT(1,92)=82,

ENT(1,10)=8%4.
ENT(]1,11)=86,

ENT{1,12)=88.
ENT(1.13)=90.,

ENT(1,14)=92.
ENT(1.15)=94,

ENT(1,16)=96.
ENT(1,17)=98.




ENT(1,18)=1C0.
ENT(1,19)=102.
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ENT(1,20)=104,
ENT(1,21)=106A.

ENT(1,22)=108.
ENT(1,23)=110.

ENT(1,24)=111.5
ENT(1,25)=113.7755

ENT(1,26)=117.6484
ENT(1,27)=12:,04U8

ENT(2,1)=58.178
ENT(2,2)=60.983]

ENT(2,3)=63.,8309
ENT(2,8)=56.7311

ENT(2,5)=69.6994
ENT(2,6)=T0 .1

ENT(2,7)=75.0
ENT(2,8)=80,

ENT(2,9)=82.
ENT(2,10)=8L,

ENT(2,11)=86.
ENT(2,12)=88,

ENT(2,13)=9C,
ENT(2,14)=92,

ENT(2,15)=94.
ENT(2,16)=96.

ENT(2,17)=68.
ENT(2,18)=100,

ENT(2,19)=102.
ENT(2.,20)=10L,

ENT(2,21)=106.
ENT(2,22)=108,

ENT(2,23)=110.
ENT(2,24)=112.

ENT(2,25)=116.
FORMAT (216 1PLEI2.54:216)

FORMAT({1P6ET2.5)
FORMAT(2E12.5,16)

FORMAT{F164,T1PEIB45,4E1645)
FORMAT(3E12.5,16)

-t
SN FE N

READ INPUT TAPE 7,1,IPROB,IPRES,QBYA,HIN,GBAR(1),EPST,NTEST1,

2NTEST2

K=1
I11=1

12

IFINTESTI)12,16,12
HBLAST=0.

READ INPUT TAPE T7,2,BR14BR2,DN,DN1,V
DOISI=1.4

READ INPUT TAPE 7,3,SPA(I),SIZE(I),ITEST(I)

DELZ(T)=SIZE(I)/SPA(I)




NSPA(T)=SPA(I)
HB(I1,3)=HBLAST

127

L=NSPA(I)
DO 34 J=1.1

14

HB{I ,J+1)=HB(I,J)+DELZ(T)
HBBAR(I 2 J)=(HB( 1, J)+HB{IsJ+1}1/2.0

15
16

HBLAST=HB(I,L+1)
ITER=]

17

IF(NTEST2)19:739217
READ INPUYT TAPE 7.2 -0CHNG . DEL T TMAX . EPS?2,F,HTEST

READ INPUT TAPE 7,5,GC,EL,EK,ITSUP
DO 5C I=1,4

IFCITESTII N} 8G,30,20
DEL{IV=0BYA/SPA{T}/LGBAR

H(hi):HIN
L=NSPALT)

DO 25 J4=1,L
H(I.Jd+id=H{T,4)}+Det (1)

25

HBAR(T o J}=(H{I;J)+H({I,Jd41}) /2.0
HLAST=H({T.L+1%)

34

GO T0 54
H{T-1)=HL AST

L=NSPA{I}
DO 35 J=%1-4

35

H{I,J+1)=HLAST
HEAR{I , J3=HL AST

GO 70 54
DEL{T}=0BYA/SPA(TI)/GRAR

H{I, 1)=HLAST
L=NSPA[I}

DO 45 J=1,L
H{Il,J+1)=H(1,J}-DEL(])

45

HBAR{I ,J)=(H(I,3)+H(I,3+1))/2.0
HLAST=H({I,L+1)

58
55

CONTINUE
DO 300 T=1.M4

640

L=NSPA{I)
DO 65 .=1.1

CALL INTER(HBARI(I,J)sRBAR(I,J)yIPRES)
IF(RBAR{I,.0})98,65,65

65

CONTINUE
GO TO 1440

90
92

WRITE OUTPUT TAPE 65925IPROB.I,JHBARIIG
FORMAT {1 7H1 IN PROBIEM [&6,3H HIT2, i1H, {2048H)

1H EXCEEDS THE VALUE OF THE TABLE)

11=3

140G

GO TO 1350
CONTINUE e
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RHOBAR (K =3 .
DELP(K}:‘:L}O

DO 135 I=1,4
L=NSPALTLY

S PSUM=D.
RHOSUM=

M“

DG 130 1sL
\HOgbx~RQA {12 ) FRHOSUM

IF(HBRAR(I ) -BRIITI5,120,126
115 PSUM=PSUM-RBAR{ I, 4}

GO 10 139
120 IFE{HBBARIT . J¥-0RR2I195, 125,135

125 PSUM=PSUM+RBAR{IJ)
120 CONTINUE

RHOBAR(K)"RHOSLN/SIZE(I%‘D:LZ(§§%RHOBAR(K9
DELP(K}=PSUMDELZ{II+DELP{K]

o
(€N
e

RHOBAR(K}=RHOBAR{K)/L.
GO TG (139,245,171

139 GBARNU=SQRTF{{DELP{K}-DNT}=RHCBAR{K}/DN}
 IFE{ARSP(GRARNU—GRAR(K}II-FPST1=GRARIKYIITIS2,152, 140

140 GBAR{KI={GBARNU+GBAR(K)}/2.
ITER=TITER®]

IFIITER-26119, 185,145
45 ITFR=-—25

1556 NTESTZ=5
152 EM=RHOBARIK)I=V

151 L=NSPA{%)}-1
DO 3155% =%t

TEMP= PﬂAQ(le?}) RBAR{ T4}
DET R TEMB/{HBARL S » 343 3~ HPAR(3h1?§

155 DELRH{J)—(RLAR(iDJ+}) HBAR{ T J+1I-RBAR( 15 J)#HBAR{1,J) )}/ TEMP
GO TO {156,277 AUD) Y

156 WRITE OUTPUT TAPE 64,164, IPRCB,IPRES,UBYA,QCHNG,DELT,ITER,GBAR{T),
IDELP (1) ,RHOBAR( 1) , FM,HI AST

160 FORMAf(?QHiio L7/AMU 102 TILTO9XBHPROBLEM I&6//7TXITHPRESSURE = 16,
IBXOHRIA = IPFI2 S, 8XACGHOCHANGE = FI12. 5, BXICHUDELTA T = FE I//Q9XQMIT

2ERATIONBXUHGBARTIXTHDELTA PIXOHRHOBARIZIXIHMIZXSHH QUT/ /114, 1PE20.5
3.8F1H.5/4/)

161 WRITE OQUTPUT TAPE 6,162
162 FORMAT({IQXIHITIXITHDEY TA BHO/DELTA HAX2OHDELTA RHCH/DELTA RHQ)

165 L=NSPa{1})-1
DO_170 4=1,1

170 WRITE QUTPUT TAPE &6,175:J9DELRIJIZDELRHIJ)
175 FORMAT(IZ21,1P2E25.5)

GO TO{I80,280),11
180 IFE{NTEST2}2{ 1.13.9(*
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280 K=2
HOUT (1) =HLAST

IGMAX=1
ICONY=3

GMAX(IGMAX)Y=GEBAR(T)
ACCT=DELT

235 T=DELY
GSIGhN=1,

210 QBYA=QBYA+QCHNG
2311 M=NSPA{4}+1

HNU{ T 1 )=H {4, M)
DO 231 I=3.4

IFLITESTIY)216,215,212
212 QOVERA=QBYA

o

GG TO 228
215 QOVERA=C

3l

GO TG 22%
2156 QOVERA=-QBYA

220 DELGA=QOVERA/ 5PAILI)
225 GDEL7=GRAR{K~=1}/DELZ{I}

L=NSPA{T}
DO 229 4=3.1

1030 HBARNUILIJI=HBARII JI+DELT/(RBAR{IJ)=DELZ{I)}*{DELQA-GBAR(K-1) =
F{RT S T h-HNU{T o83}

TAU=RBAR{I,J}/GDELZ
229 HNU{T 3+ 1 =H{l,Jr1)+{DELT/TAU= {2, eEBAR( o 03 -H{T 0+ T I-HNU(T,4})

1+HBARNU{ I J)=HBAR{T,J)
IE(1=132%7,257,23%1

230 L=NSPA(I)
HNU(I+T . 3V =HNU{Tol+7]

2371 CONVINUE
DO 233 f=3i,%

L=NSPAL{T)
DO 2232 J=1.1

H{TyJ)=HNU{T )
252 HBAR{IJI=HBARNU{T,J)

HOI L+ 1 )=HN{TI L+ 1)
233 CONTINUE

HOUT (K)=H{4,M)
IE{HTESTIZSH,237 236

236 DO 228 1 = 1,4
L=nNSPA(T]

234 WRITE OQUTPUT TAPE 6,2, {(H{I;J)}, HBAR{I J}y J = 1,L)
237 11=2

GG TO 55
235 PIKI=(RHOBARIKI~-RHOBAR(TIY) /RHLORAR{ T I=E

FIK-=1)=DN=GBAR(K-7)=GCBAR{K—-1)/RHOBAR{K-T)+DN}
TEMP=GBAR{K=1)+(GC=xDEIT/FL V= {DFI PIK}-F{K~11)

IFIK-2)24{,280 4,245
240 GBAR(K)=TEMP —
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GO TO 250
= + # - Ed - - - -

250 IF(GSIGN)265,255,4255
255 JF(GBAR(K)-GBAR(K~1)1260,300,300
260 GMAX(IGMAX )=GBAR(K-1)

GSIGN==-1.

GO TO 320
265 TF(GBAR{K-TI)~-GRAR(K)IZ27D.,200,300
270 GSIGN=1.
272 IGMAX=1GMAX+]

IF(IGMAX —-2)300,30G,275
275 IF(ABSF(GMAX(IGMAX =1)=-GMAX{IGMAX =2))=FPS2#GMAX(IGMAXT=21)2T74,

12764285
276 GO 10 151
277 WRITE OUTPUT TAPE 6,278

278 FOQRMAT( 45HD TRANSTENT ANAILYSTIS RESUITS//TIXUHTIMEIIXUHGRAR]
T1X7THDELTA PI9X6HRHOBARI3XTHPI4X5HH 0UT/)
JJ=1

282 LL=K-1
AL=L

TIME=DF] TxAl
279 WRITE OUTPUT TAPE 6,4, TIME,GBAR(L)sDELP{L),RHOBAR(L)P(L),HOUT(L)
AL=K
TIME=DELT=AL
_ WRITE QUTPUT TAPE 6.%,TIME,GBAR(K),DELP{K)sRHOBAR(K),P(K),HOUT(K])
GO TO (161,10)4JJ
280 IF(ICONV-5)281,283,28%
281 ICONV=ICONV+1
GBAR (1)=GMAX (IGMAX )
RHOBAR(1)=RHOBAR(IGMAX )
DELP (1)=DELP(IGMAX )
IGMAX=1
K=2
GO TO 235
283 WRITE QUTPUT TAPE 6,284, [PROB
284 FORMAT (9HOPROBLEM I16,35H HAS SUCCESSFULLY CONVERGED 5 TIMES)
GO YO 10
285 IF(IGMAX=6)300,286,286
286 J=IGMAX-5
DO 290 I=J, IGMAX
IF(GMAX(I)=GMAX(1)#,9)300,290,290
290 CONTINUE '
295 WRITE OUTPUT TAPE 6,296
296 FORMAT(45HOTHE LAST 5 VALUES OF GMAX EXCEED «9(GMAX(1)))
Ji=2
60 To 277
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208G IF{TMAX-ACCT)YIPR,225,305
305 K=K+1
T=T+DF1 T
ACCT=ACCT+DELT
GO 10 21313
325 WRITE CUTPUT TAPE 6,330,IPRCB,ACCT
o ’ P PROA A o< IAS COMPUTFD THROUGH T =1PF12.5,22H AND 1
CONVERGING)

1S NOT
Ji=2
GO TQ 282
300 WRITE DQUIPUT TAPE A.278
JJ=2
GO_T0 282
END { 1o 1 Oy 1 G )
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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 TOL187M.280) .11

180 IFINTEST2)200,10,200

200 K=2

HOUT (1) =HLAST
IGMAX=1

ICONY=1
OMAX{IGMAXI=CRAR{T}

ACCT=DELT
T=DELT

Y
7
(e

GSIGN=1.
QBYA=0BYA+QCHNG

(9]

fowe

st o

[NSRhN
o

M=NSPA{L)+]
HNU{ S 1 i=Hll,M)

DO 2371 I=1,k
IFCITEST(TI})216.215,272

232 QOVERA=QBYA
GO 10 228

215 QOVERA=G.
GO _TQ 228

216 QOVERA=-QBYA
220 DELOA=QOVERA/ SPA{1}

L=NSPA{I)
DO 143% J=141 :

1630 HNU{I Jd+1)=H{I,J+1)+DELT/{RBAR{IyJ)=DELZ(I)I=(DELCA-GRAR{K-1)
1 2 {H{T o JJ+I ) —HNULT )T}

AF{I-41230,231,231
250 HNUUI+ 3, 31)=HNU(T,L+1)

231 CONTINUE
DO 235 I=3,.4

L=NSPA(T)
DO 232 Jd=1.1

232 H{I4J¥=HNU(IJ)
H{To L+ 3y =tNUL{T 8 +1}

233 CONTINUE
HOUT(K)¥=H{4, M)

IF{HTEST 236,237,236
225 DO 238 1 = 1.4

L=NSPA({I)}
4 WRITE QUIPUT TAPE 6.2, (H{T,0%, d=F,1)

7 DO 239 I=1;4
L=NSPA{1)

DO 238 Jd=1,L
238 HRARLT » ) ={H{T  J)+H{T,.§+2)} /2.7

239 CONTINUE
_ II=2

GO TO 5%
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GMPUTER PROGRAM HOMENCLATURE

ACCT accunulated time of transient culeulation, sec.
BR 1 space boundary for top of loop

BR 2 space boundary for bottom of loop

CALL INTER calling for intecpolation subroutine

BEL (@/83,/8

501 4 gravitational driving head, fp, psf

BRLR change in avevage density betwoen two successive increments
PELRE d {ohyfdn

BELT ‘ time iatorvel by vhick solution is advanced, Ot

DELZ - size of incremsat in cach spoce

3 congtant sultinlicr of ?32/:

oIy additive constant in equation calculetiag ¥

E - modulus of compressibility, pei

BK somentun loss factor

EL flow path length of loop, L, f£t.

A n‘fa.s-s of fluid ia loop, lbm

ERY enthalpy in table

EPS 1 mass velocity convergence criteris for gteady-state, ususlly 1%
EPS 2 convergencs criteria for ¢ in transient amalysis, usually 1%

¥ friction pressure loss

e gravitational constant, ge, 32.2 Ibm ft/lbf-scc”

maximum mass volocity, lbml'se@-fﬁz

H enthalpy at bouadary poiats
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enthalpy at boundary of each space
average enthalpy in a space inmcremont

new average enthalpy in a space incremeat at the advanced
time B (§+1)

enthalpy at boundary points
inlet enthalpy to heater
inlet enthalpy to heater

new eathalpy at cnd points of space increment at time

inlet enthalpy to heater
first maxiomm in the mass velocity

number of times G is recalculated in steady-state for
convargence

tast to determine in which space problem solution is
specifics which iterations in transient solution are printed
nushor of increments into which cach space is divided

test teo determine which loop geomotyy

test to alloy problem solution to advance te the trensient
solution

change in system pressore

system prossure

problem number

swmation of aversge dengitics in each increment
Q/a

stop incresse in Q/A for transiesnt case

average density in increment

dengity

average density of fluid in loop, Ibm/feS



susmetion of average densities in each increment

specifies Length of each space

degignates nunbor of spaces in loop

Ie= 3 caolaw
I = & lower portion of cold leg

sguare root subroutiae

maninus time problem is allowed o rtun

volume of laep,;£t3

i

2

B3



APPENDIX D
ALELRRATE DERIVATION AND AWALYSIS

As fndicated in the fext, the densipy-enthalpy product was an
important thevecdynasic veriable. The mezximum in this product
rapresented 8 veglon of wustable operstion., The cpuse of the masimum
vas analyzed in torme of o change in the vate of change in density
with respeect to enthalpy. This was shown Lo zesult in non~uniform
aceclerstion of a £lvid contrel volume as it pasges through the
bkeater or cooler; thorefore, s transient conditien develops.

Since the density-cathalpy product appears in the egergy cguation
gd density appesrs in the continuity eguation, it is instrugtive to
make an analysis considering the density-cutholpy preduct as o
Fenction of densgity, vhich enables the encrpy dud continuity equations

to be combinad direetly. The continmity cgquation fs

N - .20 .

inlet exit

The energy equakion io

{Ch} = {Gh) P Qh e fe o R) (D-2)

inlet exit

Ao alternate way of writing the enerpgy equation is

(Ctgniep + UB = OBy, = f2 3~ S5 (23)

136



e S o S N I . T T e T Bt e e T sefomeyer
spbeodueing s couai v eoualion, (B-Li, into Bg. (P-5) plves

O gnrer * U8 = @z = T (@00 « @ gyge] &8

In o transicng £

doped by hoot addition, the left hand side of
Ba. (=4} ds alwveys vecitive, theveforve, the right hand side sheuld

also be. Three cases noed to be consideved: (1) S

throughout the contrel wvolume, (2) - k)
nogative at tho inlet, positive at the »mztri@;t:-.e & plot of rh ap @

function of o howw, dn Pig. 39 for Freoou-ild.
‘é

v du
then Q@

- ip aegetive, (CYggge must be greator then (Glyayer €O
wale the right bond side of Eg. (B-8) posibive: thst fs, the fluid in
the control wlnma is geselerated.

i positive, (6)

» onty BUsE be lesa than (Gﬁmx ap BO
satisfy Bg. (D-4), thor is, the fluid is docclepated.

¥hen the control wvolume corvesponding to the two cases above io
chopen so that the slope is negative in ono ond positive fn the other,
i.0., onc on each side of the maximun, on intercsting conclusion can
b drawn. Fizst the £luld is accelerated, then 1t is decelerated;
consequently, o fronsiont develops. The mapnitude of the transient
depends on the interaction of the mass velocity with the momentun
agaation written o8

<

gy E=ip-7 %)

© drawn are applicoble

The equations as devoloped and conslusior

o both single gud tvoophose fluids. The privary difference betuson
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tae single gnd ihe tuoe-pusss cose Ln ghut e tuo-phase cese Lo mope
€ifficult to handle bossuse of the fvcressed eomplexity in apecifying
the contrel volmse density ond enthalpy ood in determining the deiving
head, friction lesoes, zad acceleration losses of the system. To
illustrate this poisk, o plot of (sh) versus o for 600 psia water in
thermodynanic equilibrivn with the vapor end the sase plot for a
supercritical prosswe avc chown ia Fige 40. It ¢on be scen that the
slope of the 600 psi curwe corresponds to that of supereriticsl water
at 4000 pel.

Since the ch product is o dovble-valued funetion of o, the fraction

£4h) /i can be positive, zero, or negotive. Consider the case when

£47h) is zere and Jp hos o finite value. orresponds o the fluld

entering the control woluse in the subcooled state at the thermodynanic

condition defiued by :h,p @nd lesving in the tuwo-phase reglon at the

state defined by the sewe two coordinates \fhsp 1. & (h) equsl to zero

means the right hond side of Bg. (D-4) is 20ro; oad, hence, the eguotion

comot bo satiofied by this condition. Thus, o transicat must develop
Lo atlsfy the basic eaorgy aaé contisuity eduations.

Experimental aad spalyticel verification of this epprosch for a
slngle~phase syston ic prosested in this thosis. Euperimeatal work by
fovy and Beckjord (49) and veriffcstion by the snalytical smalysis of

Bandles (50} estends the approach to tuo-phase systens.

dles found, utilizing a digital copputer to obiain simultancous

solutions of tho tonservabion and state equntions, that at the volves of

water subcooling studied in the Lovy and Beckjord experiment, the outlet
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copg. That iz,

Lon io glwaps onposite in eign

o the inlet acecaley This Lo alsp the comlusion deown fyom
this cnalysio.

yandles also

5

hat b S0Y subeooling aad 127

if3itre of
pover, Sthe conpuber gave solutiong for the Zlov vhich first adidbited
strongly diverpest oscillations ond then, o ¢ = 3.4 sec., wdlsruveni

.

sp amtromely rapid flectestion. This {lactueation vesulbted in a Flow

varsel with vhich the computer could wol cope, hence, the

&

ealoulations ceased. This coadition covroanonds ko A{h)

Tha basie saplyoic and the expevimental results In the litoratuze

point te the fact thet there is no simple or obooiuke ceiterion for

predictiag the tvanclonts 1n disbotic ayet

alysis points
zoward the themaadyamnic condition of the {ledd as belang the most

Inportant factor im the inlefation of suskod

ad pronalonte,. Oaos

momgdent i faiticied, the interaction of the mass welocity with the

o

fether the tronsicnt will be damped

< g g P e g
noaestun equation deto

feoasly enough

fupther oscillations. If the dawing is

: thornal deiving fopce, gustaided osecillations
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TADLE I

Bun Syotem  Preesure Pover Iniet Sutlot &p  Chonge in Frequency Henarks
Identity Pressure Fiuctuation Ioput Temp., Temp., Venturi Vengpuri Jp opn
palg poiy tw  Heator  leator pii pok

toop Mo, 2

16 Oct, 62 1 505 < 18 4 257 278 25 I 5.5 15
foll Mo, 1 2 505 4 6 195 231 24
3 505 10 6 247 276 1 3.0 17

15 Gct. 62 1 503 5 8 232 268 .1 .1 18
Roil Bo. 2 2 505 5 5 233 270 15
505 18 8 259 275 1. 2.5 17

8

505 20 251 284

505 26 10 24 285

o
*
43 B

o g
e
Ay

505 8 o 128 242
507 10 10 23 262
505 30 10 248 283
505 20 12 238 281

17 Oty 62 1

2

3

4 _

5 523 . 20 N 247 2715
6

7

.

9.

L .

»

525 15 4 261 282
525 1 8 245 278
525 22 10 248 283
525 75 12 243 280

»

et o ool o
A3 0y €O N G B G2 PR T
sgenweRrEe

Lo
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B
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TABLE 1 {Coutinuad)

Bue Systen  Proosupe Power Inlot Qutlet fg Chamge in Frequoncy Remarks
- Keatity Progoure Fluctwation Input Temp., Temp., Ventupi Venturi ip epa
paig poly for Hootow floater poi pod

25 265 1.35 - & 14
51 261 1,30 c: 15
245 275 1,38 2:0 i6
245 271 30 .7 16
255 276 +B0 .7 16
250 274 B0 5

253 274 13
254 274 G
260 217 .60
2@1 277 G0
279 A

%5 a1 b5
247 274 .35
261 231 30
2i% 285 45
279 239 45
27‘ 250 v43
24? 276 .?5
251 275 30
259 276 WGBS

520 ¥ 20
505 27
505 20
505 17
505 10
595 15
505 12
593 10
505 5
1 505 12
i1 505 3
12 505 5

Boll Gos 2 1 503 7
525 i6
525 16

525 12
525 5
523 3
525 5
435 17
455 12
435 x2
635 i5

notl o, 1
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Run
Identity

23 Oct, B2

Boll He, 2

7 Hov. 62
8 Hov, 62

] Rov. 42
foll Yo, 1

1 Get. 62
Roll No. 2

3 Ot 62

B B 3 I P B ENUTE B LD 5D Fed oy B8 Trr P G 55 B

[od SR SR R

Prassure
opig

505
505
505
505
335
335
505

- 507

507
460

60
555
505
485
494
600
465
495
519

515
500
500
500
500

?Eresmta
Tiuctuation
palg

)

£33 vl

S0 B &S DY Dol WY B €D G B

s

12 23 251 C 0 hb

wﬁm B3 5 B Lo B P
Ny,
=]

TABLE I {Continved)

Powcr Inlot Gutlet Fp Chonge in Trequency Hemarks

- Input  Tenp., Tomp., Voanturi Vemturi fp - ope

fi3az Hoator ifoater paid pad
1 262 213 1::.

10 2745 266

10 279 290 10
10 263 293 10

10 254 239 12

9 ) 220 LS
6 228 255 15
6 266 279 15

18 27 B

18 273 302 7

246 21 a 16
265 200 85t 14
376 220 80 o5 10
237 255 L5 «25 10
281 306 0 1 16
27 ‘fi* 2&3 1@ 1 : & 16 : z*ﬁ
276 295 2,5 .5 8
285 259 2.4 o1  B.6

AE
By
-

315 +35 .25 9
290 «55 2 16
292 75 3 14
201 1.30 5 9

Ao o 4
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