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Absiract

Anr mstability demonstration facility fas been in operation in the Heat Transfer Laboracory of dhe
Reuclor Engineering Dhwision for the past tew years. This repont deals with (he inveshigations carried
out sn this facility so far. The lailiy 13 essentiably a cectangulir loop designed to gencraie single-phase
natural circulavion data on the steady stae aad stabilty behaviour for different enentations of the heat
source and the heat sink. Etfect of different heat addmion paths (1e. stant-up from rest. power vinsing
from inifial stable steady state and decay of instability due to power step back} and fluw direcoon on
the statbity behaviour was also studied, The stability map of the system was generated both by the
hnear and the nonlinear methods. The Dndings can be summansed us follows

Insiality was only observed for the orenlation with both the heawer and cooler honzontal, Three
hstinctive oscillatory flow regimes were idenrified near the lower stability threshold, The predonunant
oscillatory regimes are upidirectional pulsing and ®i-directional pulsing both of which are neaily
periodic. Between these two a regime with chaotic swiching between waidirectivnal and bi-directianal
pulsing i5 observed. Unidirectiona pulsing ss characienzed by repetivive flow immatons in the same
direction followed by a period of near stagnant flow, Bedirectional pulsing is characienzed by the
occurrence of alternate forward and reverse {clockwise and anuclockwise) ffow puises. On the phase
space (AP-W plane), unidirectional pulsing porrays a bean shaped limut cycle whereus bi-directional
pulsing portrays a dumbbell shaped limn cyche. The phase portrait for the unstable flow regime with
chaotic switching (between unidirectional and bi-directional pulsing) shows a dumbbell shape with a
spread around the periphety. The shape of the limit cycle, however, depends on the chosen parameter
space. Depending on the chosen parameter space, unidirectional pulsing can portray the hood of a
cobra, the jaws of a shark, the sole of a shoe or a bean shaped limit eycle. Sundarly, bi-directional
pulsing can poriray a squirrel, a butterfly, 3 duck or a dombbell. As the power increases, Lhe phase
plois delurm.

Oni of the (wo predominant unstable regimes, unidirectional pulsing was expecinentaily observed for
the (irst lime although Keller (1966) predicted its existence. Firs€ experimental confirmanon that
natural eircplabon mstability exhibits bysieresis wis also obtained, The exstence of a conditionally
stable cegime (where the mstatnbily threshold depends on the beat addition path) was experimentally
confirmed and us thresholds established for the Dirst ume. A specified operating point in the
conditionally stable regims can be stable or unslable depending on the opérking proceédure, An
operaling procedure to achieve stable or unstable operation in the conditionally siable regime was
expenmentally established. In the conditionally stable regime, the heat wansport capabiluy of the
unstable flow was found (0 be inferior 1o the stable flow al the same power. Both unidirectional pulsing
and the chaotic switchmg between unadirectionad and bi-directional pulsing ate observable only in the
condilionally stable regime. For the unconditionally unsizble regime, the observed oscillatory mode is
always ba-directional pulsing.

Three distincy mechanisms for instability development were observed. In the first two, mstabiiily was
obsecved right from flow initiation. In ene of these, the oscillation growth lerminales alier a few cycles
and vnidirectional oscillaions with practically the same smplitude s observed. In the secomd
mechanism observed a1 a higher power, a switch 10 bi-directional pulsing lerminates the oscllation
growth. Both the above mechanisis are found only for start-op from rest. The third mechanisn is
observed when powet is increased to an unstable value from a stable steady state. Here the growth of
small amplitnde oscillations as described by Welander {1967} is the mechanism causing instability.
Here also a swilch to bi-directional pulsing terminates the osciliation growth.



Pernut doubling s observed while the oscillalory mode switches rom unidrecticnal o bi-direcuomal
pulsing at km powers As the power is increased (he penicd enhascement rcqucfa i less than 20
Adlhough the magmiude of the pertod before and afier switching 15 pot rcprg;.lu._.-: b, the presaol Fatn s
nearly reproducible. For the development of wstabiliny following an ?ﬂl'llﬂlllm growth mechanism
also, period enhancenint 15 observed while switching fromt the unidireetional to the hu-duﬂchﬂr!ﬂ
pulsing. In this cuse, penod doubling asd even tripling is observed. For ﬂli_ cases esed, the period
enhancement ralio is found to vary hetween 2 and 3 only. Ahbough the period enhancement ratio is
nearly peproducible for a prven power, il is found to change randomly with smal! chunpes in power.

Before the transition 1o fully developed two-phase flow instability. a regiom ol compound single phase-
two phase insiability. which is characterized by the occurrence of a subcooled boiling region dur'!ug the
Jow Mow period of the oscillation cycle is observed. Three distinctive regimes were identified for this
case (4} compound instahility with sporadic subcooled boiling at low power, (b) compound instability
with & two-phase region once in every cycle u intermediate power and (¢} compound instability with
twao-phase region occurring twice in every cycle al high power. In the present experiments, power was
not sufficient 1o cause boiling for the complete duration of the ascillation ¢yele. The oscillstory regime
is bi-directional pulsing for the entire compound single phase-lwo phase instability. With the incepion
of subcooled boiling, bi-directional pulsing becomes chaotic leading o the formanion of cusps on the
phase plot.

The sieady state daia for all orientations were found 1o be in good agreement with the theorencal Mow
correlation. Linear and nonlinear analyses lor the stability of the sleady stales gave almosi identical
thresholds. With the nonlinear analysis code, it was possible 1o identify the different unstable {low
regimes. I alse helped to identify the wiresholds of the conditionally stable region. However. there 15
significant deviation in the predicted and measured thresholds for the different unstable Mow regimes
and the conditionaily stable regime. This 15 anribuied 1o the simplified analysis, which neglects wall
effects and 3-D) nature of the flow. The signilicance of the conditenally stable regime is that the linear
analysis alone s not sulficient 1o ensure stable operauom. To ensure this, an appropriste operating
procedure needs to be established by nonlinear analysis.

Linear analysis showed that the orientation wilh both heater and cooler vertical is most stable and the
orientanon with both cogler and heater horizental is least stable although the latter is capable of the
highest flow (fram sieady state znalysis). For a given heater orientation, 1he loop with vertical cooler is
more siable than the one with horizontal cocler. For a specified coaler orientation, the loop with healer
verlical 15 more stable than the one with heater hormzontal. Comparisan of the data with the predicted
stability map showed that the 1-B analysis is conservative (in thay it predicis larger unstable zone than
experimentally observed), This is atributed to the neglect of wall effects and 3-D nuure of the low.

Another significant finding from the theoretical model as well as the experimens is that the instubilily
15 due 10 thermal stratification, which causes the hot plug to remain stzanded just below the elbow in
the verlicai down leg. Therefore, locating the cooler just below the elbow in the venical down leg
enhances stability. Oiher methods 10 suppress the instbility are t¢ enhonce the LD and St
Enhancing the St, beyond a certain value can completely eliminate the instatuhiey. However,
enhancing the L/D can only shift the unstable zone bu cannol eliminate 3 altogether. Effect ol the
heater and cooler lengths on the stability behaviowr was studied using the lincar method for the
areptation with both healer and cooler horizantal. The heater length is found 10 have anly a marginal
eflect on (he stability whereas the effect of cooler length is significant. Tnereasin g the lengih of both
heater and cooler is found to enhance stability.
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1. INTRODUCTION

A heal source and a heal sink connected by piping forms The essenual hardware of 4 natural
circulation loop (NCL).  Usually the heat smk 1s placed at a hugher elevation to promote
natural cirevlakon  The flow takes place due 10 the buoyancy force caused by the densuty
gradient resutung from heat transfer The flwd circulation can continue a5 long as the heat
souce and the beat sk are available without the help of a flind moving mackhunery  Due to
this, matural Circulanon loops find extensive applcation in severai indusines |k wncludes
nuclear reaclor core cooling, salar waler heaters, transformer coolmg, codlmz of intemal
combustion engines and rotaing machmery hike the gas wrinne  Other trdh ional apphicanons
mclude geothermal power extraction, permafrost protechon and low flow corresion studies
Emcrging new apphcatrons include compater-cooling, stady of detenmumistre chaos and heat
dissipation with the help of so called “liguid-fins”.

Current generation of nuclear reaciors are designed o remove core heatl by natural circulation
in the event of a pump falure The predicied end observed mode of core cooling is by single-
phase natural circulabion m PWRs (Pressunsed Water Reactors) and PHWR: (Pressunsed
Heavy Water Reactors) dunng a power falure to the cuculating pumps, Calcutations show
that the current designs of PWRs can remove as much 35 20% of core power by single-phase
natural cwrculation {D'Auna et al. (1999)). Advanced designs of PWRs hike the CAREM
reacior employs single-phase natural <iurculation as the normal mode of core coaling
{Delmastra (2000)) In addion, many reaclors used to praduce hol water for the disinct
heaung system in cold counwnes employs single-phase nawral circulation as the nommal mode
of core coalmg (Gureeva e sl (19891

In diffevent types of nuclear reactors the onentanon of the heal source (core} and the heat sink
{slcam generator) are different. For example, PHWRSs bave horizontal core and verucal steam
generators, PWRs have vertical core and vertical sieam generator and VVERS have vertical
core and honzomal sieam generators. In view of shas an expenmental program was imialed Lo
siudy the elfect of heater and cooler onentanon m a rectangutar patural circulanon loop

I 15 of interest to study how the ftow develops following the applcation of heating 10 mmally
motiondess and 1sothermal flwd 1n the loop wih different healer and cooler onentations h
may be aoted that patral circutauon flow can imnate only after the generavon of a huoyancy
force This will happen only when there 15 a iemperature difference between the verucal limbs
of the loop With the vertical heater, a 1emperalure difference and hence a bueyancy farce 13
generated almaost instantanecusly following the apphication of heatng. However, in the case of
honzontal heating with quiescent imtial state, axial conduction s the only heay wransier
mechamsm, which can capse heating up of the veriscal iimbs. Pure conductjon, however, will
generate identical temperalures n the vertcal limbs (1f the unheuted porion of the hongontal
tube 15 same on aither side of the heaterh, which will act generate a net buoyancy Torce 1n one
direction 10 imhate loop flow. Hence 1t will be nteresting to siudy the #ffecy of heater and
cooler onientatien on the start-up (Mlow mattation) transient,

Nasural circulation loops are suscepuble to mstabihty. Operanon with an unstable natural
circulation loop 1s undesirable as it can lead (o problems in control and accurence of CHF
duning low flow penods. Generally, vestncung operation within the siable zone ensures
smouvth operation of the reactor. The stable and unstable zones are usually wdennfied with the
help of stabilny map: obtaned by u hnesr siability analysis. The linear stability analysis
genetally predicts a lower and an upper siable zone. However, it 15 of inletest Lo invesiytaic



ihe nature of the unstable oscillatory behaviour as these SYsStEms Can pass lhn_:-l._lgh an unstable
zone 4l least temporanly ducing start-up, power rassing Or PresSure Taising. Hence: an
expenmental nvesngation of the unstable osciblatory behaviour has been carried out in a
simiple rectangular loop near the lower siaknlity ihreshold prediclied by the _Imear smpnhty
analyeis. In addition to the stabihiy characteristics, the sieady state and transieny behaviours
were expenmentally swdied for different orientations of ll:h‘.'l heater gnd cooler. The
expenmental resulls have been compared with theorencal predictions obiaincd by the one-
dimensinal theory, The adequacy of the linear stabelity analysis to predict the stabilily
thresholds of the non-linear single-phase demsity wave oscillations in a s:mlp!: rectangular
lcop has been examined by comparing i1 with nomhinear analysis using finite dilference
lechnigue. The resulls of these studies ase documented in this report

2. REVIEW OF PREVIOUS WORK

Keller {§966) theoretically studied a rectangwlar natusal circutation loop with point heat
source and siek located a1 the centre of the botlom and top herizental sections respectively.
He predicted unwirectional periodic fow oscillations that depend on the interplay between
fncnon and buoyancy (orces but s umalfected by inertia  Theovctical investigations by
Welander (1967) siudied the oscilfatory behaviour in 2 somewhat similar rectanguiar loop {the
only difference was thal the wo verical pipes were jcined by honzomal bottom and top
secoons of zero length where the pont source and sink were located) and proposed a
mechanism Tor the instability based on growth of small amplitude oscillations. For the sake of
converence we refer 1o 11 Welander mechamsm: of instabiliry.

Expeniments by Crevehng et al. (1975) showed for the first ime the occumrence of the
imnstabatity for ordinery fluids albeit i a torosdal loop. The mechanism for the instabnlity was
observed 10 be that proposed by Welander. Subsequent ¢xperimental work by Gorman e al.
(1986) in the toroidal loop of Creveling obscrved three different chaolic flow regimes: a
globally chaotic regime whose essential teatures can be descnbed by a one-dimensional cusp-
shaped map, a subcnucad regyme in which flow can be gither chaotic or steady, and 3 imnsient
regime in which the flow remaing chaalic for a ime and then decays into a sieady flow,

Cormang back 10 the stabifity charactenslics of rectangular koops, the work by Chen (1985)
showed wthal the aspect ratwo (height/widih) plays an important role on the stability of a
rectangular loop In Chen's work, the laop considered had the ennre battom hotizontal pipe
healed and the enire top horizontal pipe cooled. His predictions showed that the loop becamc
more unsiable as the aspect ralic approached unity. The earliest experimental work in 2
rectangular loop with verical heater and cooler by Holman and Boggs did not siudy the
instabihty. Subsequent work wn rectangular loops by Huang-Zelaya (1988), Misale e al.
{1991), Bemice-Badiga (1992) and Ho ec al. {1997) also concentrated on the stepdy siale
behaviour. Vijayan et al. {1992) observed msiability for the largest diameler loop whike
experimenting with three rectangular Joops of diameter 6, 11 and 23.2 mm respecuively. Al
the three loaps had the same length with the central portions of the bottom and 10p horizontal
pipes acting a5 source and sink respectively. The observed instability behaviour involved
repetilive floy reversals. They also ebserved a conditionally stable regime in which the flow
can be steady or osciliatory depending on the path followed in the experiment for changmng
the power. However, cxperiments were o conducied for very low powers and unidirectional
oscillations as proposed by Keller {1966} were nol observed. Subsequently Misale el al.
{1999) observed instability in rectangular toops thar also showed repeutive flow reversals.
Experiments by Nishihara (1997}, however, oblained unidirectional oscilliory instability n a



rectangular loop with both the source and sink verncal This showed that single-phase natural
circulanion nstabiity can be observed 1 loops wiath asymmernc heawng and coohing
condiigns Just as two-phase natural circcwlation instababiy Thas rassed 1he following question
Why single-phase mnstabality 1s not observed 1n large sysiems such as the nuclear reactor ioop?
This 15 especially important now since a few pew designs hke the CAREM reactor ore being
developed with single-phase natural circulation as the nemmal mode of core coolmg Hence a
new study has been undertaken 10 charactense 1he oscillaory behaviour an rectangufas loop-
with different orteniaucns of 1the heat source and simk

3. EXPERIMENTAL INVESTIGATIONS
21 Description of the Test Loop

The expeniments were cammed o in g uniform diameter reclangular naturat circulanon loop It
was bt with barosiycate glass wbe of inside diameter 26 9 mm and ouside d:ameter 28 9
min Fig 1a and b show a schematic diagram and photograph respectively of the test loop
The loop had two heaters and two coolers One of the heaters was constructed honzontally at
the lowest elevation and 1the ather was verucal The heaters rated at 2 kW each, were made of
1 mm diameter mchrome wite evenly wound on the outside of the glass tubes The lengths of
the honzontal and the vertical heaters were 620 mm and 735mm respectively The coolers
were tube-in-tube type wieth the coolamt {waler) flowing through the annulus One of the
coolers was construcied honzontally al the upper most elevauen and aiher verucal on 1he nght
stde limb as shown 1in Fag 1a Each cooler 1s 80) mm long with the ouler tube inside diameter
of 49.2 mm and | 5 mm wall thickness The coolant flow to the secondary side of the cooler
was provided from an overhead tank The coolant inlel ine had three valves in senes, two of
which were used 1o adjust the coolant flow while the third was uged to valve-in or valve-out
the cooler

The loop also had an expansion 1ank located at the highest clevanon o take care of the
thermal expansion of water It was kept open (o atmosphere, so that during expeniments the
primary loap pressure was near almosphenc The same valve located in the bottom honzoniaj
lube was used for both filhing and draining operations In addition to the expansion Lank,
another vent connection was provaded after the honzontal cooler as shown yn Fag 1a To
reduce the heat losses, the leop was 1nsulated by ceraimic mat excepd for the operating cooler
The uninsulated cooler helped in the visualisanon of flow

3.2 Instrumentation

Mineral mnsulated 0 5mm diameter chromel-alumel thermocouples (K-type) were used 10
measure the temperatures The Eoop was instrumented with 12 chermocouples (denoted a3 TCH
lo TC12 i Fig la) w measure pipe centre temperature at diferenl locabons The
thermocouples were nsened through a capillary glass twbe Measunng accuracy of the
Ihermocouples was 0 4% (£ 1] PCy The thermocouples were cahbrated 1n the range 0-150
®C. which 18 well winhin the operaung range of the present expenments The pressure
difference across a 1065 mm long secoon of the bottom honzontal tube was measvred with
the help of a calibrated dilferennal pressure transmitter (DPT), which had a measunng
accuracy of 0 25% of the span The impulse hnes connecled o the DPT {Rosemount tnake)
wers branched-off from ¢he bottom of the honzontal glass wbe 10 prevent ingress of an and
steam The difterentsal pressure iransmiutier was calibeated in the range of - 10010 + 100 Po (-
1€ to + 10 mm of water column) The negative 1ange was included 10 indicate flow reversal
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was measured ditectly by collecting the watcr in a measuﬁng flask and
Kﬁnc::::'::::;fmﬁnng a stopwaich. The heater pawer could be varied with the help of
& dimmessial and was measured using a wattmerer, which had ap accuracy of U_,S% of Lhn: span
{0-1250 W), For recording the steady staie experimental data a Ciraphlec Digital Mulucorder
was used, on which five temperature readings and the pressurc drop across the heater were
cecarded s it had only sia channels. The eccuracy of this instrument was 0.05% of the range
for pressure drop (AP} and 1°C for tempermure. The Oraphiec Recorder also hafld a graphic
display screen of all the channels availsbhe o it. During recording 2 f.hm‘t gpesd o 60 mm pee
minute wat used. Othey channels were monitored at regular intervals with @ digital
tempenitue indicator, which had an accuracy of £ 1°C. To enable the digital recording uf_ the
unstabie hehaviour, » Penny+Giles Multitrend data Jogger was ussd. 'Ihc_dala logger had eight
channels (one AP and the emaining seven \hermocouples) with a scanning rate of 1.5 5. Data
could be stored in a 3.5° Moppy disc and analysed to obtain time irace of the parameters,
Accuracy of the instrament was 3 1°C for temperawres. During the transient and stability
experiments, the digitsl data were acquired on floppy disk.

3.1 Experimental Procedure

To avoul heal boss through the non-aperating cooler, its outer glass fube was insulated and the
secondary side (i.e. the annulus) was completely drained. Then the primary loop was filled
with 1ap water, To drive out the air bubbles, the filling fow was continued for some more
time with pulsmg. To remove (he dissolved gases in the water, the loop was run under natural
circulation condilion at a power significamly higher than that of the proposed 1es for some
time (1 1o 2 hours). This procedure was followed in all the tests to drive out the dissolved
gases. Before the experiment, the secondary cooling water flow rale was set at the required
value. Sofficient ime (1 1o 2 hours) was given for the igst lovp to slabilise st room
temperature without healing.

3.3.1 Steady sate et procedure

When steady initial conditiuns were reached, the reading was noted with zero power, Theu,
the heater was pud on and sct al the required power using the dimmersiat. By obscrving the
wend of the pressure drop (APY and wemperature variation in graphical display mode on the
Graphtec reconder, the steady state condition can be judged. At the sieady suate condition, all
the temperature and AP data were collected, Then, the power was increased in steps of 100 W
ami allowed o stain the meady stare. The same procedure was repealed till the power reached
1000 W. The power was then brought down to 950 W. Afier achieving steady state, the power
was brought down in steps of 100 W allowing to attain the steady state for each power. The
procedure was repeated Gl power reached 30W, Thus steady state data could be geaerated in
the range of power from 50 to 1000 W, Repentabilily of the test resulls was also checked.

These experiments were camied ont by suddealy switching on the heater when the fluid was
stagnant at wniform initial wemperatute throughowt the loop. To achieve upiform initial
temperatute, the cooling water was valved-in one to two hours before the actual jests a3
rmentioned before. After achieving uniform temperatures (indicated by the temperature trends
in the Perny+Gilkes Multiteend data loggen) the power was switched on. The dimmersiat
position wes preset to abtain the required power before switching an the heater. Immediately



after the power was pwt on the digiial recarding of the daa began. Usually, the time delay
between the instants of switching on the heater and the start of recording was less than one
second. The system was allowed to contirue like dhns Gl 1he ananment of the steady state.
The pressure drop across the healer and seven iemperatures (TC-1 o TC-6 and TC-8) were
recorded on the floppy disc during the expenment.

3.3.3 Procedure for the Sability tests

Pretiminary experimenis have established ihat single-phase instability oceurs oniy for the case
of horizontal heater and horizonlal cooler (HHHC} snemation. The instabiluy threshuld was
found 1o be differem for different heal addition paths. Hence we studied the oscillatory
scenaria for the Following heat addition paths:

Iy stagt-up from siagnant conditions (designated as test seres # 1),
2} Power Raiging from Stable Steady scate conditons (PRSS) (test senes # 2) and
¥ DPecay of [nstabifity due to Power Step-back {DIPS) (151 series # 1),

Al the above tests were cammied out with the same cooling water fTow rate (5 ipm) and indet
ternperalure {around 34 OC]. The pressure drop across the heater and seven lemperatures (TC-
i 10 TC-6 and TC-8) were recorded on the floppy disc durmng the experiment In order 10
appreciate the oscillstory scenano better, the nominal fluctuations 1n the vanous measured
quantities were eslablished first for the steady state and stagnanmt injual conditions. The
tthuctuation tn the controfled coolant flow rate was wathin + 3% of the se1 value. The conlam
inlet temperatare was nol controlled and was fpund (o vary by [ (o 3 U%C dunng 1he 12-hour
duraion of the test. For the sicady state condition, the fluctuabion in the temperstoces 53
vanous locations in the loop was within + 1°C from the mean value. Even for the vnheared
mitial condinon, 2 maxamom flucluation of + 0.5 °C was observed instead of 3 whiform
lemperature throaghout the loop. The steady siate fluctuauens in the waltmeter reading was ¥
2.5W Simularly, steady state fluctuations in the AP reading was + 015 Pa (£ 0.0t5 mm of
water column). During stagnant conditions, the AP fluctuations were of the same order. A
btief experimental procedure 15 given below for each test.

3321 Stan-up from stagnant conditions {Test Seres # 11

The expenmental procedure tollowed was same as that descnbed in secnon 3.3.2 except that
the system was allowed (0 conlimue operation in the unslable stale for a penod of six to ten
hours for every test, In the following moring, the same procedure was repesied for another
power The primary ohjective of these tests was to obtain the threshold power al which the
systemn can be siarted up without encountering instability.

3332 Power Razing from Stable Steady sifie Conditions {PRSS Tex Senes # 2)

In these experimenis, an inital stable steady stale with uridirectional flow was achieved furst
For achieving the initial steady state, the procedure Tollowed in ihe previous tesl senies {14
33301y was adopled. After achieving the ininal steady state, a step increase in power wis
given. Sufficient fime was given o achieve a sicady or oscillitory behaviour. If the system
remains stable another slep increase in power was given. The process was tepeated nll the
instabitity was cbserved. The objective was to determine ihe threshold value upie which
power can be raised smoothly {in sitigle or several steps) without sncounterng mstabatity.



3.3.3 3 Decay of instability due 10 power s & as # 3

Here an iminal oscillatory condition was established first. To estabbish this condhlion, the
procedure followed was the same as that employed in senes # | tesls {ie 3-7}-3- 1) hf_tcr ihe
ascillatory bekaviour sets 1n sufficient time was allowed for the initial transiens to dic out,
Then a siep decrease i power was given. Sufficient time was allowed 1o achieve a stable
state 1f 2 siable staie 15 not achieved anather slep decrease in power was piven. The procedure
wits repeated unul a unidirectional steady flow is achueved. The test was mpﬂﬂlltd for ditferent
imtial oscillatory flow conditions The objective of these tesis was to obsan [he ihreshold
value 10 which the power must be brought down 10 achieve stability from an unstable siate.

34 Experiments Conducted
4) Vertical Heaer and Verucal Cooler

Steudy slate, transient and siability tesis (VHYC)

were camed oun [0 vanous onenlations in

the luap The centrs line efevabson diflerence
balwesn the cooler and the heater is given
34,1 Sigady Sizte Expenments in Table | for ¢he various orentations of

The objecteve of these tests were o check
the ndequacy of the peneralised fow
correlaron  (see Viggyen (1999 0
represent  data generated wilh  variows
hearer and ¢noler orentalions. Steady slare

the cooler and heater. The analysis of the
steady state datg 1s given in seclion 4.

Table 1. Cenire line elevation difference
(A7) between the cooler and
heavey for differens orientations:

expenments were camied ol for The

following onemaucns of the heatzr and Onentation Az, -

covler: HHHIC 2.1B5

1) Honzontal Heater and Honzontal HHVC 1.580
Cooler (HHHC) VHHC 1.5075

2) Honzontal Heater and Vertical Cooter YHVC 0.9025
{HHVC(C)

W Vermeal Heaer and Honzemal Covkep (VHHC )

1.4.2 Transient Behavicur

These are basically the flow imiation transients, which were also comducted for alt the four
onientanons mentioned above. Results of these wests are given in section 5.

1.4.3 Suabnlity Expenments

As already staled, the stabibity 1ests were camied ot for all eriemations, i.e. HHHC, HHVC
YHHC and YHVYC. Qui of these single-phase nstabiluy was observed only for the HHHC
onemation. For whus case, the stability behaviour was dependemt on the heat addition mode.
Three heal addiion modes were investigated und their results are preseied in section 6.

4. ANALYSIS OF STEADY STATE DATA

Pnior S.lll.ldlf.s (Vijayan (1999)) showed thal the sieady siate flow in single-phase natural
creulation loaps could be expressed as



Gri, |
Rc"=c[—%f-] (1
i

Where Gr, = D)0'BAT, /i, AT, = OH HARC, ) 1, = $(8(5)),d2.C = (2/p)' and £ = L/3-
b) with p and b obtained from a friction factor correlation of the following form.

f =p/Re* iy

The geometne parameter, Ng is defined as

L, N
uzﬁ_zl{ uh z- ]l (3}

| D & {t,)
Where D, =3 DL d, = otia, =04 =LY AL and Eh

, 2 D, A E s} - L

For a uniform diameter loop with negligible local pressure losses (D, = D, A = A and
(Legd=Ly. Hence, d =1, a= 1 and 1.7 =1) Ng is obained as

L
N, =-1 4
875 (4)

The local pressure losses has been accounted by introducing an equivalem length, La, delined
as

Le
K=f— 5
5 {5}

If the local pressure losses are significant, then

=—E o) (6)

where {11}, =(Lefn)/L, and {Leff= L, + Le,. The numericat value of the integral k=1 lor the
HHHC on#ntation so Lthat the sleady state flow is given by

= c[ﬁ[ﬂ:,]' (T
N(r
For other orientations, the value of L # 1 and hence, Eq. {7) is not apphicable. For orientations
other than HHHC, Eq. (1) 5 10 be used with the aclual value of L,. The expressions for 1. are
given in Appendix-1. However, if we assume that the termperature variation 1s linear in the

cooler then the steady siate flow rate can be caiculmed by the fo'lowing expression (sec
Vijayan {2000} for its derivation).



Re, - r[[G’*L] ®
=

Where (G7,),, = D'pPgChaZJAR'Cp. If we replace H with 4z, the cemre fine efevation
difference, then equation (1} can be rewnitiefy 45

Re = Mi’,; ©)
“ N, ar "

Companng squations 8 and 9. it 15 easy Lo show that the ermor, E, introduced by the
assumption of lncar vanabon of temperature i the cooler 15 given by the following

CEPIEsson

£- [f- f,,} (10)
Mf

T the value of E is unity, then no error 1s introduced. For HHHC ovientation, Az.=H and 1.,=1,
heoce E=L. For the YVHHC onentatson. [..= Az/H. leading to E=1. For other onentations, the
emor of approximanon &5 a funclion of the Sty The emor of appreaimation is found to be less
than 1% isex Appendin —2) for the present loop where 0.2 < Si < (6. Therelore, the sicady
state Aow rate for all onentations can be oblained from the following equations,

(Gr),,

el

oS
Re =ﬂ.l?ﬁ$[ ] for & fully lamirar loop (p=04 and b=} (1)

[Grul )& 1_;
and Re=1. : for fully wrbulent loop (p=0.316 and b=(}.2%) (12}

0

I 15 of merst to see how good are these relauonships with respeci 10 the present
experimental daca.

4.1 Testing of the Sieady Siate Correlation with Pregent Experimental Dala

From the experimental data, the sieady state natural circulation mass flow rate, Wy, is
abtaimed as (cHows:

@,

W =— g
.7, @

Where the specific heat, Cpy, was calculated based on the average temperature {Ty) of the
heater secuan (1aken as the mean of the inlet and the outlel lemperatures). ATy was obtained
as he dfference of the measured vutlet and inlet tlemperatures of the heater al steady state.

10



Using thos mass Now rate, the Reynolds number was calcubated Both the Re and Gry, were
calculated using the fluid properties esumined al the loop average temperature (laken as the
anthmeuc mean of temperatores indicated by thermocouples TCL 10 TCB) Geometnc number
(Nqg) was calculated using equations 4 and 6 for the case without and with local pressure
losscs respectively (see appendix-3} Three 'Tee’ joinis {with blocked beanch) and four 90°
elbows were the sources of local pressure losses 10 the current expenimental loop The 90"
clbows were assigned a loss coefficient of 09 and the Tee junctions were assigned a loss
coefficient of 04, so that the tolal local Joss cocfficient of the loop amounts 1o 4 § (Sweeter
and Wylre {1983)}

The sleady state dala are compared with the theoreucal correlahons m figures 2a and 2b
without and with consideraton of the locel pressure loszes respectively The expenmental
data 15 ohserved to be very close to the theorencal ¢orrelauon for all onentauons of the heater
und cooler confirming the vahidity of the comrelauons {7) and {8) The local pressure losses
alfecis the resulis only marginally (see Fig 2b)

5. FLOW INITIATION TRANSIENTS

These 1es1s were Larmied ot Tor all onentanons of the heater and cooler and the esulis are
descnbed onentabion-wisc

5.1 HHHC Orientation

With 1has orentation, the Mow can imbiate in enher dircctson In the prezent loop, however, the
flow snutiated most of the tomes m the clockwise direcnon unlike earhel expenments with
henzontal heaters by Yijayan (1988 and 1992) This could be due 1o 4 very shight mclinanen
of the honzontal lube near ithe elbow, which Tavoured clock-wise flow 1, however, flow
iniied m the counter-clockwise direclion (observed only for power greater than 250 W, then
flow continued w that direction fn the present report, Lhe resulis for the ¢lockwise flow enly
are presenied Several expanimentally observed start-up transients are reponted m Fag 3 ot the
HHHC onentation For ins enemauon, stable behaviour was observed only for very low
power (sec Fig 3) Following the appbcation of power, the pressure drop (AP) begins 10 nse
alter a quaescent jmhal state (AP =0, mdicabing the inebation of Now theough the loop A
possible mechamsm that causes the loop flow 10 1niuate appears o be the following

Immediately after the start of heatung local convection currents are set up in the honzontal
heater, which are wmnally stable With cominued heaung, the local convecuon currents
become unstable and begin 1o move side ward diffusing heat towards the unheated horizonial
ends of the hester Evemually, a iemperatare difference 15 cresied between the verucal hmbs,
which causes the flow Durmg the quescent imtial state a hot plug of fiwmd 8 formed in the
heater Dunng flow mitialion, this hot plug 1ssues oul wig one of the verlical hmbs The
ascending hot plug « ceferates the flmd causing a rapid increase ol the AP and hence the flow
Simuitancously, cold fluid enters the heater As the hot plug enters the 1op honzontal section,
the buovancy force reduces decelerating the flow  As the entire hot plug enters the top
horizontal section, us contribution Lo buoyancy force 15 zevo, but 4 low flow continues due to
the warm flusd sssuing out of the heater Punng the low flow penod another hat Mnd plug
begins 1o form in the heater The second peak i AP 15 obtammed when 1bis hot plug 15
ascending the hot leg The second hot plug, however, 15 less hot (because ot stayed for a less
ume In the heater) than the first leading to a smatler peak AP than the first This results in an
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oscillavory behaviour where every succeeding peak 15 smaller than the preceding one leading
eventually 1o a suable state ([ she power s less than 105 W,

The dweahion of the ninal quiescent state 15 found to decrease with power Simalar
observalions with honzomal heaters were made garlier by Bau-Torrance {19813 v an apen
square foop and Vijayan {1988} m a figure-of-eight toop.

5. XHHY(C Orientation

Typical start-up ransienis for the HHVC onentatnon (with coolant Mow rate of 5 lpm} are
shown m Fig. 4. For thig anentabion, sustaned omrculation n the anh<clockwise direction
could put be actneved although flow imtated in the ann-clockwise discclion an some cases.
For example, the flow initiated 1n the anti-clock wise direcuon for the test al 257 W oas shown
n Fig. 4o, Afwer the first osciilsuon, the flow reversed und subsequently the flow continued in
the clockwise direchon eventuully leading to a steady state. The flow mmnatron for HHVC
arcatation Hways led to a stable sieady s1ate in coplrast 10 the HHHC onenlaton for which
no steady siate was obgerved for heater power 105 W and above.

£.)3 VHHCOC Orientation

In verlical heaung the start-up transient 15 different frem the one observed with horzomal
keating in this case, the time lag between the start of the heating process and flow imtiatonas
for less than that for honzonral hesting. As soon as the keating stans, the buoyuncy force
stans increasing, mnittating the Now. With the stan of heating, waler near the wall gets hrst
heated up and immediately stars 10 nse n the yercal imb due 1w the fow density, The flow
itiahion fransients for VHHC onentation al different powers are given in the Frg. 5. It is
observed thal afler a single inrial peak, there 1s an increasing trend of 1emperature up 10 the
steady state level. The magnitude of the first peak iz found 10 merease with power. Sirilar
wend was observed for the VHVC onentation,

5.4 Summary of Obxerved Behaviour during Flow Enitiation

Duning (hese expeaiments only the HHHC onemation showed single-phase snstability. For
YHHC and VHYC onentations, the Mow emmned stable up to a power of 1000 W for all
cages shwdied. For the HHVC onentaion, single-phase flow was observed up to about 650 W
and a continugus streatn of bubbles were observed above TO0 W causing random oscillanons
in AP, whose amphiude was more Lhan that in sieady single-phase condinons (see Fig.b). Also
il was conlumned that the bubbles, which cause the randoen osciliations are due (0 the localized
boiling rear the top wall of the horizontal heater with bulk liquid being highly subcooled.
Since our work is restricted 10 only single-phase natwa) Circulition special astention was naol
given 1o bouling natural circulation in this work. A summary of the observed behaviour dunng
the start-up £xperimenis is given in Table 2.

6. THE UNSTABLE FLOW REGIMES

Since single-phase inslambny is observed only for HHHC orientation, a detadled investigznon
af the unslable oscillatory bebaviour was catried out for this onentation,
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Tuble 2: Summiry of the results of the Swn-up Expenmemts

| Oriematicn | Threshold of wnstability | Nuture of flow
HHHC Between 102W and 105 W | Single-phase unstable Now Tor Qy 2 105 W
HHYVC Stable upto HIOO W Single-phase stable Now for Q<585 W, sluble
subcooled boiling for =583 W
VHHC Stable up o 1000 W Stable withou boiling
VHVC | Siable up 1o 1000 W Siable withoul boiling

* Expeniments were not carned oul beyond 1000 W, as 1t was feared that higher power might
damage the glass loop as it did once for the HHHC onematnion at 1225 W,

6.5 Summeary of Observations

During the three series of 1ests descnbed in section 3 3.3, the different flow regimes observed
can be listed as below:

a) Steady unidirechional flaw,

by Periodic unidircciional pulsing Mow,

c)] Oscillatory flow with chaotic switching between unidirectonal and bidirectional pulsing.
d) Periodic bi-direchonal pulsing {low and

¢} Compound single phase-two phase instability with bi-diectional pulsing,

Generally, theoretical prediction has shown an upper limit of heater power beyond which the
system is stable. However. tns upper limil was unachievable in the present loop in the single-
phase condition as 11 starts boiling n the healer dunng the low flow penod for powers greater
thun 408 W._ It may be possible to reach Lhis limit 10 single-phase condition in a pressunsed
waler loop.

The range of heater power over which the above regimes were observed is different lor the
three heat addition pahs studied. In some cases, all the above regimes were nol observed. For
example, the oscillatory Mow regime with bi-directional pulsing only s observed while rimsing
the power from a stable steady siale. The phase plots given m Figures 7a, b and ¢ cleurly
tllustrate this. The expenmental observations are summarized in Table-3. The threshold of
instability 1s found 10 depend on the heat addition path. The threshalds [or unidirecuonal and
bi-directional pulsing are found 10 depend on the heat addition path. However, the threshold
of compound instability s found lo be independent of the hear addition path, Characterstics
ol each of the observed flow regimes are discussed below.

Table 3: Effect of heatang mode on the snslabiliy

Mode of Threshold of | Unidirection- | Swichink Brbirecuon- | Compound

heating instabwlity al pulsing between UP* | al pulsing | instabidivy
and BP"

Start up 10Z2W<Qpe |105W<Qy |H0W<Qn |Wh> 196 W | Oy > 408W

from rest 105 W < |35 W < |90 W

Powet ruizing | 260 <y < 270 | Not observed | Not ohserved | Qu = 270W | Qn = 40BW

from 555° W

Decuy of imstabi- | 60 W < Q<65 |65 W < Qp< | Not Nol Oy > JOBW

Iy due v PSB! | yyt 140 W establizshed established

&0 VP — Umdiwgcnonal Pulzing, + BP — Brdircchional Pulsing, * 555 - stable steady suane, | P51 - Power siep back
+ - These results are vald For 3 case where instabalily was insinally established a1 300 W
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6.2 Swble Unidirectional Flow

Stable unidirecwonal Mow 13 represented by fixed pemis on the phase plots (see figore 7) A
charactenstic feature of the oscallauons that eventually die down 1o give & steady state 18 that
the ampinude of every succeeding oscillation 15 Jess than 1hat of the preceding one Since
some deviations in the threshobd of mstability and the nature of the osollalory bebaviour prior
¢ the siweninent of steady sate are noted depending on the heat addhtion path, e observed
behaviour 1s descnbed separawely for each heal addinen path

6 2 1 Stan-up from Stagnam Copdjtions

The observed osallmory behaviour following the apphcanon of heating leading to stable
seady sale was slready discussed 10 secuon 3 The time lag between the heating process and
the subsequeni generanon of buovancy force results m an oscalbuory behaviour These
oscillatnons are damped if the power was less (han 105 W oresuling in a stable steady stane (see
Fig B).

6 2.2 Power jatsing from ai suroslly Stable Sicady Stae

Figure 9 shows that the transicen due (0 power rasing [rom a stable sicady state 1s shorter and
mulder than that for start-up (Compare the oscillalory behaviour pryor o the Tirst steady state
with tha cormesponding to subsequent steady state following power raise in Fig 9% The man
reagon for thas js that the prevarhng low flow does not allow the formanon of a very hot plug
contrary to the case of flow inituation from rest Even the neutrakly stable condition for this
case results in small ampliude oscillaions {see Fig 9b and c) Instabataty 15 observed of power
18 rased o 270 W (see Fig 9d), winch 13 marginally dependent on the path foliowed in raising

the power,
6 2 3 Decay of mstabihity due 1o power stepr back

Figures 10a 1o ¢ show some cases, where Lhe instability decays into a steady state following a
siep back i power whereas Fig 1048 shows a case wheie 1he (nstability does not decay to a
steady state These tests showed thal the power at which the insiabibty decays lo a stable
steady stale 15 only mldly dependent on the imual unstable stale For example, at 200 W and
300 W the instabulity decays when the power s broughl down to 60 W whereas for 400 W, the
mstalulity decays even at 65 W (not shown m figure] Above this power, the insiebility does
not decay

It may be noted that while starting from stagnwot indial condwions, stable unihrecuonal flow
was observed up o 192 W while reducing power {rom an anstable conduion stable flow was
obtinned only 1 power was below 65 W This incheales the occurrence of the hysteresis
phenomenon Theosetically the possibilny of occurrence ol the hysteresis was reponied by
Lorenz {1963) ard Bau-Wang (1992) Prior expenments comtucied by Creveling et al (1975),
Clorman et al. (1986) and Widman et al (1989} did not reveal hysteresis To our knowledge,
the first expenmental confirmution of the occurmence of hysteresis in natural circulauon loops
1s reponed here
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6.3 Periodic Unidirectional Pulsing

Unmidirecuonal pulsing 1s observed dunng start-up and decay of instabuiny 0L was not ohserved
for the case of power raising from stable steady stwie condhisons

6.3 | Stan-up [ s Caondiho

The upper hmu of steady unidirectional flow 18 observed for about 100 W at which the flow
reduces to zero 1mmedwately afier the first pulse This 15 caused by the mmabiluy of the cooler
1o sufficienly diffuse the hot plug (due to high velocity), with the result that the net buoyancy
force reduces to almost 2ero when the hot plug of fluid descends down the cold leg Duning
the near zero flow rate, another hot plug 15 generated in the heaser which 15 nearly os hot as the
first onc Furher increase 1 power causes continuous umdirectional pulsing thal 15 perwodc
(s¢¢ Frg. 11). Unidirecuional pulsing was observed for 105 < Qy < 133 W At 140 W, the flow
awitches 10 bi-direchonal pulsing after temaining in the umdirectional pulsing mode for & long
L

A charactenstic featwre of ithe unidirectional pulsing flow 1s that every large amphitude
posirve AP osciblanon 1s succeeded by a small negauve mummum and a plaleau of near zero
AP (see Fig. 12). The small negatsve minimum of AP necessanly indicales 3 very small
reverse flow But ns duravon 15 small and the oscillatory nature 15 predominantly
wnidirectional. The near zeto AP indicates siagnant condittons 5o that unkdirectional pulsing
appears to be repeuuve Row imiaations On the siate space (see Fig. 13), the umdirectional
pulsing flow forrns a bean shaped limut cycle wath a thicker shell for large ume senes plols
The space enclosed by the himit cycle 1s found Lo increase with Increase wn power (see Fig 13)
due to the 1acrease in the amphtude of oscilanons with power Umdirecional oscitlatory
molion was predicted by Keller (['966) 111 a ceclangular loop like 1he present one alben with a
pont heat source and heat sink al the centse of the bowom and top honzontal pipes
respectively.

6.3 2 Decay of instabilily due 10 power step back

From an unstable oscillatory flow, umdirecuonal pulsing 15 observed in the range 63 < Q,, <
143 W (see Fag 14) The umdirecnional pulsing observed with different miial power are
shown wn Pogs 13a and b. Fig 16 shows phase plots where a (ypical bidwecuional pulsing
inslabihity decays into umdirectional pelsing. The spread in the ragectones shownin Fig 163
due to the transient following the step back m power The darkness of the phase space
comesponds 10 1the ducation of the pulsmg mode Thus the phase spaces in Fig 16 mndicare that
the funal umdirectional pulsing mode was of longer duration

6.4 Chaotic switching beqween unidirectional and bidirectional pulsing
Chaotic switching betwean unidirectional and bidirechonal pulsing was observed dunng stan-

up and decay of instabilny due to siep back in power N was not observed for power raismg
from stable steady stale conditions.

6.4 1 Swart-up from Stagnant Condiions

Tymeal examples of s type of behaviour are shown in figares 17a to d 11 appears that the
twis slable oscellalery modes for this loop 13 enher umidirectional pulsing (a1 low powers $<I135

27
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W)l or bidirecuional pulsing (at fugh powers {=196W)). Betwean these two limuting powers, 1l
is natoral to have a region where llow swiiches from umdirecional to bidirecoonul pulsing
and vice versa. The frequency of the chaotie switching is found 10 decrease witk inciease m
power. Chaclic switching 13 nol observed lor powers greater than 196 W. On the phase space.
such plots do not show a single wajectory as in the case of periodic wnidirectional or
bidirectional pulsing. Instead, they show 4 spread around the mean trajetory {see Fig. 18).

6.4.2 Decay of instability due 10 power step back

Chaotic switching 15 observed for this case (Fig. 19). However, experiments were not carned
out to establish the Tunge of power in which chactic switching occurs. It is also nod known
whether hystcresis phenomenon accurs for the chaatic switching mode.

6.5 Periodic Bidirectional Pulsing

6.5.1 Stan-yp from Stagnant Conditions

For powers greater than 1% W, the chaotic swirching bewween unidirectional and bidirectional
pulsing stops and a penodic bidirectional pulsing alone is observed after the first switching
(see Figs 20t a 10 d). An mmecresting observation is thal even for the unconditionally unstable
case, a few umdirectional oscillations (whose amplitude increases with tirme) are observed
before 1the switch o Wdirectional pulsing (Fig 21). The charactenstic feature of ihe
badirectional pulsing is the occurrence of repeated fMlow reversals resulting in alternate forward
and reverse MNow pulses. When ihe flow reversal occurs, both the AP and AT, show negative
valuez, Visual obzervasuon of the flaw in the active cooler section {which was niot snsulaied)
confimed the repelstive Mow reversals. Neglecting the imitial transients the shupe of 1he long
duraiion ime series plols esembles a snake skeleton {Figs. X0 and 21).

{Jn the phase space, the bidirectional pulsing flow neglecting (the initial transients porirays a
dumbhbell that just touches cach other at the centre al low power (22a to d). As the power
increascs, a separation 15 observed at the center (see figurzs 23a 10 d). The numencal
investigations by Hant {1984 and 1985) have shown phase irajectories somewha similar to
those in Fag 23 lor a oroedal loop. Ik may be noted that an exact peniodic oscillation will trace
out (he same hid cycle every ime. However, the phase portraits in Figs. 22, 23 and 13 reveal
thit bichrectional pulsmg like wnidicectional pulsing is only near periodic although Keller
{1966 has lermed unidirectional pulging as periodic.

6.5.2 Power raising from an injgally Stable Steady Stale

Typical resulig far the occunence of instability for this case are shown in Figs 24ato d. A
charciensuc feature of this heat addiuen path is that the instability always develops by the
growth of small amplitvde oscillavions (Wetander Mechanism). The amplification penod
{defined as the lime duration from the sigp increase in power (Lo unsiable value) till the
occurrence of the (irst flow reversal} is found o decrease with increase in power.

6.5.3 Docay of instabality due to power step back

Bidwrecwonat pulsing was not siedied in detail in this heat addition mode. However, ihe
avadlable results indicuwe that bidirectional pulsing observed is pracucally same bs that in
sectlion 6.5.1 (see Fig. 25).

L%
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6.6 Compousd Single Phase-Two phase instability with Bidirectional pulsing

At higher pawers, the instability coninues in the bidirectronal pulsing mode supenmposed by
subcooled boiling. During the low flow part of the ozcillation cycle; bubbles sre lormed near
the 1op surface of the heater outlet, which are stationary to start with. When li_lese bubibles are
released high AP occurs since Two-phase AP is significanlly lazger than single-phase AP,
Boiling is indicated by the occurrence of sharp peaks in the AP due 10 bubble retease, which
w25 confirmed by visual observation (see Figs. 26 b, ¢ and d. For the suke of compansun, a
typical non-boiling case is shown in Fig. 26a). Due 10 the swdden increase of flow when the
bubbles enier the venical deg boiling i suppressed. 1 the range 408 < Qy < 450 W, the
poiling is sporadic (see Figwre 26b). Beyond about 450 W, the subcouled bathing becomes
reguiar with every cycle having a two-phase part (see Fig. 26¢). Beyond aboul 600 W, two
two-phase regions are observed in every oscillation cycle {(sce Fig. 26d). With inception of
subcocled boiling, the bidirecttonat pulsing becomes highly chaotic.

The bubbles genermed @ the lop surface of the horizontal heater do not move until their size
hecomes more than a critical value {ypically 2 to 5 mm in diameter). In the honzontal secuon
st the heater owlet, the bubbles move almost in 4 line close to the top surface. Dunng the high
Aow part of the cycle all bubbles in the horizontal heater are swept by the Now. 1n the vertical
leg. most bubbles condense, but an ogeasional bubble reaches the 1op honzontal pipe and
escape through the expansion Lank. The threshold of the compound instabitity has not shown
any significant dependence on the heat addition path.

On the phase space, Lthe subcooled boaling leads to the formation of cusps in the dumbbeli
shaped trajectory (see Fig. 27). Both the 1ime series and 1he phase plots show an increasingly
chaotic behaviowr with 1ncrease 1n power. Almost avery trajectory depicts a separate hne
instead of the nearly overlapping Inpectory observed at low powers. Ambrosim and Ferren
{1998) predict 1he fermation of such cuspids for a rectangular boop even withoul buoiling. In
the present expenments also, smatler cusps are observed at Jow powers without bmbing (sec
Figs. 12 and 13),

7. NATURE OF THE OSCILLATORY BEHAVIOUR
7.1 Metastable or Conditionally stable Regime

Experiments showed thar the threshold power, at which the flow becomes unstble, s
dependent on the heat addition path followed m the experiment. The regwon 1n which the
instability threshold shows path dependence is referred 10 a5 the metasiable ur condhtionally
stabie regime. If we consider only the first two heatl addition paths (1e. start-up from rest and
power raising from a stable steady state) then the region between 105 < (Q <270 W can he
considered as subcritical regime if we borrow the leminology of Widmann ct al {1989}, The
characiensiics of this region 1s similar 10 the subgrilscal regime of Widrmann et al. (198%) @
that 13 stable if power is increased in smafl sieps. but unstable Jor large power 1acrease Lin
Our case start-up from rest). However, if we consider the third hew addion path (1.e decay of
instability due to power step-buck). then we find hat the instamlity does noi decay even af we
bring down the power in very small steps until 1he powee ts braught beluw a threshold value
{65 W}, Hence e entire region between 65 W to 270 W 1s considered ag conditivminly stuble
(metastabie) region in this report. In the conditivnally stable region, stable or unstuble
operation can be obtained depending on the hear addiion path followed in the cxpenment
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The region above 270 W s unconditonally unstable or simply unstable as 1115 always
unstable independent of 1le heat addimion path

7.2 Swabilicy Margin

Traciionally. the decay ratio (rauo of the amphiudes of the succesding 1o the precedang
oscillation) 1 used as the stabiaty margin For all wransienes thal lead 10 & steady state the
amplitude of every succeeding oscillabon iz bower than that of the preceding one (see Figs 3
& 8) Therefore, it appears that the lower the decay rato, the faster wall be the approach 10 the
steady seate This 15 the rawonale behind the adoption of decay raho as a stabality margin

Typical vaues of the decay ratos for the three heat addiion paths are presented in Table-4 Q1
1s found from thee dable, and the comesponding expenmental observalions given earher that
the amphiude of oscitlation for cenwn operaung procedures (power raising from a stable
steady state for example) s very small even though the decay raho 1s very close to umty For
certam other operating conditions, the amphitude of oscillatzon can be ssgmficantly large even
though s decay ratio and the operating power are much smaller This 15 the ynadequacy of the
decay ratio when used as a stabi ity margin

Table 4: Effect of heating mode on the decay ratio {DR)

Start-up from rest Decay of snstabalily Power raising from stable S5

Power | DR [ APs" | Power DR | APg" | Power DR | APy’

45W 081 |28 |200Wio60W (088 |768 |60WtolBOW (098] |10

G0W |08Y 212 JMOWios0W |08 1012 |80WialasW |10 102

S0W |088 (204 (4001060 W |07 |978 | 165W1io260W | ODEE |09

00W 095 | 211 |400Wio65W |086 S04 |60Wip260W | 140 058

* 55— prendy state . + APg - satio of AP Tor first oscillabon following the ieansient 10 the steady state vajue

The present expenments have demonstrated the existence of a condinonally stable megion near
the lower stabrbity threshold Expenmentally, o higher threshold value s obtaened if we start
raising power from a stablc sicady stiue However, at powers much Jess than this threshold
(about 4 Gmes less), insisbilaty can Pe encountered il we follow a different operating
procedure This suggesis that 10 obtain adequate stabulity margin an appropnale operating
procedure needs (o be specified rather 1han a decay rano This operaung procedure cequires
the {ollowing threshold values 16 be established

a) Maxumum power at which the systerm can be starled up from stagnant imtial condwions
withoul ¢ncountermng mslabality

b) Maximum step-up in power that 1s permussible from a given stable steady stale operating
condition without enceuntering instability

¢) Minmmum step back m power required for achieving stabibty from an unstable operaling
condition

The first two thresholds are sufficient 1o safely operate the system without eacountering
instabithty  The third threshold 1s requured to stabilise the system (f 11 enters an unsiable zone
of operation  Such unintentional landing 1n an unsiable zone can be caused by an operator
error or due to an upanticipaled transignl
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7.3 Comparison ol the heat transpori capability for the stable and unstable cases in the
conditionally stable regime

Single-phase natural carculation loaps can be stuble or unstable demdi ng on the operaling
condimions Generally unstable nawral curcutation 18 chaolic with associated lurbulence, Due 1
thts unstable nawral circulation loop can be a belter heat transport device than stable natural
oseulation Yoop as opned by Bau and Wang {1992). However, (0 our knu'_wlcdge. detailed
stdy of the heat iransport capatlity of the stable and unstable lecp 1s not reported,
Nevertheless, Misale el al (1999) repont higher toop temperatures for the stalzluhsecll loap
compared 10 the unstable leop suggesung recuchion n heat (ransport capability in the
stabilused toop. Stabihsing is wswally done by enhancang the hydraulic resistance of the loop.
Due to the additional ressstance tntreduced, the stabihised loop has a lower flow raie compared
to the ume averaged flow in the unstable loop therehy reducing its keal transport capabiliy,
Presenl expenments have estabiished a procedure to achieve slable or unstable operation for
the same operaung condiions (1.¢. heater power, coolant flow and its inlet temperature) in the
conditionaily stable region. In this section, the heat transport capabality of the stable flow is
compared with unstuble flow.

For this companson, [irst the measured flow rates for the stable and unsiable modes were
compared {see Fig. 28) as he heat Iansport capability depends on the loop flow (the loop
with the larger flow rate has better heat iransport capability than the loop with the lower flow
rate) Subsequently, the cooler outlel lermperature for the stable and unstable cases was
compared {see Fig. 20). In both the cases, the power was maintained the same. To make a
direct companson, the time averaged flow and lemperalure m the unstable case was compared
with the comesponding values for the slable case (see Table 3). These results show that the
stable case gives more Now and lower lemperaure compared 1o the corresponding unsiable
case. Thus in the cenditionally siable reginn, the unstable loop i3 found to have less heat
transport capubstity ihan the siable loup In cuntrast, the mference from the reported studies in
literature rs 1kal the stabilised flow has less heat iranspont capability compared to the unstable
flow (Misale e al. (19991,

Table-5. Compacison of flow and lemperatures for the stable and ungtable cases.

5. No Fower - W Flow Rate - kg's Cooler callet temperature - °C
Stable Unstable’ Stable Unsiable’
i 30 {.01993 0.0164 34.02 34.16
2 120 {+.02066 001785 3536 36.25
(3 [ LBD {1.026 0.0311 3313 356l
4 260 06952 0.03807 41,25 43.4

- Time average of the absolute of instanianeous values
7.4 Mechanism causing the Instability

In ligure 24, the instabilily develops by the growrh of small amphitude oscillations whereas in
figures 1, 20 and 2} she mstability 15 observed nght from the iniliation of fow. An amplitude
growlh is alsu observed mn figures 20 amd 21 before switching 10 bi-directional pulsing. In facy
the development of instublity via the growth of small smplitude oscillaons is observed only
when power was increased from an imtnlly stable swcady state. Ancther inleresting
observation is thal growth of small ampliude oscrllasons as a mechanism of instability is
obnerved for the uncondionally unstable regime W = 270 W) Further, the observed
escitlatory behaviour discarding the initial transients s always bidirectional pulsing for the
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unconditionally unstable regime. Both unidirectional and bidirectional pulsing flows are
observed for the conditionally siable regime. However, umidirectional pulsing is observed lor
the low power region of the conditionally siable regime. Oscillation growih as & mechanism of
mstability is not applicable for umdirectional pulsing. Here the repetitive pulsing can be
explained by the following physical mechanism.

7.4.1 Mechanism for vnidirectional pulsing

Foltowing the application of heating during stagnant initiat conditions, a hot plug is formed in
the heater. Transient conduction caleulations show that the 1emperature in this hot plug is not
uniform and shows a peak at the center of the heated section with the ends being relatively
cold. Due 1o the mstability associated with the local conveciion currents, the hot plug
Iengihens {due to sideward movement), becomes longer than the heated section and eventually
covers the entine horizontal seclion. Al the time of flow initiation, the penetration of the hot
plug into one of the vertical legs is more than the other (Fig J0ay.  As the het plug rises
through the vertical leg the flow accelerates due 1o the increase 1n the buoyancy force, The
flow reaches a peak when the entire hot plug »51n the vertical leg, which i3 much bonger than
the horizontal leg. During this time, the heater gets filled up with cold water. As the head of

coaler e
: S conber

5

He plue

e/

Fig. 30a : Posttion of hot leg during flow Fig. 30b; Position of hat plug during flow
Itviti ation slagnation

the hot plug enters the top hornzontal leg, the buoyancy force begins to reduce and the flow
tends 1o decelerae. However. before its tail can go out of the ventical upleg. its head issues out
through the vertical downleg (see Fig. 30b). Although, the head of the hot plug has passed
through the cooler once, it has not been sufficiently diffused due to the high velocily while
passing through the cooler. Due to this, the net buoyancy force reduces rapidly as the hot plug

1



descends along the verti af downleg leading fo rapid reduction in flow This continues ul) the
buoyancy fure contnbution of the nght vertical leg 1s shghtly moce than that of the lefi
vertical leg Jeading to a smali reverse flow Dunng the reverse flow (very short duration), pan
of the hot plug 1n the verucal downleg reums back to the honzontal leg with the haitest
portion geltng siranded at the nghi hand top elbow lcachng 1o fTow stagnatien Al the same
nme, the coldest flud pocket in the loap accupies the portion on either side of the nght hand
bottom etbow En the boltom honzonal pipe, the fluid neas the left elbow is hotter than the
flurd at the nght elbow Tus fomms a buoyancy check valve, which only permits forward flow
Dunng zero flow, & second het plug and & cold plug begins to form in the heater and cooler
respecirvely Minor forward and backward oscillauons take place as the het plug 1a the heater
e 1o escape o one of the verucal degs Dunng the reverse flow, part of the hot plug
retlumns 1o (he top honzontal leg increasing the Forward bueyancy force. Lunng the forward
flow, part of the siranded hot plug (in 1he adiabatie section after the cooler) enters the downleg
that tends 1o reverse the flow The net result 15 small amplitude forward and backward
oscillaisons fof some ume isee also Fig 123 Dunng tus process, the fluid in the left etbow
gets heated more than that al the nght elbow (a8 It was holler than the nght eibow dunng
stagnaton) Eventually, the second hot plug enters the vertical deg through the lefl elbow
mizaging & pulse 10 the same direction as the first pulse However, as tis second hot plug
eniers the verucal downleg afmost the same siluation shown in Fig 30b repeats leading to
flow stapnawon again Thus sach pulse appears 10 be mdependent flow mittation from
siagnant condiiong The process repeats itselfl piving uedirectional pulsing flow [t may be
noted that dunng steady unichrecuonal pulsing several hot and cold pockeis are present, with
the dominant peaks in the vertical Jegs goveming the Mow

74 2 Mechamsm for br-directional pulsing

Welander (1967} has proposed a mechanesm for the development of instability through the
oscellabon growth This mechanism assumes that certmin disturbances hike a momentary
reduction in coolant flow favours the formalign of a “hol pocket’ (hotler than normab), which
15 amphiied dunog every pass through the source and sink eventually leading to (low reversat
Afer flow reversal also, 1the same scepano 15 ¢xpecied (0 repeat Jeading (o repetilive flow
reversals While incressing power from a stable sieady state, the Welander mechanism s
found 1o cause the mstabiluy always The observed oscillaiory behaviour afier the fiest flow
reversal, however, is found to differ from Welznder's proposiion Instead of the amphication
taking place an the reverse direcuon the flow 15 found 1 be pulsing penodically with aleernate
forward and reverse flow pulses

Fig 31 shows a typrcal bi-directional pulsing behaviour after neglecting the tmitial transiens.
Before every large peak a minor peak of the seme sign 1s observed Dunng the minor peaks,
the houest and coldest pockets of fuid are trapped m the honzontat heater and cooler teading
to a platean region of low flow rate, which favours the formation of a very hot plug ¢n the
heater and a very cold plug in the cooler Mechanmism-wise, biditectonal putsing 1= prachically
simlar to that of unidirectional pulsing except that the low flow prevailtng during the minor
peaks 15 sufficiem enough to posihon the hot plug n the heater closer to one or the other
verucal leg allemanvely (see Fig 31} For enample, the munor pastive peak (afier a large
negative peak) places the hot plug in the heater closer to the left verncal hmb Dunng e
minor osciliabons in the plateau region, the hot plug sssues aut through this leg m the
clockwise direcuon Sumlarly, afier a large possive peak a smalt negalive peak s observed
which places the hot plug in 1he heater closer 10 the nght vertical hmb Dunng the mmnor
oscillations in the plateay region, the hot plug 1ssues out through this leg in the counter
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clockwise direcuon, Thus flow issues out in the clockwise and counter clockwise direclion
aleernatively.

For stant-up from rest an oscillation growth mechenism is observed before the flow switches
10 bi-dircctional pulsing. Dunng the oscillation growts, the Mow retnains in the umdirectionat
pulsing mode with the amplitudes of both the forward and reverse flows increasing with time.
Once the reverse Aow is sufficient enough to place thhe hot plug in the heater nearer (o 1he
right vertical limir the oscillatary behaviour switches to the bi-directicnal pulsing.

7.5 Osciflation modes and Period n-tupling
7.5.1 Chactic Switching between the pscillatory modes

An interesting observation 1s (hai when the oscillaiory mode switches from wiidirechonal io
bidirectional pulsing, the period enhances. On the other hand, when the osciltatory mode
switches from bidirectional 5o wnidirectional pulsing, the period reduces. Period doubling is a
usual step for transition te chaos (Kapitaniak {2000)). A near period doubling is observed for
most cases when the oscillatory mode switches from unidirectional to bidirectional pulsing
while a near period halving is observed when switching from bidirectional (o uwaidirectional
pulsing (see Lable-6).

Table -6: Period change during chaotic swilching of oscillatory modes

S. | Power { Unidirectional 10 bidirectional switching | Bidirections) 1o unidirectional switching
No |-W [Ty -5 Tgp' -8 | ToeTiw Tpp -8 Tup -8 TuwTep
1[50 (2753 5721 208 635.4 288.5 0.454

3 (16 [24435 478.09 1.% 462.2 229.5 0.497

3 (160 2996 4952 1.99 67i.31 316.54 0.471

4 [ (233 539.5 2.3 481.23 302.0 0.625

s Theo a8 500 208 516.0 300.0 0.582

6 [165  [259.0 5190.0 2.00 505.0 314.8 0.623

7 165 J2510 521.7 208 537.9 303.0 0.563

§ 170 1244 1973 2.06 361.4 236.5 0.513
9 170 2400 495 3 207 4711 3127 0.664
0 190 (2323 4739 204 465.8 232.3 (.499

' . Period just before switching ; * - Period just after switching

1.5 2 Figst swilching from ynidirectional 1o bidwectiona) puising

For start-up from rest, chaotic switching between the ascillatory modes is only otserved for
150 < Cp < 1'%} W. Beyond abow 196 W, chaolic switching between the oscillatory modes is
not observed. However, for all powers above 140 W, vnidirectional pulsing is observed
initiadly before switching 10 bidirectional pulsing. This switching to bidirectional pulsing is
always accompanied by a period enhancing process. A near pertod doubling is observed for

powers in the range of 140 1o 200 W. At other powers, the period enhancing is less than two
(sce Table-7).

To check the repeatabitity ot period enhancing reported in Table-7, several tests were carmied
out at 300 W, the results of which: are given in Table-8. From thig table, it is observed that
although the period values are not repraducible, the period ratio is fairly reproducible.




Table - 7 Penod enhancing for the first switching from umdirectional to budirecuonad pulsaing
during start-up from stagnant condilions

S Power | Period before 1" [ Penod after 1 | Pernod rauo | Remarks

Mo |[-W flow reversal, Ty, -5 | flow reversal, T, s | T/T,

1 140 2720 5341 | 96

2 150 2700 5560 206 Chaotic swinching
K 160 2590 5354 207 do-

4 165 2107 S48 202 -do-

5 170 2674 5378 M -do-

6 180 208 5200 192 -ctp-

7 190 2680 5L14 19] -do-

g 196 2096 5579 2 07 Mo chaotic swyiching
9 200 2147 5528 2M ~do-

1o 220 2409 434 2 180 ~do-

11 | 2406 2594 474 1 185 ~do-

12 280 2210 3R7 B 17% -~

13 |287 2155 403 9 1 87 -do-

14 1200 244 6 4707 1 92 ~do-

15 _F33% 2507 460 8 184 -do-

16 | 400 2217 3930 177 -do-

17 [ 408 197 3530 179 Spotadic boiling
18 | 430 2130 3360 1 58 ~do-

19 | 450 2209 4141 L 87 -do-

20 | 518 2423 3OS 153 Boiling 1n every cycle

Table — 8 Penod enhancing fou the first swiching from vmdirectional to bidsrectional pulsing
dunng stan-up (rom stagnant condivons 4t 300 W

5 Fenod before flow | Penod after flow | Penod ratio
No | revarsal, Ty -2 reversal, Ty -5 Ty Ty
L 2462 444 7 1 8BE
2 244 7 459 6 | 88
3 2472 443 8 1 &)
4 22712 400 2 176
5 2354 43132 1 83
H 2210 406 3 176
7 2155 3748 174
g 2271 415 4 183
9 231 7 4163 I 80
16 | 2164 93 3 I 82

T3 3 Swichung from unidirectional 1o bidirecuonal pulsing by oscillangn growth

For the small amplinxde oscillation growth from condimonally siable region, the penod
enhancing 13 significamly more than two {see table 93 Table-9 shows that there 15 no regular
pattern m the observed penod enhancement A near period doubling 1s observed for 280 W,
320'W and 350 W, whalc a near penod mpling 1s observed at 270 W, 330 W and 480 W
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Table - 9 : Period enhzncing by small amplitnde oscillation growth

S No. |Power-W [Period beforc flow | Period after flow | Ratio

reversat, Ty - 5 reversal, T, — & T/ Ts
| 210 1524 4536 2.98
P 2BD 182.6 ATEb 247
3 300 153.3 a56.7 2.33
4 320 156.4 3134 200
5 330 140.8B 400.6 2.85
& 350 154.6 3t 2.05
T 185 127.3 3319 261
B 480 P72 3258 2.81
7.6 Effect of Coslani Now raw

The results discussed so far are obiained with a constant cocling water flow rate of 3 litres per
minute. Al higher cooling water flow rates, unidireciional pulsing can be obtained beyond the
135 W observed for 5 Ipm flow. Both the stability threshold and the range of power for
unidirectional pulsing are found (o shifl up with cooling water flow tate (sce figures 32a and
b). With 8 lpm conlant RRew, the unidirectional pulsing can be observed for 115 < Qy < 176 W.
The lower threshold of unidirectional pulsing, however, is bess affected by the increase in
coelant flow than the upper threshold. The coolant inlet temperature also appears to have the
same effect.

1.7 Oscillatory Behaviour of Heater and Cooler Inlet Temperntures

Figs. 33a to d show the oscillalory benaviour of the heater and cooler inlet temperares
measured by the thermocouples TCI and TCS (see Fig. | for the location of (hermoacouples
TCL and TC3) for unidicectionat pulsing. Figures 34 a to d show similar results for bi-
directional pulsing. I is noticed that the fluid temperatre oscillations of TC1 and TCS are
ont-of-phase by 180”. Since the locations of thermocouples TC1 and TCS divide the loop into
exacily two halves, the occuirence of the owi-of-phase oscillation is an indication of the
equality of the penod of oscillation 10 the loop circulation time. Similar results were also
obtained earlier by Vijayan et al. (1992).

Companng ligures 33 and 34, we abserve the fluctuations in temperalure signals are more at
low powers than al high powers causing the widih of the curve o be more. This is an
indication of the significance of ke local convection currents at low power, which makes the
flow three-dimensional.

7.8 Oscillatory behaviour of AT,

Figures 35 and 36 show typical unstable behaviours of AT, observed for unidirectionat and hi-
directional pulsing respectively in the present expenments. Again, the minor fluctuations in
AT, are found to decrease with power. With increase in power, the frequency of oscillations is
found to increase for both unidirectional and bi-directional pulsing.
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7.9 Period and Frequency of Oscillation

The oscillation penods for bolh unidirectional and m-ditectional plulsing are nol equal 1o the
Joop circulanon ume uahke the oscillations chserved n the tnm:d.al_ loop (Creveling et al.
{1975}). Instead, the osoillation penods are equal 10 Ihfe Itme dilference hclwee_n two
successive hot plugs 1ssued out by the hester in the saime dm:_cm}n, The cumulative d!slanc::
travelled by 3 particle of flud shown in Pig. 37 proves this. In both cases, the distance
travelled by a particle of Alurd i one cycle ts more than the $ength of the [oop.

From the abserved unstable hehaviour the average ume period and frequency was calculaied
for different powers and are Labulaied (n Table 10 and 11 for unidirectional and bi-directional
pulsing respectively. 1 13 observed thal with increasing power time penod decreases and
frequency moreases for boik umdirectional and bi-directional pulsing. Simdar resub was
carher obtained by Vyayan et al. (1993), Misale et al. (1999) and Mishihara (1997} for other

rectangular |oops. The resuits oblained ate plolled m Figure 38

Table (- Effect of power on the period and frequency of oscillation for unidirectional pulsmg

Sr. Power Time Period (T} | Frequency (17T} Remarks
N, w 5 Hz

1 65 "356.1 0.002808 Unidirectional pulsing

P 65 363.3 0.002153 -do-

3 fil; 3633 D.0O2753 -

4 20 14312 0002350 -do-

5 o 329 0003039 -go-

] 115 3134 Q003191 ~o-

7 120 303.0 0.0033 -flo-

8 120 3124 {) 003201 -do-

g 125 292 0.)3423 {10~
1 125 286 0.003497 -do-
11 130 J05.% 000327 -gd0-
i2 130 200.6 00073338 -da-
13 130 295.6 03383 -iln-
14 140 291.0 03436 -thoe-
15 163 2507 0.00385 -do-
13 176 241.5 0.0040)4 dir

.10 FPhase Plots In other Parameter Spaces

For analysing the mstatnlity behaviour, phase plots are ofien employed. A sicady stale
operating poinl will be represenied by a lixed poimt on such a plot, Periodic oscillating flaw
will be represented by a closed curve. There are several ways 10 muke phase plots. Most often,
phase plois are made from a time sepes of any paicular parameter by plotting the value ai t
Aghinst the valoe at 1+AL This approuch 1s followed by Baw and Wang (1992), Gorman €1 al.
(1986), ete. The udvantage of 1his method 15 that a single e senes measurerment 1§ suflicient
Lo generae such plots. The shape of the phuse plot will depend on the chosen At Anather way
15 10 select two physical parurmeters of the sysiem. This approach although involves

B
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measurement of more than one Ime senes, gove a physical pictuce of the state of the system
with respect Lo the operaling parameters Hence this method 1s adopied tn the present repart

Table 11: Effect of power on the penod and lrequency of ascillation for bi-directional pulsing

Sr. Power Time Pened (T) | Frequency (1/T) Remarks
MNo. W 5 Hz
1 i40 552.1 0.001811 Bidirectional pulsing
2 150 544.0 0.001838 Cheotic switehing between UP and BP
3 160 419.6 0.(H02085 -do-
4 165 502, 0001992 -do-
5 170 484.3 0.002065 -do-
7] 180 4112 0.002096 -do-
7 190 458 4 0.002187 -
8 196 461.25 0.002168 Bidurectional pulsing
9 200 4233 0.002362 Q-
10 220 4099 0 024400 3
11 240 389.8 3 002565 -da-
|12 280 3537 0.0028k1 -
L3 287 391.6 (002554 -do-
14 300 - 3437 UALTE I -go-
i5 330 3239 G.003087 gy
16 330 365 0.0030335 -do-
[ asi) 3050 O HIz27Y -fo-
18 380 3025 { (03306 -do-
19 385 088 01324 ~do-
20 JUH) 2959 (003380 -dD-
21 420 297.1 (. 003366 BP with sporadc boiling
22 430 2828 0 {3536 -
23 450 2771 3 03609 -da-
24 455 202.3 0903415 BP with bouling ance 1n a cycle
25 490 I (. (03290 -do-
26 502 27643 003618 -do-
27 520 262 0003812 -
2h o 244 1 {04093 BP with boiling twice th a cycle

In general, phasc plols can be made between any (wo operauing parameters The shape of the
phase plot, however, depends on the parameters chosen. For example, let us take the case of
umdirecuonal pulsing, Fig. 392 shows that wn the W-ATy, plane, the phase plot rescmble more
L.ke the jaws of a shark whereas i the AT,-AP plane. 1t Jooks more or less like the hood of a
Cobra (Fig 3%b) The phase plor looks hite a shoe sole in the Ty, - AP plane (Fig 39¢). The
phase plot in the AP-W plane for the same case gives a imut cycle (Fig. 39d). Many more
shapes are possible o obtan depending on the parameters chosen.

For a (ymcal bidivectional pulsing mode, the phase plet i the W-AT), plane looks hke a
squierel {Fag 40a) whereas 1n the AP-ATy plane the phase ptot looks like a butterfly (Fig. 40b).
The phase plot 1 1he Ty, - AP plane looks more hike a duckling (Fig 40¢) whereas m the AP-W
plane il portrays a dumbbell (Frg. 40d).
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Phase pluis made in the AP - AT, plane in Fig. 41 {after neglectng the mui;lal fransienis) show
the effect of increasing power on bidirectional pulsing. Phase plots shown in Figures 4 La and
b resermble a hutterily For higher power, the shape of 1he buttesfly deforms as shown in figure
4lc For compound msiatnhity wilk subcooled boiling cuspids are observed as shown in Fig.

41d
7.11 Repeatability of the unsiable behaviour

The unstable behaviour 1s not always completely reproducible, The test results for a case are
shown 1n Fig 42, Allhough, the tme series looks alike (broadly) the corresponding phase

plots are found 10 be different.

8. STABILITY ANALYSIS

Equation (1) enabdes us to cakulate the sieady state flow in a nalural circulation loop.
However, 1t does not tell us whether hat panicular sieady state is stable. For example,
squation {I) predicis non-zare sieady flow rales in the coumer-clockwise direction s the
present test loop for the HHVC orientation. On the other hand, experiments showed that no
steady stme 15 possible with connterclackwaze flow for this ofiemation. Even though, flow
imihaled m the counter<clockwise direcuon for some tests, 1L evenlually reversed itsell and
stable flow could be obtmned only i the clockwise direction. Thus swability analysis is
necessary to examiae whether a particular stzady slate is stable. In general, the stabslity of a
natural circulation loop is analysed either by the linear of the pon-linear method.

8.1 Linear Stability Method

In this method, the ransienmt momenium and energy equations are perturbed as follows:

w=o, +0 ; 0=0_ +¥ {13}
With these subsitutians Ihe penurbed momentum and energy equations obtained are solved to
obtain the characienstic equation for (he siabilny behaviour. While detailed denvanon is

given in Appendix-4, the general lorm of the charactensuc equations nhained for the various
orientations of the heater and cooler is

Gr, I pL2-b
o=+ =0
Re! @ Re' D 2 {14}

Where I = f 042 aud n is 2 com plex number. Reptacing Re,, using equation (§), we ablain

_ (pr2p 1
" G Yo L=+2-b)i=0 (15)

Where m=b({3.b) and the eapressions for I are given in appendix- | for vatious onenlanons.

The expressions for Vo obiained for flow in the clockwise direction are given belew for
¥arious onenLatons.
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%£.1.2 HHVC Onentatjon

On integration and substilution of limiss yeld the following

(e

i
il

equation for 1.

5 RGARL 2 e
+B.“{ ¢ 14 5 -1]+ﬂ.'£[ : 4] (18)
w| n+ 5, o n

The parameters 5;. J"E! and 0. /@ are evaluated using equations (16b) and (L6c) respectively
while 84 /@ is obtaited from the following equalion
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The parameters 8. /w, &i/m, Onlw and B, /0 ae evalusied using the equations
described carlier.

815 Solution of the characteristic Equation

The roots of the characteristic equalion were oblained by the Repula-Falsi method. Stability
was. judged by the Nyquist Stabilily Criterion.  As per this criterion, if any of the roots of the
characteristic equation has a positive resl pan, then the corresponding operating conditions are
unstable. The marginal stability curves, which separate the stable and unstable zones, were
obtained in this way for the different orientations. To check the accuracy of the solutions, the
marginal siability curves generated earlier by Vijayan et.al. {1994} for 1he horizonlal heater
horizontal cooler oricmation was reproduced. These results are given in Fig. 43b and ¢, As
expected the results for the various loop diameters gave the same result. However, the resulis
are different for lamimar and turbulent flow as expecied. Subscquemly, a parametsic analysis
was carmed out using the characieristic equakions given earlier.  From 1he characieristic
equation, it 16 found that the stabilily behaviour depends on

Siability = f{Gr,,, St , orieniation, flow direction and leagif scales)

The length scales nclude L/H, LyD. L/, Lo/l Lw/Ly, L'l L/ Lo, Lof Ly, Lo/ Ly snd L/ L,
The flow directions incilude hoth clockwise and coumter-clockwise divection. The orienlations
inclode HHHC, HHVC, YHHC and YHYC. h may be noied that LT and Gre can be
combined to obtain a single independent parameter given by (Gra)™(IVL)' ™. Forther, Ly, Ls,
Ly and La may ot appear 1ogether (or all onientations.

4.2 Effect of Orientatlon

Fig. 44 shows the effect of omiemaion on the stability behaviour. These calculations were
camied out for the loop shown in Fig. [ with the same total length and diameter for each
onentimtion (see Table-12 {or the loop dimensions). With clockwize flow, the VHVC
aricntion 15 most stable and HHHC oriemation is least stable. For a given heater orientation,
the horizomal coaler orientation is less stable compared 10 the vertical cooler. Similarly, with
fixed cooler orientation, the 10op with venical heater is more stable than that with borizontal
heater. It may be noted 1hat the stability maps for three different loops with the same length
scales for every pipe segment were found 1o be the same even though their diameters were
different {see Fig. 43). However, [or the present leop although the total length, diameter and
cooler length are the same, stability maps are found {0 be differcnt. From this it is clear that
simulstion of the stability behaviour requires not only the simulation of the parameters
(Grea)™(D/L)" "™ and St. but also the length scales of every pipe segment for a unifomn
diameter loop.

Table-12: Length scales for various orientations of the test lobp.

Onentation | Flow Length scales of the loop - m

! direction L, Ly b Jble (Lo |Llo Jlw_[Lg [H |L
HHHC Clockwise 041 [0 ]0305|0285 1062 |08 292 1280 1221723
HHVC Clockwise 04] |02201.18 |0.385]0.62 |0.8|4445|1.5652.2]723
VYHHC Clockwise 112 031 |0305]035 |073 (08143 (427 |22317.2)
VYHVC Clockwise 1.02 |[022[ 118 035 (073 |08 2753|3245 (221723
HHVC Anticlockwise [ 0.385 [ 118 [0.22 041 j062 [O8]1565]|4245(22](71.22

13
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It may be noted that for most part of the lower threshold of the turbulent flow mapin Fig. 44b,
the flow is not turbulent and hence is only of scademic interest. Similar is the cuse for some

part of the upper threshold for laminar flow in Fig. Ha.

8.3 Effect of flaw Direction

In case of honzoatal beaters, the Now can e  either directions, 1. clock-wise and anui-
clock-wise. In case of HHHC erientation with the relalive posiuions of the hemer nmli cooler
unchanged no difference 15 expecied with flow direction if the beater and cocler Io-cgtmns_ are
symmetnc about the two vertical legs (1e. L,=L. and [z = L3} Incase of HH‘._J’C orientation,
1t appears possible from the steady stale analysis Lo have flow n the clock-wise OF counter-
clockwise dirscuion. Hence, stability of this onentation was studied for both Now directions.
The characreristic equatton for the siability behaviour (see Appendix-3 for derivalion) in the
antic lockwise direction is otwaned as

T o oy Hal, Hal o
L=&£EL l-¢ & *f‘{ﬂ_u)a_ I-¢ ™ - S1.€ b l1-e® +
N nr+ S
! S, S
a " .} L R TR cL‘—-SrS*
_—tlle b t|1-e* |* + ¢
o " .
8 daede I, —S5=Sn
_|-u_ ¢ ]_e L [23} ]..-:-
i A+S50, Seld heater 5
L4 L
Smllftll.,ﬂ1 S=i,

The parameters &a ft8, Ouif@ and 8, fw ure evaluated vsing the equations descnbed carly.
The marginal siability curve obtained (or the counter-clockwise direction 15 given in Fig. 45.
it is found that no sable operaion 15 possible for this case with the cument experimental
conditions {2 < St <0.6). Hence. for ithis onentation, even though the flow initiated in the
counter-clockwise divcction, Mow direction reversed back to clockwise as observed in the
enperiments {see Fig 4¢). The clockwise flow case was foond to be compleiely stable both
cxperimentally and analyticully as already mentioned carlier

8.4 Effect of Bow direction and symmetry

T appears from the foregoing that the instability can be observed in asymmetric loogps.
However, in asymmetric loops both the Nlow directions (1.€. clockwise and antclockwise) are
not equally unsiable. One flow direclion may be highly stable and ancther flow direction may
be highly unsiable. In such cases. even +f the flow initiated in the highly unstable direction, it
will reverse 0a 1ls own and reven 1a the highly stable flow direction, In a sysnmeiric or near
symmeinc boop both the flow dircctions can be unslable. In such a loop all the unstuble flow
regimes described in Lk paper can be observed. This leads to the conclusion that bi-
directional pulsing cam be observed in u loop only if both the Now directions are unsiable. The

unstable flow regime in an asymmetric Joop is always unidivectional pulsing (Keller flow
mgIime),
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8 %5 Effect of Heater and Cooler Length

Thesa studses were cared out for the HHHC oneniation with clockwise flow by changing the
loop diameter keeping the Jength scales the samne The results for varying the healer length
alone, cooler length glone and simuliansously varyng both heater and cooler lengths are
grven wn figures 464, b and ¢ respectively It is found that reducing the length of heater as well
as cooler has a destabihsing effect However, the heater length has only a margmal effect on
the stability behaviour whereas the caoler length has a sigmficant effect. The heater may be
considered 1o be 3he source of the hot pockets and the cooler 13 responsible for diffusing thesc
hot pockels Reductng the length of cooler reduces the heat runsfer considerably (and hence
the diffusive capabihity} whereas since the Grm 15 kept the same, the capability of the heat
source 1o produce hot pockets is pracucally unaffected with reduction an length

8.6 Effect of L/D

Again, these calculatons were periormed for the HHHC oneniauion with clockwise flow. If
the stabiliy behaviour, 15 plotted in terms of (Gr,,)™P/L)"*™ and St,, then the effect of L/D
not visibte  However, is ¢lfect 15 important as most techmques for stabnhisauwon results
enhancad L/D A typical exampte is the introduction of onfices Hence calculations were
done keeping LJ/D as a basic parameter and the results are given m Fig 47 It 1s found that
mereasing LyD stabises the loop flow Both the lower and upper thresholds are found w

ngrease «ich LD
8.7 Comparison with Experimental data

Fig. 48 shows a companson of the prechcied stabality map with the expenmental data For the
present loop For the VHHC canentahion, 1he expenments dvd nol show tnstamiity For both
VHHC and HHHC onentations, the prediction by the Linear stability theory 15 found to be
consgrvative {ih that the theory predicts targer unstable zone) The main reason for thas 15
attnibuted to the fact that the linear siability analysis neglects the influences of the jocal
comvection currents, axial conducnon, heat losses and the damping effect of the pepe walls
Beth the local convection cunems (3-D nature of flow) and the axial conduction (in the
liquid} appear to play a role m the stabiiiy behaviour Both appear o sigmificamly affect the
Autd temgperature distnbutien, especially dunng the near siagnant conditions,

B.5 Closure

The linear stabiity method 15 adequate 10 conservatively predict the stability threshold. The
analysis shows that HHHC onentation (¢ unstable for both flow directions even though the
steady state analysis shows that this onentation 1s capable of the maximum flow rae. For
quantilative agreenent with test daty, the analysis must consider the damping effect of the
pipc walls, the heat losses, the axial conduction within the Awed and the 3-D natore of the
flow However. binear analysis cannot provide explanation for the vanous oscillatory Row
regimes observed The enstence of the condionally stable regime also cannnt be verfied by
this analysis  For this case we resont (o nonbnear siabiluy analysis
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9. NONLINEAR STABILITY ANALYSIS

Nontinear stabibty analysis s generally carmed oul by numerically solving the original
nonlinear partal differential equations by the finne difference method with continunly of
temperature as the boundary condinon Caleulztions were done for specified 1utial condiions.
Algebraic equanions for the govermng parhal differential equations were obtatned using 1he
forward, backward and the cenral difference formulae for the inertia, convection and
diffusion terms respectively. For this caleulauon, the energy equation was solved exphicitly
wheseas the momentum equation was solved mplicuty using the Newion-Raphson method.
The tempersture ntegral 1n the momesum equation was evaloated numencally usmg the
Simpson’s rule The ume step was chosen to sahsfy the Courast stabihity cntena. The nodal
temperatures were calculated exphertly by marching along the flow direction. When the flow
direction changed, the marching direction also was changed. Further details of the numerical
scheme employed are given in Appendix-5 Before the actual calculauons, it was ensured that
the compuied results are both grid and ume siep independent. For these calculations a space
step of | ¢cm was used. Fusther details of the code developed are available in Manish et al.
{2001).

9.1 Code validation

Comparing the predicied steady state solutions following 2 wansient with the corresponding
enpct anadyical solvtions validated the code. Subsequently the code was used 10 generale the
stability map. To enable the predictions to be compared with that of the linear stability
method, the initial conditons used in s calculation corresponded (o the steady siate case
with the Row rate perturbed by a small quantity. Stabitity was judged by the behaviour of the
solution. If the perturbation digs down with nme, the comresponding operating condition was
considered as stable; if the amplitnde of pecturbation remains the same, then it is neutrally
stable and if the amplitude of the perusbation increases with time, then it is considered as
unstable. The neutrally stable operating conditions are identified in Lhis way and are compared
with that predicted by the hnear stability method in Fig. 49. For both laminar and turbulent
flows, the predicted stability maps by the linear and the nonlinear analysis are found 10 be
clos¢ to each other. Subsequenily, numencal cxpenments were performed o identfy the
unstable flow regimes.,

4.2 The Linstable Flow Regimes

One of the drawbacks of the 1-D formulation used in the nonlinear analysis 15 that (he flow
does not starl from stagnant conditions with unfoem mitiat iemperatures throughout the loop
for the HHHC onentaiom following the start of heattng. The same problem mamfesis itseli 1n
another form for an increase sn power to an unstable value from stabie sleady state inatial
conditrons. For this case, instatvlity develops by the Welander mechamsm (.. growth af
small amplitude oseillations) but the fllow does not testan after stagnation (a4 the end of &
large pulse} due to the tow vatue of the mertia term at low powers. Hence, the unidirectional
pulsing instability couid not be simulated in the present loop To overcome this problem, a
very small inclinauon was gven to the honzontal pipes. An upward inclinauon of 4> was
g1ven 10 the bottomn horizontal pipe while a downward mehnation of the same magnmude was
given to the 1op honzontal pipe. With this modificatron, the code is able 1 predict the varous
flow regimes observed in the expenmenl.
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Fig. 501 shows a typical unidirectional pulsing behaviour predicied with 47 inclination as
rmentionad above at St.=6.21_ Due 10 the use of large Sty (the cxperimental value of St is
afound 0.5), unidirectional pulsing is observed a1 4 significantly larger power than in the
experiments. It may be noted tha ¢xperimentally also, it was found that [.he elfect of
increasing the coolant flow rale (equivalent to enhancing the Stm) was to shift the upper
threshold of umidirectional pulsing iowards higher power (see f_’ig- 3?)-' Ty!:lcal c:hchtic
switching predicted for the same St is also given in Fig. 50. Typical bi-directional pulsing
behaviour predicied for different healer power are shown in Flg_ﬁl. Bldirecuqrnal pulsing
behaviour could be predicied even withour considering any inclination of the horizontal legs,
This is because of the significance of the inertia effect al the relatively higher power levels ar

which bi-directional pulsing is observed.
9.3 Mechanksm for the Observed Unstable Regimes

The numencal prediction provided an oppertunity to verify the mechanisms proposed for
unidirectional and bi-directional pulsing based on limited experimental observations.

9.3.1 Unidircerional Pulsing

Typical predicted flow rate for unidirectional pulsing is given in Fig. 524, The predicted loop
remperare distribmion comesponding 10 the different peaks (marked as 1, 2 and 3 in Fig.
52a) is shown in Fig. 32b. These temperature distributions show that there are three dominast
hot and cold peckets a1 any time along with a few minor hot and cold pockets, At 1 the
hottest and the coolest pockets are in the horizontal heater and cooler respectively, The second
hottest pocket is descending through the right vertical keg with its hottest part located right st
the elbow. Simullaneously, the secund conlest pocket is ascending thraugh the left vertical
leg. Thia keads to near balancing of the buoyancy contribution by each vertical leg resulting in
a region of Jow flow rate, During this time, the hot plug in the heater gets hotter. The small
forward flow oventually forces the hot plug 1o enter the venical leg assisting forward Mow.
The peak forward fiow is observed when the hotiest part of the hottesi pockel is near the top
of the lefl vertical leg and the coolest pocket is in the right vertical limb near the bottom
elbow. Subsequentty, flow reduces as he hottest part of the hol pocket and 1he coolest pocket
begin to enter the top and boitom horizontal tubes respectively. As this pocket emerges from
the top honizontal limb and travels a shon distance i the vertical downleg, it reverses the
Aow. The maximum reverse flow is obtained when the hiviest packet gels stranded at the top
elbow with its hottest part Jocated just below the ¢lbow in the right vertical leg. Subsequemly,
the reverse flow reduces and eventually leads 1o the plateau region with small forward flow
due 10 the 4° inclination congideted in the calculation. In the experiment, however, it leads 1o
near flow stagnation which keads to minor forward and backward oscillations as shown in the
experimental curve of Fig. 53. These findings are in agreement with the experimentally
observed mechanismm described in section 7.4.

9.3.2 Bidirectional Pulsing

The predicled temperature distribution corresponding to the peaks of flow rate marked as 1, 2,
3 and 4 in Fig. 34a is shown in Fip. 54b. The temperature distribution shows that there ane
only three hot and cold pockets in the loop at any time. During the minor peaks (i.e.
comespanding to v, and 1) the hoitest and the coolest pockets are respectively in the beater
and the cooler. The remaining Lwo hot and cold pockets mre nearly of the same magnitude of
which one hot and one cold pocker are in each vertical imb. The locations of these hot and
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cold pockets of fluid are such that at ¢y, the hot and cold pockets are relspec[wcly near to the
top and bottom of the left and right vertical legs. The rising cold pocket in _the lefl vemcgl leg
and the descending hot pockel in the right vertical limb oppose the clockwise Ttow n::dur.l'mg it
to a very small valve. This makes the hot pocket in the heater hotver and cold pocket in the
cooler colder. The slight forward flow forces these hol and cold pockets 1o entel_‘ 1_hv_.e left and
right vertical legs respeciively, thereby increasing the forward buoyancy force initiating the
large forward flow peak at tz. At T3 the situation is similar as at 7,. Bul the prevailing small
reverse flow forces the hot plug in the heater to release in the nght vertical limb thereby
causing a large increase in the reverse buoyancy ferce iniiating the large reverse flow peak at
1. These are in agreement with the proposed mechanism given in seclion 7.4 based on the
temperalure measurements at a few Jocations in the loop.

During the large flow rate peaks (12 and to) ome hot and onc cold pocket are domirant
compared 1o the others and they are respectively located near the 1op and boltom elbows of
the upleg and downleg. The two sinaller hot pockets are also clearly unequal in magnitude as
seen from Fig. 54b. The dominant hot pockel al 1. is slightly greater than that at 1.
Accordingly a small difference in peak flow rate i5 also noted in Fig. 54a. This difference is
atiributed to the heater location, which is not exactly 2t the centre of the botiom horizonial

tube.

2.4 Ocher Now regimes

It might be noted that the unstable flow repmes observed are near to the lower stability
boundary. With power increase, subcooled bailing starts in the eapenmental loop. Hence,
pure single-phas¢e unstable flow regimes far way from the lower threshold could nov be
experimenaliy siudied. The nonbinear code, however, provided an opporiunily to investigae
these flow regimes. Figures 55, 56 and 57 show thal several oiher flow regimes are possible
wilh different combinattons of Gy, and S1, for the HHHC orientation. Investigating the
temperature distribution can provide insights inte ke mechanisms cauzsing these regimes 10
OCeur.

9.5 The existence of ihe conditlonally stable regime
The following three initial conditions were studied.

(a) Steady state initial conditions
{b) Stan-up from rest with uniform initial emperatures and
{t) Decay of instability due [0 a power decreage

9.6 Steady State Initial Conditlons

TI'his case has already been described in section 9.1. The instability threshold was found 1o be
insensitive to the magnitude of the initial perturbation. The stability map obtained by the
nonlincar stability method with this inilial condition for the present ex perimentat loop is given
in Fig. 58 as curve "a”. The nature of the observed osciltatory behaviour was stucied and
found o be always bi-directional pulsing (see Fig. 51} With this initial condition. the
instability always develops by the Welander mechanism as shown in Fig. 59, The same is irue
for the experimental curves shown in Fig. 24.
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Fig. 58: Conditionally stable regime for the HHHC orientation
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9.7 Start-up from rest with uniform inliial temperatures

This condilion cannot be simulated as it is with the code for the HHHC orientation, as sianting
from zero flow; there is no way to initiate the flow. To evercome this, we included the axial
conduction effect n the numerical calcelations. To initiate flow in a given direction, the
unheated kngth on one side of the heater was kept small in the caleulations. For example
clockwise flow is obtained if the unheated lengih near the lefc verical leg 1z small while
anticlockwise Mow is obtained if the unheated length is small near the right vertical limb. For
thase calculations no inclination was considered for ihe horizonial pipes. The calculations
were conducted wilth increasing initial power till the occurrence of instability staning with the
flow initiaion (see Fig. 60). Fig. 60 also shows a case where the oscillatory bDehaviour
switches to bi-directional pulsing. These results are in geperal agreement with the trends
observed in the experiments. However, the experimental resulis are obtained al much higher
Gr. The range of power for the occurmence of unidirectional and bi-divectional pulsing can be
established in this way, The tocus of all points thal just lead to instability is found to be below
the newtral stability corve obtained in section 9.1 {see curve ‘b’ in Fig. 58). From Fig. 38, it is

found that the curve b’ is considerably below the curve ‘a’ and the region between curve ‘a
and 'b" can be lermed as the conditionally slable region.

4.8 Decay of instability due to power step back

In this case, the instability' was lirst esiablished by the procedure discussed m section 9.1,
After the initial transients died out the calculation was continued with a sudden decrease in the
power. The calculalions were continued lill the instability decays into a steady stise. I the
steady state is unachievable, then the power ig further decreased till a sieady state is achieved.
The objective was 10 1est the exisience of the hysieresis phenomenon. Typical resulis are
shown in Fig. 1. The locos of alt neutrally siable poimis obtained in this way is curve 'c’ in
Fig. 38. Curve °¢’ is found to be above curve ‘b’ conirary to the experimemal findings. This
may be aitributed to the simphified modelling of the cooler with a constant secondary side
temperature. In reafity, the cooler operates in pasalle] and counter flow mode due 10 repetitive
flow reversals during the unsiable flow in the loop. Prior simulation with Ihe computer code
ATHLET has shown that the counter flow mode is litile more efficient than the parallel flow
mode (Vijayan et al. {1995, which can sustain the hot and cold pockets at much lower
power.

9.9 Effert of olher Orientations

With HHYC orentation, experiments did not show any stable sieady siate with anticlockwise
flow. To check the code behaviour, prediclions were carried our with the HHVC oreniation
with steady state anticlockwise flow as the initial condition. As expected the anticlockwise
direction is found to be unsiable leading to siable clockwise flow following an auto-flow
reversal (se¢ Fig. 62).

9.10 Closure
The existence of different oscitlatory flow regimes and a conditionally stuble region could be

established with the help of Ihe non-linear stability analysis. The mechanisms proposed for the
unidirectional and bi-directional pulsing could also be verified.
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10. CONCLUSIONS

This report deals with the expenmentat invesugations on the single-phase natural circulation
mt a rectangular loop with emphasis on the following WpICs

1} Valydauon of peneralised correlauon for the steady state flow for different onentations of
the heater and cooler

2) Expenmental mvastigations on the start-up transients with different onentations of the
heater and cooler

3) Effect of heater and covler onentanon and heat addiuon paths on the stabehty

4} Charactenstcs of the unsiable flow regimes,

5) Linear stability analysis to study the parametne effects of heater and cooler onentations,
heater and cooler length and length (o diameter ralio

6) Nonlinear stabilny analysis for the honzontal heater and cooler onentation using the finie
difference technique to undersiand the mechamism leading to the unsiable bebaviour

(0.1 Validation of the Generalised Correlation

The generalised correlations for the steady state flow sn single-phase NCLs were tested with
expenmenta) data generaied in the present loop for the following onemations of heater and
cooler

1} Honzontal Heater and Horezontal Cooler (HHHC)
2y Honzomeal Heater and Vertucal Cooler (HHYC)
¥ Verucal Heater and Honzental Cooler (VHHC)
4y Vertical Heawer and Veruca) Cooler {VHV(C)

The same generalised correlatton 18 found to be vahd for all the onenations of the heater and
the cooler Lanear approximatton for the vanation of temperature 1n the cooler 1s adequate for
all onentatons as it leads to Jess than 1% emor The expenmental steidy stale data belonged
1o both kamnar and tarbulent regimes m the followwng parameter range

252007 < Giro/Ng <9 2010% and 735 < Re,, < 11614
10.2 Start-up Transients

The nature of flow imbiation tramstent i honzontai and vertical heating 1= observed 1o be
different In verucal heanng, a temperature difference between the vertical legs and hence a
buoyanicy force 13 created almost tnstantaneously followmg the application of heating
However, in honzontal hesting the flow andliates afier consderable dead tme, which depends
upon the apphed power For the HHVC oneation, stable steady stme was observed only
with flow 1n the clockwise dirscuon Even if the flow 1muated o the counter clockwise
drectton, 1t was Found to reverse leading to stable clockwise flow
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10.3 Conditionally Stable Regime

Instability was observed only for ihe HHHC onentauan. The existence of a metastahle {aslso
known as conditionally stable ) regime was confirmed, where 1he instatnlny threshold depends
on the path followed 10 vary the heater power. In the present experuments, conditionally stable
regime wad observed for 63 W < heater power < 270 W and above 270 W the system was
grconditionally unstable. The heat ransport capabilny of the unstable loop s found o be
inferior to the stable loop in the condimenally stable region.

The sigmficance of the conditionally stable regime is that a theoretically oblamed slabahiy
threshold (by the linear analysis) alone is nousufficient 1o ensuse adequate stabihty margin. To
ensure this, an appropnale operaling procedure needs 10 be established. The expenments also
show that the amplitude of oscillaven for nevtrally siable condition for cenam heat addition
paths is very small. For certain other operating procedures even lhough the decay ralio is
much less than unity, the amplitude of osciilation 15 much farger. Thus wath certam operating
procedures it is possible W0 operate at or very close to she threshold ol instability. An eperaung
procedure 10 avoul instability requires the establishment of the following three thresholds:

a) Maximum power at which the system can be staned up from stagnant initial conditions
without encounering instabiliny.

b} Marimum step-up in power thal is permissible for a given stable steady slate operating
condition withoot encounlering instability.

¢) Mimmum step back in power required for achieving siability from an unsiable
aperating conditon,

I may be poted that the thresholds mentioned at {2) and (b} above are suflicient w salely
operate the system without encountering mstabelity, The third threshold 15 requred Lo
stabilise the system 1f i enters an unstable zone of operation. Such unintentional landing in an
unstable zone can be caused by an operator error or dee (0 an unanbipated transient,

10.4 Natural Circulation Flow Regimes

With proper choce of heat additon paths and the heater power, the following dirtinctive flow
regimes were observed:

1) Swble unidirecuonal Mow,

2} Umdirectniona) pulsing flow,

3} Chaotic switching between smdirectional and bi-directional pulsing flow,
4) Bidirecliona) pulsing flow and

5) Compouwnd single-phase two-phase instability,

Flow regimes (2} and (3) meationed above were not observed when power was rawsed from a
stable steady staie. The oscillutory regime observed during the compound tstatlty 1s -
directional in nuture although the oscillations ar¢ increasingly more chaote. Under compound
single-phase |wo-phase instabulity also different regimes are observed as described below:

1} Buhreconal pulsing with speradic boiling,
2} Bidirechonal pulsing with subcooled boiling once in every cycle and
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1) Padirectional pulsing with subcooled bolhng 1wice in every cycle

The switchover from umdirechonal to the bi-directional pulsing takes place by a near penod
doubling bifurcanon Simwlarly while swatching back from ty-direcuonal i umidhrectonat
pulsing a near penod halving 15 observed For power raising from a stuble steady stae even
penod inpling 15 observed for specific heater power For a piven oscillatory mode the
frequency was found (0 increase with power The pscillations of temperuture al the inlets of

heater and cooler are out-of -phase by almost 180°

Phase plots for umdirecuonal pulsing 1 the AP-W plane depict a bean shaped hmi cycle
whereas for bi-directional pulsing the phase plot 1s dumbbell shaped With chaotc switching
some spread ts observed around the dumbbell shaped phase trajectory Wiih incepuion of
subcooled boilling, a dumbbell shaped trajectory with cusps 1s obtaimed The shape of the
phase trajectory (s found (o depend on the chosen parameler space

10.5 Seability Analysis

Stabiliky analysis has been camed oul for ali the four enentatons using the linear method.
The analysis showed that the onentaton with both hearer and cooler vestical 15 most stabla
and the onentauon wub both cooler and heater honzontal 15 least stable For a gwen heater
onantagon, the loop with vertical cooler 15 more stable than the one with honzontal cooler
For a specrfied cooler onentauon, the loop with heater vertical us more siable than the one
with heater honzonlal Effect of the heater and cooler lengths on the stability behaviour was
studicd using the hnear method for the enentatbion with both heater and cooler honzontal The
heater length 13 found to have only a margmal elfect on the stability whereas the effect of
cooler lengih 15 sigmificant Increasing the length of both heater and cocler 1s found 10 enhance
stabiliny

Lincar and nonlinear analyses using the same Boundary condwions give almest dentical
stability maps With the nonbnear analysis code, 11 13 possible o reproduce the differemt
oscillatory regimes observed in the expenment However, there 1s significant devaalion w the
power level a1 winch the different oscillatory regimes are obtiaired an the expenrent and i
the prediction Comparison of the data with the predicted stabwlny maps showed that the
analysis 1s conservative (m that it predicls farger unstable zone than ¢xpenmenially observed)

Another significant finding from the theoretical model as well as the expenment 1s that the
instabulity 15 due 10 Ihermal sirahfication, which causes the hot plug to remamn stranded just
below the elbow in the verucal down leg Therefore, localing the cooler Just below the elbow
i the vertical down feg enhances stability Other methods to suppress the stubility are 10
enhance the 1/D and 315, Enhancing the Sty beyond a certamn value can completely eliminate
the instability However. enhancing the L/D can only shift the unstable sone but cannot
ehmmaie 1t attogether

NOMENCLATURE

A - flow area, m’

&, - hmensionless fow area, AJA,
b - COnstant 1 equation {2}

C - Eonstant in equation (1)
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Cp - specfic heat, J/kgK
- hydraulic diameter, m
- dimensionless hydraulic diameter, D, /D,
- Darcy-Weisbach fricuion coefficient
- graviiational acceleranon, mis?
e - modified Grashof number, D°p*BgAT i’
- loop height, m
- local pressure loss coelficient
- thermal conductivity, W/mk
- dimensioniess length, LJ/L,
- length, m
- 1o1al number of pipe sSCEMeMs
Nua - modified Nusselt number, U,L/k
Ng - dimensionless parameter defined by Eq. (3)

TRRTOR AT

zr

Pr - Prandt] number, Cpp/k

P - comstant in Eq. (2)

Q - 1012l heat input rate, W

T - gonstant in equaiion (1)

Re - Reynolds number, DW/AQ

s - dimensionless co-ordinate around the loop, #'H
5 - co-ordinate arcund the loop, m

Stn, - modifeed Stanton number, 4Nug/Re Fr

T « tlemperature, K

AT, - reference iemperalure difference (QH/APCp). K
w - mass flow raie, kgfs

Az - centre line elevation difference between cooler andd heater, m
Greek Symbols

p - thermal expansion cocfficient, K''

T} - dynamic viscosity, Ne/m?

] - dimensionless temperatune

Po - reference density, kg.u’rn’

T - dimensionless time

¢ - dimensioniess circulation length, L/H
i - dimensionless mass flow rate

Subscripts

c - cooler

cl -cold leg

e - gquivalen
&ff - effective

h - healer

hi - hat leg

i - i segment
T - reference value
88 - steady state
t ~101al
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APPENDIX-1: Derivation of the integral in the momentum
equation

The 1miegral in the momentum equatien 35 evalusted wm this sppendiz for the dhtierent
onentations and flow directions Sieady flow i both the claockwise and antclockwise
direcuons 13 posstble only with honzonsal heaters For the HHHC onemanon, however, the
miegral 13 the same far both flaw dicections Therefore, the integral 18 evaluated for both Now
direcuons for the HHVC onentauon only

£ Ot

The geometry and coordinMe system adopted 15 shown mn Fig A=V 1 L, Ly, Laand L, are the
lengths of the respecuve honzontal unheated secuons i the figure Ly, Lay. Lo and L are
respectively the lengths of the hemer, hot leg, cooler and cold leg The pipe between end of
the heated section and the beginming of the cooled secuon s the hot leg Similarly, the pipe
hetween the end of the cooler and the beginmng of the heater 15 the cold leg The
nondimensional lengths Sy, S Sc and S, are the cumulanve distances from the orgin, which
15 taken as the beginming of the heated sechon The pondimensional length S,. S;. 53 and 5,
are the cumulative distances from dhe ongin to the four comers of the rectangular loop

758 Tt
Ly
5 Cogler I ]S,
S -
Hu ey /’ Crkd Jeg
E | "F
Sk ko 1

i l..-.l.q. o

Fig A-l | Loop Geometry and co-ordinates for the HHHC onentaton

Since d7=0 for honzonta! sections, the integral sn the momentum equation can be wotlen as
$ 5

i, = flﬂ[?)]u 4z = _r{ﬂ,., ) 42 + Jl{ﬂ“ ) d2 (A-1 1)
5 5y

For the upleg d7=dS and for the downleg dZ = -dS Also, 52 = §,+1 and 5,=5;+1 since
lengths are nondimensionalised using H (1 e loop height) Hence

Sl Syl

o) az = [ o), d5- [©.).45 (A-12)

Which can be writlen 48
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flos).az=0.).-6.), (A-1.3)

From equation (A-1.3b) we obtain (B — (ks =1. Theseflure, for the HHHC oricntation we
get

1, =flb(s), 42 =1 (A-1.4)
HHYVC Oriepeation

The geomeiry and co-ordinate system adopted for the HHYC orientation 1s given in Fig. A-
I.2

:;f

Cold kg

Fig. A-1.2' Loop Geometry and co-ordinates For the HHVC orientation

The integral can be cvaluasied as

¥y ; Eepuesi S
f" = j(ﬂ.'r]“ds - r[ﬂl’lﬂ )ndg - ?{BH }"E ¢ IIS - f(ﬂ.—r}“ds {ﬁ'l.j]
5 f I

II'

After integrating and substituling the limits we get

o o
=0, -0, 70 0,),

-,}, % (A-1.6)

Noting that 8y = 8.+ and using equations (A-1.4a) and (A-1.4b} we get

H-L-l, (L) L
| - S SY I [P H .
a ‘T".L +[ Jf} Sfmff (h l.n
Hle® -1

Since Lg = (H-Ly-Ly}, we obtain
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YHHC Orientation

The loop geomweiry ard co-ordinate system for this case 15 shown o Fig A-1.3. The integral
the momenium equalion can be wntien as

f M 5 3, i
I, = f{ @), + T s)ds + j'(@,N ), 48 — J'(er, ), ds +J'(9!, ). dS {A-1.9)
o Ll fe Fu 5
Smbu 5
5 L] ook L 5
Houmg . T AL, = 0.51, + Ly = Centre hine elevanon difference

battweten i coxrler ane the heaner

et \
H
. i ol kg

A —E—— g — ——

e} N,

L.
5 %

Fig. A-1.3; Loop Geomelry and ca-ordinates for Lhe VHHC oneptation

Integration of BEquitian {(A-1 9) and substituting the limsts yrelds

A R (A-110)
I H /) IH H

Where {Oy)s = (6,)s+1 has been used Noting that H=Ly+L,+ L we obhcsin

" ~Lx03f, 22, (A-1.11)
H H
YHYC Orlentation

The loop geometry and co-ordinate system for thas case 1s shown in Fig. A-1 4. The mtegral n
the momentum equation can be wittten as

5 3 e - 5 5 '

l, = f[[ﬂd 4 % s }15 + I{ﬂ” ), dS - I[H,,, ), dS - ]'{19*u e * dS—[(,),d5+ (0,45

It '™ T T,

Which enintegration and substiution of the hiuts lesds 1o
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Fig A-b.4: Loop Geomeiry and co-ordinates for the VHVC onentation

- St

- L b, Ll L L L, ¢|e* -1
Ih = E:l)u[H H+ H]+2H+{H“]u H H +Srm I .'%
it

Where Eq. {A-1.4b) has been used. Noling that 8y = d.rt L. we oblain

L+l +L, L+L&, | OS5, +L L, —L /51
""zm“}"[h ; B ]+ : IqH )

which can be rewnien as

- "]"l"[ Lo+ L, ]} 05L + L L —1 151
H H

Which can e rewntien as

JOSL b =L, -1 1Sy,

a L T
Hle & -l]

HHYC Orientatlon whih anticlockwise flow

The geometry and coordinntes with this flow direction are given in Fig A-1.5.

A lig-T)

i, =f b{s}]“dz = ]'[&,,, ), d5 + T(.':inM Je * d5+ T{Hd }., dS ~ T[ﬂ,, ), dS

Upon integration and substituting the limits we ge1
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I, = [eﬂ' }n %"’"S'?"{ﬂu )"[l'f‘-;—k]+{ﬂd}"[—-—

5 5

- &0

CoM kg

5
—
L+

La Ly

- H g

l] {A-1.1N

Fig. A-1.5: Loop Geometry and co~ordinates for the HHVC orientation with flow in the

anticlockwise direction

Noting that H-(Ly#L;) =L and usimg equations (4-1.4b) and {A-1.3b) we get

Y [%’1} L, L

H HSr,

which can be rearranged as

f“ - L& I.,‘, -L.‘—"- +Ii+_—£_rr—...
= H H HS

-«

1L

(A-1.18)

{A-1.1%)



APPENDIX-2:
Error of the linear temperature approximation in the cooler

[ 1s a usua) practice 10 assume the emperature varation in the cooler 1o b¢ hinear 1in many
analyses of natural circulation The advantage of such an assumplion 13 that the imegral 1n 1he
momenium equation becomes unity if we use the center ime elevahon difference between the

cooler and the heater (AZ.} for nondumensionahisation s that the steady siare flow rate can be
expressed s

z D
- G {(A-2 1}
R'E!” [p{ L )42 L':|

Where (Gr, ), 15 based on the AZ: This can be related o the usual Grm based on the loop

heaght H by the {ollowing equation

1
d i

*
14

1
2. p. |2 D
Re, =|=Gr, —1 =<6 = =1, (AZD)
o [P -1, ] [P[ " e Ll |az

It 35 &asy 1o see that the emor of approximanion E s given by

Py
E- [.&%f ' (A2 3)

From the above expression, 10 15 ¢asy 10 see thatl E=1, then no error 15 imroduced For bath
the HHHC (A7, = H and l.=1) and YHHC onentation {12 AZ/H} no erroe wonld be
introduced For the VHEVC and HHYC onentauions on the other hand saome omor will be
inoduced and 1t would be interesung to quannly i For thts we maske a plot of the RHS of
Eq {A-23} aganst Sip {see figures A-2 | and A-22) While making such a plot she I,
expression denved 1n Appendix -2 15 used For convermence 1t 15 reproduced below

L I L L
] = —— +_-',__,,__,_,_ HHUV K
T EL_L | H SH HVC onentation {A-24)
e -

oo L OSLtL-L-LiS,

B b H
Hle = -1

From figures A-2 1 and A-2 2 11 15 found that the errar 1n the approXimanon 13 less than 1%
for both HHVC and VHVC onentations if the St < | The normal operaung value in the
present test loop 15 02 < Sip, <06 The ermor is less than 4% even at 51,,=10 However, the
plois i figures A-2 1 and A-22 were made using the geometnc dimensions of the present
loop Hence the resulis cannot be generalized wo cover all natural creculation loops

YHVC crienlatton (A2 5)

1 ]
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APPENDIX-3:
Steady state experimental data generated for the various
orientations of the heater and cooler

For the HHHC orientation {see Table A-3 1) steady state was not possible for powers greater
than =270 W, For the HHVC orientation, continuows fermation of sieam bubbles began at the
top surface of the horizomal heater leading to subcooled boiling above 600 W. Hence steady
state data are available only upro 585 W {see Table A-3 2} For the rematning onentations (1.e.
VHHC and VHVYC) steady state single-phase natural circelalion datz were collected upto
1000 W ({maximum power in the current expenmenls) These dala are given in Tables A-3.3
and A-3.4 respectively.

Table : A-3.1: Steady state data for the HHHC onentation

Oy -W T, °C AT, -C W, - kgfs Gty GralD/L)  Rey,
SSOOE02  29760E+02  STONOES00  I300E0I  SGISEE.ID  21025E+08  I3643E+04
A0500E+D3  308R0E+02 | RWDIE+Q] 306 1E-01 LI92RE+LL A457EE+HDR B344BTE+03
20800E+G]  MVMOGE+(2  20800E+0I 2304 IE- INABE+ M A2IBAELBG 1562IELD4
25401 41400002 28000F+01 2198 IT:-0% H9ME+LL 2605IE+00  1H(KAE+
WR0E+03  INL0EL02  29100E+D1  24653E-01 T0598F« 11 26)B4E+05 | TATIE+D4
GOBOOE 03 AZ100E+02  18T00E+01 M443E.0) BTM9E+1L 12EESEA05 1982 5E+0
Table : A-3.2: Sieady state data for the HHVC arientation
Q-W  Ta-C AT W kgs Gy GiDA)  Re,
-I;Sﬂﬂ-}l':ﬁl .2;';;0&-0’1 1440CE+Q1 .I144;E-{}l .1;533E+ l,.l;‘ 28005E+08 .mmﬁ:m
21500E+03  34TI0E+02  19000E+0| 27094E-01 24785E+ 11 92629E+08 17748E+04
29500E+03  AUQRIDE+(?  JIDOE+R]  29313E-01 553605411 2068VE+09  21635E+M
A1A00E+03  46040E+02  I7R00E401  35661E-D1 . 11401F+12  42608F+09  20015E+04
AYIOEFD3  A9100E+02  J0500T+H  42155E-01  1BM3E+ 12 67430E+DD  Asl19F M
SARIO0E+02 283001401 4E6]4E-0) 10523E+10

SRESO0E+(3

15

I5157E+ 12

Er— == paraE--u

A580RE+04



Table : A-3.3; Steady state data for the VHHC enemation

O - W T.-%C aT, - ¢ W, - kgfs Gra Grad A1)
JODDOE+DY  THIOGE+DZ  16700E+]I J4325E-01 59578E+10 2HEEL08
S00FE+0}  3B190E+(02 20200E+OI 1T783E-01 21932E+ 11 BlO&4 08
19800403 32360E+02  [3200E+01  35906E-0I 17604E+ 11 457920408
J5000E+03 4439002 2TO0NE+D] 22172E-01 STOS0E+11 2154 6E+ 08
JOROOE+DY  d0530E+02 | 33000E+0I 22351E-01 S1546E+11 2I12E+(2
JS000E+0)  46205E+02  JOBDOEOI 2THRE-DI 91 598E+11 SMIAELDS
AZEDDE+]  45500E+2]  4LODDE+DI ZavsE-0l 10560+ 12 BB 09
ASI00E+M  48TME+I2  31200E+01 MTSIE-DI 500E+12 o UERTEL L
SOc00E+03  AT0EH2  39R00E+ON AZED JA853E# 12 555 18E+0%
ST00E+03  52620E+02  37200E+01  368D0E-0I IVTTIEHI2 B5102E+09
SO00E+03  SISG0E+0T AETDOE+T JET9EAN 22162E+ 2 BIA24E+DT
GI900E+03  SSMDE+07  IEGOOE+0] J607E-D) J0055E +12 AL232E+10
7I000E+D3  S6600E+07  39000E+01  435¢4E-0F  .IS9BIE+I2  .1344T7E+10
JTI000E+D]  SGI00E+02  33400E+01 A9316E-01 A2T4TEF 12 I5976E+ 10
BO2DOE+)  SEIS0E+02  4TO00E+DI  403L0E-0I A49B6E+12 1GBIYE+ 10
BAATOELDT  AMNE+02  461D0E+OI AM24E-0 SETIHE+LD 21195E+ 10
SO0O0E+03  GL360E+02  4T500E+0I A3 20EE-OL S0 E+L2 A3G0E+ 10
S5200E+03  63B0E+02  4X000E+C1  S1629E-0I TISGE+12 2655356+ 10
AGIO0E+Dd  64500E+02  45MXE+0] 52579E-D1 SO0ITE+12 J2U9912E+ 1)
Table : A-3.4: Steady state data for the VHVC arientation
Qu- W Ta-'C Aty ¢ W, - kgh G Grod T91.)
IDSOBE+03  29400E+02  20000E+01 12561501  42266E+10 IS 06K +08
JS000E«03  A0430E+0Z . I7S00E+01  20527E-0I 15407+ 11 5758115408
20600E+03  MAISGE+0T  ASO00E«0] 1409 1201 12974E+11 45487+ (8
I5500EADI  BHED?  2MOOE+D!  17RGE-OI 60B6E+] | | 34861 +(19
SOS00E+D3  ISB20E+02  40000E+01 1826001  Z7676E+}| 1033E+09
J4S0DE+03 492 10E+(2 AITHE+H  1§90I1EDI BST01E+L] 24571 TG+
A0SONE+03  AMSS0E+02  41600E+Q1 233141501 S2RIE+ 19551 E+ 04
A4B00E+02  53320E+02  47500E+01 . 22572E01  .11089F+12 HA4A 1L+ 0D
ST200E+D3  ATTHES?  50630E+01  24203E-01 SETIOECL BI5SIE
S5HO0E+03  STIS0E+02  49530E+01  25661E.0) JAT226E+ 12 64 3100+ 00
SOS00E+03  S3TWE+{2 RQSME«D  MOSTE-0) 5387612 STIAEAD
GA000E+03  G0230EHO?  46d00E+0D  32086E.0) 2ITRGE+ 12 BBROGE+09
F4000E+02 63 I0E+(2 S4TOE+CL 32240801 AINEF 12 AHELEL 1}
SBOS0DESDY 624008402 5220001 36R6TE-OI AITITE+ 12 120600E+ 10
Ba500E+0Y GOENELDL FMIE+OL ITRE-DI 44003F+ 12 167826+ 10
SIHDELDY  65840E+02 62300401 35MTED]  46449E+12 A7ISUE+ 10
G2SODE+03  60030E+02  SGROGE+H  ABBOSE-OI S4B95E+ 12 20516T+ 10
NG SOE+04 SATO0E+0I

J2MOE+02

FHASE-0I

e

TIMSE: 12

m——rrTEm————————

26510

R,

BG4 1E+03
12507+
224155 +04
1T4R3G+04
164 10E+04
21641504
20107 B+
WINZE+M
25544E+04
IMSTE4
INTE+4
JH4TE+
4214IE+{4

AST26E+
ADGTIE+(M
ASAIE+d
ATTTIE+(4

S5832E+M
FISME0

Re.,
TidEEL03
15142+ 04
Q14614
177100+
129751+ (4
16225+
FRICHT+ 4
207500+
20265E+{K
C2RELTH
315436+
I3E42E
MESEE+(4
ISO8 304
A TEOSE+(4
Ky e £
437 4iM
45 T4+



APPENDIX-4: Linear Stability analysis

For uniform diameter loops the goveming momenlum and energy Conservation equalions in
nondimensional form can be expressed as

L 35
d_“":&fgdz_f_&- tA-4L)
dt  Re), 2DRe’,
;ﬂ+ n%g =—f—; heater (for0 <8 < 5y, (A= 2a)
T
g_ﬂq..'pu_)%g—:[} pipes {forS;,«5s3,and 8 <8< 5) (A-d.2hb}
T
g—ﬂ— +¢wg—g ==5t 8 coober  (for5, <8 25 iA-3.2¢)
T

Where $ is a non-dimensional parameter given by ¢ = L /H_ The sicady staie solwion for the

momenium and eneigy equations can be oblained by setting @, =land dw /9t = d0/97 =0, The
solution of the energy equation for the various segments of 1he loop can be writien as

6=0,+45 heater (<S5 <5y (A-4.32)

Wher the boundary condilion that aL 5=0, & = 8, has bren used. Similarly for the hot leg (by sexting
5=5, in the above equalion} we gel

¢6=0,+1=0, hot leg (Sn<S<Sp) {A-.30}
For the cooler we gel

253}
g=2a., cooker {Su<sS, (A4 3c}

Where the boundary condilion that at 5=3y, & = thy has been used. For the cold leg by seitimg that at
5=5., 8= 0,) we pei

B

@=8.¢ " =8, cold leg (5. <S<5) {A-4.3d)

From tha above equations explicit equations for the cold leg and het leg temperutures can be obtained
as

ﬂﬂ = T {A-d.4a)

HT



g, =—- (A~t4b)

The steady state solwtion of the momentum equalion can be written as

Re, = Fﬁr_ -5 r,,}” (A-4.5)
P

Whete L, = fﬂudz. Using Eq. (A-4.3}, expressions for I,; applicabie for the variows orientions can
be obiained as given in Appendix-1. The stability analysis is performed by penurbing 0 and o as

8=0, +&and w=w, +w (A-4.58)

Where @ and ' are small perturbations over the steady state values. With thesue substitutions, the
penurbed momentom equation can be writien as

dor Efz.fgrdz_M {A-47)

dr  Re), IDRe;,

Where (w_ +@')™ = (| +0'F " and was replaced by 1+(2-bks’ which is valid for small values of o*

(from binomial \hecrem neglecting the higher order tenms). The penurbed energy equation for the
varions segments of the leop hecame

' L
aﬂ% @%4‘ L. w=0 Healer (11<S<Sh) {A-4.8a)
a aﬂr - 1 -
Y ¢' ——=0 Pipes { SnecS S and $.<545) (A4 Bb}
de aa"
I ¢_ + 8, (0= )= 0 Cooler (Su<S<S,) 1A-4 B)

The small perturbations ur and €' can he sxpv ssed ag

a'=wee™ and 8'= (5 ™ i A-41.0}

Where ¢ is a small quamity and n is the stability parameter so that 070t =ﬁ(,'ai]'rr-'5‘4¢""'~
90'/ 95 = ce™ 00(S )05 and dur'fd¥ = nge™ . Using these in equation (A 17 and (A 4.8) we

Ly ]
-G f5(s)az - PR B :
Re,, 2D Ret {A4. 102}

which can be eewritien as

1}



_Gr, 1 pl(2-b)

-l = ) (A4 Jub}
? Re! @ 2DRe’
Where 1 =f§dz_
B) n5ey Lo g heater (D<S<S,) (A 112}
as 9 o,
dﬁ(S} L .
=t ;ﬂ(s)=ﬂ PIpes {5a< S5 and 5.25¢8,) (A4 11b)
48(3)  n+ St, 5(3}--%-’-‘5 =0 cooler (S,<5<S.) (A<-1lc
ds ¢ [

The above equaiions are of the form dy/dy+ py =, whose solution can be expressed as
_ve-[ - =IQ¢I " . Hence, for each segment of the loop we obtain

— ﬂ —
5(5]= 5;; +_u_::f1 + -E"—E bieater (O<5=<5,) (A.12)
nk, Lon

Where the boundary condition that a1 $=0). 8{5)=6., has been used. Similarly we get the following
equation for the hot leg

H
- - ;Ur-ﬂ

B(S)=8re {1or $u<S<Sy) (A=4.13}

Where the boundary condition that a 3=5,, E{S )= B4 has been vsed. Symilarly we get the following
equation for the cold leg

![jl -t}

B(5)=8.e* (for 5,<S55) (A 14)

Where the boundary condilion that a1 5=5,, 5{5}= @, has been used. For the cooler the following
equarion can be gbiafned

ETR

i ._-"'l.m_j'l

_ o Mape 5y _ W Hag gy
B(S)y=—31,(6,).[* -t +Bue ! (for Su<S<S) A1)
"

Where the boundary condition that at S=Sy, @{5}=8x has been used. The parameters @, . O,
B, and 8 can be evaluated from the above equations by using appropriate boundary conduions. For
example use of the boundary condition that at $=5,. 8(5)= 04in the equation for the heater gives

Lig



- -l
= - ol |T L
Ou=|0.+-=— -—
[ = Lj]e L,

E {A-3.16a)
Substiusing in (A-4.13) we get the following equation for the hot beg
8(s)=10.+—-= et {fot Su<S<Sm) {A.16b}
n i, L* n
AtS =Sy, 8(3)=Fu. Hence
fnihti_ﬁl oty
Bu =84 JoL Lo (A=4.16c)
nl, L n
Subsiituting this in the equation for the cooler, we gel
Ity )5+ dr 1y,
P 'is atl | =
S}—wSr (o, }l ] |:rr+-'—- '
Lo Sk Eats)
-— * (lor SuS<S.) {A-4.16d)
L n
From the above using the boundary condition thit at 5=5, E{S:I 0, we et
" o N8 - BERNL IS
— -~z —_ Tt _ I
Hr =ES‘5.[G”}“[E i - 1 'l"[ﬂql'l'{'l{i}i L 1
h n L,
P R LLEEE S
Lo PR (A-4,I6e)
f,n

Using this in Eq. [A-4 14) the cold leg equation can be wrillen as

_ @ oS R0 Sl ety )
6is)=2s50.) e
n

Mo vy % bt
= i ¥
- ' o+ —— ¥
ni,
L@ M kel L

-, ¢

flor 8.<5<%) (A=L 160
L n

E'sing the boundary condition that al $=5,, H{S ]r B, we can get the Tollowing expression Tor 2,



[ b -t} -st, e ]
_|3r.l8,) e © {I-e 4 ]+—-—~[Ifr' ]
—_ m h
.= -F-I- s (A=t 1Ta)
e " i

L |

From this. B., /o can be writien as
al “he) o, 3 by

_ S 8.)e " [t-f 4 ]+L—'[I—a‘" J
Ba _ * (A= 17b)

Sy tni, ’
/]
n[r b —I]

Expressions for 8. /w,0, /@ and 8, /@ can be gbuined by using the above expression lor
0. {19 in equations (A-4.16a). (A4 E6¢) and (A-4.16¢) as Tollows:

s b ) iabheek)
Sr-n[ﬂlli}ufl- I-IJ+_ 'L _l

g =

= {Srl_rnls ) t-d i)
ﬂ[f b —I]
o L Sady sty b1 L
_ S0t -1]+ e n e -1
On L,
_= {A-4.17d;
& Sl tol, k!
n[e B
g
_ S fe,) ef1-et [+ et |Ll-e"
H( Lﬂr
g . = (Ad.17e)
i1}

!.‘r.L+-1_I_..
nle = -1

Using the cxpressions (A-4.12) to (A-4.15), we can find 1he integral fé{.?)dz Substitwting uhis in

Eq. (4-4.10b) we obtain the characteristic equation for slability. However, the value of the inegral s
different for different grientations.

HHHC Orieptation

For evaluating the inegral consider the figure A-1. | with the varius distances marked as shown inthe
direction of flow. The relations between the vanous lengths are given below;

L=l +L, +L +L, =L, +L +2H+ L, +L, + 1,4+ L, {A-118)

1



Lo=L+H+L and L, =L+ H+L, (A4 I

The breadih of the loop, B, can be expressed as
B=L +L +L,=1,+L +1, {A-4. M}

For generality, the lengihs L,. L, Ly and L, are considered Lo be unegual. The cumulative bengths, s,
S7. 5 and &4 Can be enpressed as

si=h,vdy o=y el s =5, vB=5 tly =L+ v L +L, &5, =54+ 01 (A2
The nondirmensional lengihs S; and 54 can be expressed as

$,=8, +land 5, =85, +1 (A4.22)

The integral fﬁ [5)dZ cir be expressed as

§6(s)dz = ]‘{E{SJLM 2+ Y{E{s}}rm o 42 (A4.23)

¥
For the how deg dZ=d5 ard for the coid leg dZ= -d5. Hence, using (A-4 )3t and (4-4 $4) we can oblain

. ST T R W R

$0{s)dz = [ i ¢ ds- fo.e * us (A4.24)
5 in

Integrating and subsinuting the limits yicld

-n _ iy _ ml,
$6(s)dz = %[l—e' [ﬂw ho_Qe ™ (A 25)
1= 2o, 5 8 T
== -:.-fﬂ(ﬂ}d? =—¢- J—e* ﬂ:e 4 —BTI{’ L { A4 )
W oW 4 @ @

s fwand 8, /@ are obrained from Eq (A<.17c) and (A-4.17¢) respectively. IT Ly = Ly =L, then

1his reduces 1o

I i _ ) -n _—nl; — _—

== =fﬂ(5}df. = E{I-—r ’ I.,- K ] f_]"_”*
i n it

-
W {(A-4.27)

Using Eys (A-4.17¢) and (A-1.17¢), the following expression lor ﬁ* -1, }IEE can be obtained as

o, -nt,

l .f Trg b+l -nty LT M
- LI N ST A I BT
5. -3, | .

nl,,

5, (0,0, ( ol

e - —

@ ot el
H‘{:’ 4 —[]



HEVC Orientation

Refer 1o Fig. A-L.2 for 1he geometry and co-ordinate system considered. For 5, t0 5; dZ = dS, and lor
$110 5., dZ= - d5. Hence

_ sa_ s&-5) £ Ad—t] An gl 5y =5 )
fﬂ(ﬁ)dZ: [ Bre * dS-~ j'Ew * Iﬂue ¢ dy-
i\ (A-4.28)

- .; w-5] n*.‘h.!:t S! Ly -! =
‘[ ] ].Ecl‘

ESIH{EH}"]‘ e ' - ‘
n 3

Om integration and substitution of limits yield the following equation for [ /7.

T el 2 =) mxf A ety ndly
L-féi[e L [l—e‘]+¢ L [l—-e‘* ]]+!-(3H)“ PR P 1-c{ - ]L
w whn " n+St,
Eu * e By My [ by
+-..-( A | +—— e’ -1 (A-4.29)
@ § n+S1,

The parameters 84/, 8u 1. and B. 1D are evaluated using equations (A-4.17¢), (A-4.17d) and
(A-4_17¢) respectively.

YHHC Ocientation

Rafer 1o Fig. A-1.3 for the promelry and co-ordinate sysem considered. For 5 10 5; dZ = d5, and for
Syta 5, dZ=- 45, Hence,

- - i} 5 M5-5) ERT. [
frora- (5.2 1% 2Ll Jo. e 0.
5

LT

5 “lsf _EJ

+_|'§,e *ds (A-4.30)
5
7B = ) i
L8290, e L L PR a N TS AP
W WA nl, | H{ wn
o at,
o Lo LI
JEdie” -1 e - (A-4.31)
wn| =
GL' ﬂl‘

The patatnetens 514 ."q:_u, By f and 8. far are evaluated using equations (A-4 [ 7h, {A-4.1Tc) and
(A4 1 Te) respechively,
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YHYLC Orie n

Refer 10 Fig A-1.4 for the geometry and co-ordinate sysrem considened. For 5 10 32 dZ = dS, and lor
Sy10 S, dZ= - d5 Hence,

. - = S Y5-I} o (s -5}
[3“ + Eﬁ]( + _ﬂildj + fﬂaf‘ a8 — fﬂnf" as
AL

\ nl, 5 5\
F A o (3-S5 ﬁﬁu-ﬂ - [e 5y Su- 5l S =8, -5)
_I ESJM{EM}:, e * -e? +8ue ! '.rﬂ"“'. ds
fur n .
5 LIT
-—J‘EJ'{SI :}dﬁ (A-4.32)

A feer inlegralion and substitution of limits we obtain

T daefl = 2 iy Y 8 oy zaly mh
L IE ATRUEa R ,L‘ l-¢* AL LSl e e |
w w A n LY L w

- L -3, -at, — e S Wy
—'p{H")" r{e 4 —l]+5!_19 L’ [lve‘!‘ ] +-B:— d [e h —I]+

n{ﬂ+SI_] i "+$'[-

5 2Ly M sy

Blrg{f b _qae [f 3 _,]l {A-4.33)
al R

The parameters B/, Oaliv, Ouley and 0, f@r are evaluated using equations {A-3. 17b), (A-
4.1y (A-4. 1) and (A | Te) respectively,

HHVC Ogxientation with anticlockwise flow

Refer to Fig. A-1.5 for the geometry and co-ordinate system considered. For 8,10 5, dZ = dS, and for
310 8¢ €= - 5. Hence,

- Tu  Iis-g N . Srafly, b nt iy [Su ¥) _ e '1 g ek
§'ﬂ(5}fz = Iﬂhf' o5 + J“?‘-SI_(HH "[P‘ ¢ —e ' +9ue ! A

& L™

= i{""s' b %y
+ rﬂ. ¢ ds - _r et ds (A-434)
s.. -ip

Afier integration and subsiiution of the lirits and simplifying we oblain
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i a8 zah o tlat irad, s
L 68,5 [l-e - ]+£M|r{l—e b ]—Sl_e h [l—e L ]I
oW @n nr+ S
o b .l .-__.-{f_,!ﬂ'..'tl‘il..l I —-—_[**s'-:llr
+E’r£{1—e" +{]-e’ }" +E;.L ¢ l-¢ °© {4-4.35)
WA a m+ S0

The parameters 8 /10, On/f © and 8, 1@ are evaloated using equatiohs {A-4.17c) {A-4.17d) and
{A-4.]Te) respectively.
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APPENDIX - 5: Nonlinear stability analysis

Nonlinear stzbiliny analysis is camned owtl using the finite difference rn;lhnd by
solving the nonlinear governing equations direclly. Before the calculations can
cormmence the loop is divided into 8 number of smiall segments. A node scparates two
such segments (see Figs. A-5.1 and A-3.2). The energy equation ror_ the various
segments of the loop is discretised to obiain the following equations loc Fhe
temnperature of the i® node ar the new time siep {i.¢. n+1} as a function of the old {i.c.
n“'} nodal temperatures g1 the i*" and {i—l]"' nodes.

3_"**:3_"-|r¢m"%-+ﬂ:‘_, m,%}ﬂ"—:ﬂ I<NgNy theater)  (A-5.1)

o =07 1- 0, 25| oz, [0, is—’] Nut1 NNy and Nt 1NN, (A-52)

-

87" =71~ pw, % - s:,,m.-] +ﬂ,‘..[m %] N+l <NsN, (A-3.3)

Similarty, the momentum equation can be discretised implicitly as

@, t pLar Hoe=a ot G’"“f‘rﬂr [A-5.4)
2Re’, Re;,
Z,, zﬂl
Where 9, =§8"uz = [ 8;"az - [6"d2 (A-5.5)

EHI x#\

The limits Zny, Zyz, Zny and 2y, cotrespond 10 the elevation st podes Ny, N:, M3 and
Nu respectively (see Fig. A-5.1 and A-5.2). The explicit scheme has been used for the
encrgy equalion for which the stabilkty crilerion satis{ying equations A-5.1 10 A-3.1is

Arg—t (A-5.6)

rom

—=+ §t,
AS

To ensure stability, the calculated time step was muluplied with 2 number legs than
unity in the present calculstions,

Calcuiation Procedure

A uniform segment length of | cm was considered for the present calculations. For
clockwise flow, the marching calculations staried with node | and (first node in the
heater) equation (A-5.1) was used 1o calculate the nodal temperatures for 1<N<Ny,
From Ny+1<NsNy equation (A-5.2) was used. Similarly, equation (A-5.3) was used
for N+ L<N<N,, For the cold teg equation (A-5.2) was used for M+ L<N=N;. Once all
the nodal wmperaiures are calculated ., is calculated using equation {A-5.4) after
evaluating the temperature integral numerically by Simpson's rule. For the HHHC
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oriciation, flow dircuon conld be clockwise or anticlockwise. For flow in the
anticlockwise dircction the marching direction was reversed keeping the same sign lor
o in equations {A-5.1) 10 (A-5.3). The flow rate 5o calculated will always be positive.
To identify the flow direction, the calculated flow is muliiplied by the following
paraméter

N = N =1 (A-5.7}
M Nr Hu
i N-cwm My p Cacler M
»
'|r J[
4
N Yhearer N o Fasu -
L H=N, !
Fig. A-5.1 Nodalisation for clockwise  Fig. A-5.2: Nodalisation for anticlockwise
Flow Now

The starting value of Ny, = 1 for clockwise flow. Whenever, the calcutated valoe of

@ i3 negative, then the value of M, s changed as per the above equation so that
instantaneous valve of w is obtained as

= Hmm (A-5.8)

The node number for anticleckwise flow (denoted with superscript “a’) has the
foltowing refation to the node number in clockwise flow {dencted without superscrip)

NI =N, " (A-5.9a)
Nf=NI+N -N, (A-5.9b)
NI=NI+N, =N, (A-5.9c)
Ny =NI+N -N, (A-5.9d)
N'=Ns+N —N, (A-5.9¢)
Ny=N +N,-N, {A-5.97)
Ni=NI+N, -N, (A-5.92)
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Ne=NI+N =N, =N, (A-5.9h)

The adequacy of the nonlinear formulation was checked by comparing with the
analytical steady stale aquations. Also, the stability threshold pmd_luled by 1he code
was compared with the currcspnnding threshold oblained b)’ the linear method. For
this comparison. the initial conditions carresponded 10 the sieady state value for the

orientation considered.

Effect of axial conduction

Effect of axial conduction is negligible at high fMlows but can be significant al low
Rows, If it is considered, thea the governing differemial equations become

i
99 .08 _ LD 90 1L <S8, heater {A~5.10a)

ar a5 Re PrHast L

— P —- —_— = 0 Su<S=8S) and S <5<5, plpEs (A-5 l[lh}

el T 5@ Su<S<S.  cooler (A-5..10¢)

The above equations can be discretised @ obtain the folowing finite diffevence
equations

At 2L 0 Ar
H‘I'|=EH I"M - 1 - ¥
‘[ "AS Re, PrH’f}.S*]
{A-5.11a)
o #U.E+ LD :M: L, LD At +L,ar
AS Re Prit As Re, PrH? AS? L,
At 2L.D At
ﬂ:"l=ﬂ: I_m = T "
{ " AS Re"f'rn’as’l
LD (A-5.11h)
orfp, AT e ED__ BT | e | LD AT
AS Re PrH' AS Re, Pri® AS?
. At LD Ar
G =h" [ o 25— i -
' { A5 e, Praas? Sr"‘“}*
(A-5.11c)

. A LD
Bl ¢, oy 2 AT | g} LD Ar
AS  Re, FrM*as? Re Pri’ as?

Tl'rc_ effect of azul conduction is consideced for statt-up from rest. To lacilnace Mow inidiaticn o a
particular Now dwectien, the unheated length befure une of the verncal limbs was made smaller

compared 1 (he other
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