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o o ABSTRACT

: ’ Reflqyl condensation in vertical inve:ted'U‘tube
steam- generators fqrms an {pportant heat removal mechanism’

for nuclear reactors in certain accidenfs..Reflux condensa-

'tion'pnenoﬁena'in single vertical tubes Qere‘studied,fo;,tuo

‘well'deflﬁéd‘boundhry conQitfons- to -develop. an improved
el ' 3 . Jdev ; ) , ]

B ., s

‘understanding of the mebhaniqms‘goveﬁﬁlng heat reﬁovgi gh&.

ligqulid holdupf A correspondencé petwéen'an imposéd_.boundary:
condition and 1tsNFésult1ng flowgsregime hag been made where
totél reflux, coHdeﬁsatioq‘occurs for an imbosed'drqb acfoss‘

.

the_ﬁtube and fill-fand-dump'cycling cccurss for an,imposed

stéam flow rate at the tube dnlet.: .

.
Fl il

Tetal reflux condensation is fcharactefized By a

flow battefn"made by a singlé-phase region escillating oyepi

a two-phase region.” This _rldﬁ regime can be wmaintained =

: i .. . - ‘
indefinetely while the average single-phase and two-bhése

-

region lengths remain cqnsbént.'lﬁ i{s also_chéracteqized: by .
the compléte,qondensatién or‘fhe injéctéd steam with gll the

- - . S
condensate “flowing back to the tube inlet. ' . :
A L - . .

Fill "and dump cycling is charéc;erizeqﬁby'a cyell-
cal operatipn .where, dufing 'one'dyclé; the ‘length of the

PR o
71
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'single-phase negrdn'increaQES-at the/

,phase region until a polnt where th_

v

L P “(

and the Eingle phase region is éJected rrom the top oI

'total'refluk,condansation.=not;ajl the'cbndensateﬂfiowe baokj

!phase region;'ThLS‘flow reglme could be qﬁalified as dynamic.”

L

tube. All tne injected steam La'condensed and 'oontrany_~to,'

IS

Lo rtne‘ tube, inret. ‘Instead.. paft:_of %he condensate is .

\ . g
b . ¢ . N B . [

Eﬁpensel'oﬂ‘ the .ﬁW5‘-b

system Decomes‘unstdble"

carried over theioondenaatidn length “to, hrorm_ the SIngleJ.‘

1 -

- '

-as 6peogeango,qgasifstatﬁc_for total reflux condensation.

3r111 and dump cycling to be more effloient than total rerlux;
4oondensat10n in condensing steam and ‘to allowuthb condensatej
“hot. to be trapped 1n the tube a8 1n total 'reflux; oondensa-'n:
1tlon.! In‘addltiony the experimental data sUgEQSt that totalo

[reflux condensation could be well the llmiting Tlow regime‘

. -

CO

i3 . . ['( ; . . .| ., . . “ - ) . Y
. Ekperfmental' Measurements Hene“'ﬁade. in .three
: - . AT SR o

slngle vertioal tubes with a- coolang Jacket. Theoe"dataishow"

- [

.

i4

'ror fill 'and dump cycling as the cyclerpefiod beoomes very

- r
. ¢

long and consequently tt " could de{ine‘ coqservative‘ lower:

N Pl e
. - H ‘

bounds for: the yalues offtotalfheat'remotal}‘fffj': 'L"-ﬁé

’ An,analjais-of counter current f11m wide coodensa-j]‘

- central to this model 48 ~an :eﬁtendedj Ndsaelt's model of

.

. . . .- L R R Cr . ; . .o ...-'. - .
Fllm—uise"candensation;’“a linearized stability analysis of

‘“the condensate £1i1m flowiand.'the. dae.,o( ‘three_'ooncepté:

'-A:critical 1ayer. maximum machanlcal-enerky~tnan5?er.and“ftln'

. B SR

-

-tlpnf'uaa. conduoted-fto‘ model total :reflux condensatioh e



inatabllity. The agreement between the experimentaindata and

the prediction of total heat removal {(viia 'cdndénsation

L

' rates) ~and  liquid holdup 1is satisfactory.‘Botﬁfthgnpresent

model and the experimental data show that fibod;ng occurs at

~the tube inlet and plays a key-role in defiﬁing"the_:heat‘

removal ‘and the distribubhon of condensate 1n'phe-tube. In

..

'particular. it is shown that for a given inlet cboliﬁg wéper

fembéréture, ﬁhe flooding flow rates, in terms of thél

Kutateladze rvariablé, are nearly independent of the tube
diameter and the system pressure. In generéL, for . é giwgn.

tube slze and system pressure, the 1Inlet cooling watép

t

tehperaturé has'é'ﬁotabge'inriuence on the value of the
. -t * . ’ \

flodding. flow' rates, exgept for the smaller thb& size,;and

S

it doesnot affect the amount of condensate; holdup  fn the .

»
>

tUDE- . * o

v

.The results .of the present wo’k'could-be;ﬁsed;Ld

small-break LOCA analyses were the present model  could"
: ‘ : AP

. estimate the heat removal capabilities~ofusteam'geNEnatprs

'

“and the amount 6f coolant {tondensate poldup)‘trapped in the

'steam-gensrator tubes _ that ‘would be’ avaLlable'lfor cdre

cooling. B
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: S " CHAPTER 1

s . T INTRODUCTION -
A Schematic of..the CANDU PHHB( ) nuclear steam

supply_system is shown'ih Figure J;J"where--udder normal

operating conditlons the fuel is well cooled by the reactor”

coolant cxrculated by the primary pumps. This mode of_ er@ -

~cooling may be disrupted or may deteriorate under variouo

accident scenarios where loss of forced circulation occurs.

" These actident scenarios define conditions where

'steam generators ca&m~ act -as an iﬁpbrtadt n:at sink. An

'illustration of thls important possibility can be seen by

o

oonsidering aeéituation where heat (perhaps at decay levels)

-

-is_"kenerated in the reactor core and only a.portion of 1t

., can be tredsporred cut through a small leak or break in the

primary ﬁéét transport system. In this case,'there may be

’ ' ] . . ’ .
.some a{g:;TBhal heat ‘losses through the system . piping - com-

ponents, but the steam generators become;the major heat

-
..

<! Coolant ioes caﬁireeult from valve breakdoﬁn.

LY

(*) CANDU PHWR: CANada Deuterium Uranium Pressurized Heavy-

E t er Reactort-- -

-1-
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break in instrumentation lines, or the malfunction of the
refuelling machine, or less probable, from the break of ra
feeder add/or a header. Table 1.1 gives the distribution of
the piping diameters found in a typical CANDU heat transport
system (1]. It can be-seen that small breaks (diameter <100l
mm) are the most pﬁobable.

Depending . on the particulars of the accident
.scedaf}d,[E,Bu]; such as the primary pumps ruhdownitime, ohe
'location'add_size df.the. break, and " the ‘details‘:of ‘the
-:emergedcy. .oore/ cooling ,system. different heat reho?al
mecﬁ?hisms.méy occur in' the steam—éeneretor tubes., These
“tnclude keflui__ condensation,. single and twOjohese
.thermosyphoning.' _ o . .' | e

-

X

_Frohﬁa reactor safety‘polnt of'view, the single*

phase and two-phase thermosyphoning modes of core cooling

are reasonably well understood -[2); however, the “present

understanding of reflux condensation phenomena doee not.

o . _’

permit .an adequate estimate of the heat‘removal capablilities
of ‘the steam generators when reflux- cendensation ''{'s .the .

postula%ed heat, rejection 'mechanism. In general, the heat .

rejected ‘to the 3ec0ndary side - is greater 'Hith two*ohase

[ - L]

thermosyphoning than with reflux condensation. It is there- -
fore of primary importance to study reflux ‘oondensatlon to

estimate the maximum amount of héat that can be rejected to

the secondary side of the steam. generators uhen they are

~ ' a



500

C (96T <)’ Ww&& TeRaueTp 26107

. 00z
N 60°0 oov . (uu 0GT >) sadtd JejeureTp .:mem. TPUPI0
T et | 005 § (s o) mﬂsﬁ\ﬂsmmﬂm
. ore _. 000 4T (uw 06 o3 i 05) swepeay
PR AN A o.om &_ . (ar o7 “xo1dde) sauTy UOTIEIURNTISUT

I st | ooo SO, (wt 5T) sdqmy a03eI5UBG .p_amum

o | émo Sy . ¥ELESWVIA .EUHE _

. | OVINERMIE | HIONET HLIM ONIGIJ JO EdAL

LV OONW TEIdAL ¥ NI SYSLIVIQ ONIAT 4O NOLINEDMISIA T'T IWWL

ﬁ_ | waty psonpordew) WALSAS DHOASNVIL

TN



ravailable as heat. 51k _with 'reFLux condensation‘.as.'the
postulated'~neat rejection"mechaniSm This could result in
establishing estimates ior the lower bounds of ,their heat‘

removal‘capabilities.

1.1 REFLUX CONDENSATION PHENOMENA

Reflux“‘condensation. bhenomena'in avvertical tube:
.are characterized by an upward vapor flow that condenses‘ on

the relatively colder tube wall. Tne condensate floas back

.by gravity towards the tube entrance counter- current to che

3

" vapor, flow.‘ The . cobnter current nature of the flow regime
makes it prone to condensate flow 1imitation due to'-film

instability known as the flooding phenomenon. .

The"phenomena encountered . in a relatively short

rerlux condenser with increasing inlet vapor flow are basi-

cally ase follows [3].° AL’ low vapor- flow'a ‘smooth falling

<liquid,rilm'iE_observed. An increase‘in -vapor ﬂlow causes

.

the ‘appeaéanéé of smaLl disturbance waves on the 1nterface

- of the ﬂiLm,-these “are lparticularly marked at 'the' tube

'entrance.='A rurther increase iﬁ _vapor flow causes the waveas

.

*at the tube entrance to 1ncrease-such that- - an- fntenmittent

ohurn annular' flow is established ‘however.'the reflux rateh

-

increases only slightly. Eventually. a vapor 'velocity is

'_reachedu_uhicn is surricient to elect liquid from the top of

the tube,'tnis-is aocompanied by an important rise in pres—



i

reflux condensation is the expected heat removal mechanism

. sure- drop acrods the‘tubeu as shown in Figure 1.2, and - is

S

usually taken to be the Flooding point. Ir the vapour ffOu-

-

is. increased further an upward co- current annular flow is

eventually establisned.

.-, .
' 1

. 'n . :
In a typical CANDU 600-MWe steam generator. the

minifmum straight‘ length found In the Y- tubes is about 8

)

meters. For the a001dent cdnditions described above, where

'

.

the straight lengths in each U-tdbe can be considered- as Ca

’

1on§ reflux condenser. For this case it is not clear yet ir’

the phenomena encountered will be the same as the one that

have been .observed in & refatively short reflux condenser. -

'

The role of flooding could be ‘'similar for . both, casesi

however, 'dde to the length, it could have.different conse-
. gt .

quences on the'condensate flow dLstribut@on and. then on the

phenomena occurring in the system. Also,due to the geometry

of the steam generators we could have tube-to-tube {in-

“stabilities and oscillations which will obviously.affect the

type of phenomena presentvln the system. '

Flooding 1n reflux condensation can be associated

.to flooding in an adlabatic system uith mass transrer at .the

o

fllquld ~-gas 1nterrace. The film stability will depend on \the

resultlng restorlng force actlng on. the uavy 1nterface made

or the simultapeous action of surrace tension, gravity, and

condensation mass'transfer. This force is-opposed agafnst

L4

-
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Lthe force from the normal and tangential stresses due to the
gas floulng over the wavy interiace. The net force acting on

~the {nterface will be dissipative in 'natﬁre‘ and conld do

work: on the interface leadlng to a net transfer of meehani-
cal energy from either the gas to liquid phase 1or the tn-"

vers-. The wavy interface implies the existence of a criti-

cal layer at -a. position from . the interracei where." the
celerity of thé’ uaves‘equalsithe velocity of the phase in'

which . the «critical layer’ is ipresent. In "'general, 'for.
cohnterkcurrent annular 'flow with .wayes.moving downwards

-with'the_film, the critical layer can, occur in both. phases

' " IR

or"neither phase as opposed to co-current annular flow.:
Where normally the - maximum . velocity,_in the . liquid £ilm
. occurs at the‘interface. and consequently the critical 1ayer“

can only "be. in the gas phase. This implies that‘a critical

layer cannot exist in the liquid film ir one already..exists
in the. gas phase. The position of this critical layer deter‘-
hmines the sense of the net trahsrer of mechanioal energy. in 3
.connter current flow, the position of the critical layer_‘

,could be’ such that a net transfer of mechaniéal energy frdm

the gas to the liquid ‘phase and film stability is ensured if

: this net transfer of mechaniérl energy ¥ absorbed by vis?

.

cous dissipation. In’ the case where the transrerred mechani-

4‘

cal energy is not completely absorbeq;_ film instability

A

occuns' and leads to the growth of disturbance uaves and

-

consequ ntly flooding takes place.f

. . o, )
' . . -
' ]
: .
it - * -,
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Thelmethematieal modelling offrerlux condensetion
can be ,done byﬁemtending tne classical Nuseelt‘s theory of
-Film wise” condensation to the case where three -of the baeic
aseumptions are relaxed. the drag on the steam- water inter—

face and consequently the Momentum transfer through the- film

are no- longer negligible. plus the heat transfer is not ,by

L

‘ conduction 'alone but'also by convectionf A model of reflux

condensation is not complete without taking into account the

Flooding phenomenon.‘In the mathematical modeling Br; the
Flocdrng phenomenonr the two- concepts or critical layer and
film instability can be '‘used to determine the‘value of lthé;
cnitical‘_uaveffenétn corresponcing.toFthe‘maximum amount or_'
meohenicel energylthat'can'be:transfen'tc the " liquid film.‘

Thie ceritical wavelength 13 related to a critical positlve-

. amplification ractor which in turn corresponds to a 'minimum

interfacial frietion velocity neoessary to have flooding in |

_ the'tube. This minlmum value of the ~interfacial frictlon

veaocity will give by derinitlon the value of the steam mass

.

flow .rate at the rlooding point.- These three ooncepts

critical layer. film- instabiiity and maximum energy transfer

: along uith an extended Nusselt s of film-wise condensation
- form the;,basis on the pnesent experimental‘and enaiytiCal

- study.’
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1.2 LITERATURE SURVEY

e
’

‘Only rew_papefs exist on the genefal topic of.‘
reflux condeasation,- especially in the case of long reflux
,condepsers. On the othar_hand, many Qapers are available ;on
the general todic of floodingi however,-the majocity poné7

sider adiabatio_systéms exclusively,'only few of them are on

tha'FLooding_phenomenon with condensation mass trandrer.'

1.2.1 Reflux Condensation. . -

, :The"predominant -modes ‘of - coolant - ci%culation

: mentiohcd above have been observed to occur In experimental

-

test’ nigs Le, H 5,8, 9 86 87] These experiments were done . to

show zﬂhej 1nfluence of such parameters as pouer,‘reduced

- water 1nventories on the primary and _secondary sidea.‘-ahd

noncondensible gas on the ability of the system to remove

heat at decay level.

-

iments were . con-

Steady*atate and'transient'exp,'

"ducted with the PKL (43 and the Semiscale Mod~4 [5] test.

*facilitiea. Steady-state.rerlux condensatioﬁﬁﬁssfﬂglgfohase

| > .
and two phase thermosyphoning modes of opé%ation were eataHi

r

lished byi draining discrete amount ‘of coolant from the'

primary clircuit and allowing surficient\ time for ‘steady-

-~ . _
state conditions to be achieved between dralns. The overall - °

loop natural circulation mass flow rate was round to _yary
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considerably, depending on system mass inventory.'The varia-

tion in loop mass flou rate with inventory reflects a tran-

sition fro;\\ingle—phase to tuo—phase thermosyphoning to-

‘reflux dondensation.'_Tne later mode of heat removal was

found to occur for primary mass inventories or 70 to 801.

ileJ_.when the steam generator tubes and- hot leg are nearly‘

voided of: coolant and ‘the. steam generated 'in 'the core 1s

'condensed',in"the .steam generator‘tubeseruring transient

‘experiments, all the. major - operating' modes.‘were observed

including .reflui condensation. single phase and two phase:..

_thenmosyphoning. A description of the above mentioned physi-

cal phenomena can be found in [6]. where - the influence of

o

various PHR (American) design parameters in the consequences_'

of small;break LOCAs is discusaed and classes,of small-break

LOCAs are’ defined based on break area. In general‘“most oﬂ

the description given in that reference could be"transposed_ .

.

to CANDU reactor. however. some design particularities such

- ,.

as the inverted u- bend at the primary circulation pumps (see_

Figure 1.1) may arrect the overall behavior 'of the asystem

Cv].

In all ‘the- accident oases mentioned'above the

r d ~

3steam generator can’ be assimilated to' an _invertéd U-tube

steam condenser. A study LB] on the flow regimes in an array

b3

with stean"condensation reveals :rour' possible modes of

condensation, The'array was.'made gf four inyerted' glass - U-
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Ltubes .connected to plenums as In an actual steam generator.
At high inlet steam masa flow rate co-current annular flow
ocnurs in all the tubes with condensaté and steam flowing
into tne exit plenum. As the steam flow rate ta reduoed, one
or morg tubes begin to be blockéd maintainig& a steady state
water .column above the~t@o phase region where the condensate
fiowlng back to the tune entrance (reflux rate) was supposed
to be determined by a flooding criterion and the others are.
still with co-current annular flownjA subsequent rednctinn
in the steam flow rate initiates a f{ll and dump cycle with
wide oscillat;ons in pressure, it is not mentioned whether

some or no condensate was flowling back to the tube inlet.

!

‘For still lower flow rates, reflux cbndensation\nccurs‘with

-.all pne_condensate returning to the tube inlet. The same

experinénr - was performed Tfor a_single inverted U-tube, no

tube blockage was 6bééfved; instead, a direct transition

- from co-current‘annular flow to fill and dump mode of opera-

~tdon occhrréd as 'thé_ inlet steam flow rate is reduced.

-

Reflux-condensation eventually prevailed as the Steam flow
is further reduced.

r . i

Anohher ntunyl'EBSJ'rin an"ar?ay with "the ;ame
number (4) of inverten'glass U~tube as in ﬁhé set-up used by
Calia and Griffith LB];. show only tnree"possible flow
reéimes{; rérqu- cond;nsation without watér coelumn, reflux

consensation with water column  and co-éurrent annular flow.



o

The flow: regime where Iill and dump cycle oceurg, wdas not

observéd. ThlS dit[erence between the two Stucies could be
,uttributed to- the way steam is inJected in thn 1nlet plenum

resulting 1nﬂ a-different boundary condition in each system

-
and also . to the possible 1nteractions between the tubes that
could hgve a _sigqlflcant ‘inflpence en the flow regimes

boundaries.

Studieé (9,871 -in_ a'single invertéd-U-tube con-

firmed tHese later observatiops and they indicated that for
. . L .

@ fixed inlet steam mass row'rate'the three regimes (reflux

‘ o . N

.condensation, fill and dump mode. and co*current rlow) could

be made to occur by changing the cooling waten"flow rate

. instead of. ﬂkg ‘inlet ‘steam flow rate..i oo

For‘ the case ’ of‘imposed constant pnessure'drops
across a slngle inverted U tube steady state rerlux conden-

sation has been observed with wgter column blocklng the tube

. f[86]. 1t should be noted here that no clear correqﬁ?ndance

¥ L

ibatween ah 1mposed boundary condition on the'system and’ its

'hEsulting rlow'.pegime._hés been mentioneg_yet in the bpéﬁ

A

‘ llterature.

" Moreover, an important characteristic' of the
phenomeﬁa‘.dbserﬁgd'lig._th% ex}ﬁtenqe of a range of inlet
ﬁteam flow raté and_cool1n§ qpndiﬁiéns uhere  a steady or
lntermitpent aécumdlé;;dh of . cohdénﬁate is present id\tge

-



-
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system in the form ol water columns’ above the two phase

”

regions, In an actual highly voided reactor system . this

"

accumulated condensate could represent a signlficant ‘amount

of inventory unavailable for cone coollng. This could be the

phenomena' occurring when the two phase tnermosyphcning mode

of_5§actor core cooling breaks down.'

k5

For single tube systems, most of the: work done fon"

r

reflux condensation were, until recently, experlmental intk.

<

nature, the emphasis was on the determlnation of the 'floodil
ink'.point and Lof‘ the system-pressure drop characteristlcf“
curve asla runction of the 1nlet steam mass “Elou‘ rate. ;Inf'
most studles relatlvely short verthal reflux condenser were'
used [10-12,161, 1,e. - with'.set-ups-havihg-a tube-lgngtnj

diameter ration (170)’1ess than 100, where in a CANDU 'steam

generator it 1is abou; .800. In general, the.characteristlc

curve, shown in Flgure 1;2} was observed, Deihl and Koppany

(11] suggest the ex stence of  a’ critical diameter above‘
which the flooding velocity remains constanm where on .the

contrary English et al, [10] suggest contlnuous 1nr1uence cf

the tube diameter. Deakin et al. [12] use only one tube slze

thelir study. The entrance condition was. shown by Englisﬁ'et
/

-al. to have an influence on the floodlng velocity.;a.O“ tube'

n
1

blockage or _Fill and dump cycles, s{imilar to the one men-

tioned before (8,9, 86]. has been mentioned in these prevlous

studies. . . ’ . -

'



‘adiabatic system:

.Deakin [3] dld a comparison of the various flood-

ing cobrefattqns!'the reaults are presaented {n Figure 1-3a,b

uhere"thé Andale . t:orre_rlationj is taken from the paper of. -
';Englrsh'et'él. Lrod. ' The ratto.L/G can be define as the

4-am6unt of. cqndensate flowing back to the tube inlet. divided

by the 1n1etipteam mass_ flow rate. - The tuo' figures‘111- 

-~

’ lustrate - a *‘1gnificant~ discnepancy. between the variops

cohrelétions; the 1argest one is found in Figure ,ja where,

-

" in Ehe case DF total condensation (L/G" l) Deihl and Kop-

';pany predict a rlooding velocity 1. 7 times the one predicted

by.English et al. The Wallis correlation LT3, p-le'BNL} for

L+ m‘ja‘ .fC _ . " X ‘(‘1.‘;),

.._’- . - —V : )
R V7 ' o
I o 3 [gD(p2 Pe J] . _ o
.;and Jk-i superficiai volumetric flux (m3/m -3)
bkuﬁ-density or phase nich (kg/m3)
'“T&gff‘?g : gravitational constant (9‘81 m/g);

tube: inside diameter (m)

-

““bi : liquid,phase nensity_(kg/msi

"pg‘E'gas:phaSe”denslty‘(Rg/m3)‘
s "m,C': constants’ -
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is -alad ahowh'fon Lwo difﬁerentﬁvaides of:“C;,‘which dcpand
on tne entrance'conditionﬂ.'An'examination'.of” Fiéure 1.3a
and 1.3b shows qualitativedy that all the correlations” agree-
" on thél fact . that the smallest rlooding velocity occurs in.

v

the case of'total reflux condensation (LAG.-‘ 1}. . This im-

plies- in an ‘inverted U-tube cdndenser'that if'tne natio L/G
is Iess'thanrone at~tnéiinlet.of one leg, more steam could
be _condensed overall, fassuming, :ne rractibn of'the steam

‘flow not condensed bytrefidx cqndensation in the inlet leg.

yill be; conden$ed {n the outlet leg. Then, total reflux

-

condensation with steady-state water column “represents, ‘in
. . " . ) . ’ .

the dontext of reactor dsafety, the worst case that can

-~

'opcur. because it could defines lower bounds for the . heat

fron. tne; core that can be rejected to the steam generators,

-

aecondary -slde,’

-

Tien,et_al.-[16].studied reflux dondensatidn in a

vernlcal closed -Lype thermosyphon with the condenser 1enght-.

diameter ratio (1/D) equal to 14,6, they_studied'the effect

.

of interfacial shear stresses on 'refluxlnbondenaation..heat
'transrer and their experimental.results show a deviation or
115% from thb classical Nusselt solution. {187 and: they
concluded that it ;asbdifricult to attribute the scattéring
of the data. to the efrect of interfacial shear stresses, For

their system, having a tube length diameter ratio L/D around

150; Calia and Grirrith (8] did not addreSséd the, problem of

.- - . il
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—, . r'inding a quantftative criterion. for counter-current flow
~limi{tation and the heat transfer in reflux condensation with
or without tooe blockage; however, they suggest the use of

- Wallis correlatidn (see equation (1.1)).

Anothev.nelevant‘paper,tol the present study is
tnat . of Russell [1uj where the pystem length diameter ratio‘
(EID) 1s about 250 and the air cooled mild steel reflux
condenser was ‘inclined‘.l‘i’(O fron'the_norizontal. The pressure
drop ’characteristid. curve_ for that-eystem'is pnesented in -

. | :‘ Flgure 1.4, where it 1s compared with ‘the result -of. Deakin
. : .> hand~'al.' [12] It can .be seen that the value of the 1ength-.
| | dlameter ratio (R/D) of: the condenser used has: not only a
strong -1nr1uence on the shape of the characteristic'cu?vell
put also on the overail behaviour or the' system, - where a
cycling operation takes plaoe above a- critical 1n1et steam

.Flow rate.

Tne nature; of :this: cyciing 'operation is  very
similar- to the fill and dump mode of operation for a single
1nverted u- tube [8 9} Berore reaching the"range of flow'

’ ‘ ‘ /\ -~

rates_ where cycling Operation occurs, Russell did observe’

,tube blockage with a. steady state water column above a 'ﬂﬁo-
phase region where tne' selected pressure drop acro the
tube could be held: indefinltely.,however. Caliaghd Griffith.

did not observed the same phenomena in their' single ‘tube

experimenos. in fact they suggest that ror ‘an imposed
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pressure drop dCFOSS the tube, reFlux condensation with or

without a steady-sta;e-.water colUmn occurs and for en im-

Jposed steam mass fldw rate the Fill ‘and dump ‘modes -éydling

-~

operatlon -occure. .The difference 1n the observatlon made

-

could, be due to the orientation or the tube, the--boendary

.

'conditions_ uged, and - the pUssible p:eseﬁce_ of - non-

EOndens{ble gas in Russell's expertmeﬁts}‘
It can be seen that the'open> literature. presents

LY

few--ekperimental stud;ee'~on reflux condensatlon and fewer

‘analytieel studies are avallable £15-17] and all rﬁqeai are

: ) ' .
relatively -recent. In all these' anelytical studies, the

':;annular'flow regihe was‘aseumed. and ‘Nusaelt—tjpe ‘analysis

a. . . . . . .
_w;)e cqﬁducted to 1nvestigate the influence of interfacial

- -« - -,

‘sheap’ and momentum transfer through the film on - counter-

current film wise condensation /’ . T

. »
: i . . : - . - L |
v . . . Vs

Seban and Hodgson {15] presented an. analysis where

the. influedce of interfacial shear stresses is 1nc1uded by‘

the means :6f fmodlfied pipe rriction coeﬂrfcient.‘ Their

. . . J ¢
Bolution includes the case of completely dounward (counter—

'current). partially upward or completely upward (co current)-

"
-~

film rlow but requires ‘an a priori knowledge of the film—

"thickness -at ‘the tube inlet, In add&sion, ‘no qualification

L

of the varioua rlow conditions studied with respect- to . a

flooding criterion 15 preaented. Tne\results obtalned from .

their numerical slmulation are compared only to the case of



_2]_

4
! - ‘ - . A . . .
'lamlnar Filn—'condensation on & vertieal plate with upward

‘vapor flow in which Vapor flow depletion is assumed 'te - be

fnegligible.‘-No comparison to experlmental data 1s included

i their study L - . L : L.

Tien et al. [16] presented an analysis whére the

1nfluence of interfacial shear stresses i3 done by the means
. y ~
of friction coetficient' constant alohg the‘condensation

“lengtn, and glven as an. inuut uparameter;; Their numerical

.simulation showed a significant influence pt the interfaclal'-

-

drag as the. heat transfer coefficient is reduced 1n comﬂ

oo
b Y

parison with the classical Nusselt theory. The influence 'is

,enhanced .as‘ the tube diameter’ 1s reduced and/or as the

system experiences an {ncrease 1n..either ‘the condensation_,h'

g .
-

length' the heat rlux or the operating pressure. Also.'they'

.

.recommended the use of a Wallis Kutateladze type of flooding

correlation L19 20] anq they suggested values ror .the ‘cdn-

stants "m" and "C",

P ) S . . B o)

A P

. Sun et al. .{171 presenﬁed an‘analjsis where the
I "t'

inrluence of 1nterfacia1 shear stresses 1s done similarly as

in the work of Sebam and--Hodgsoh;--however, they used a.‘

differént correlatton. for the interfacial friction factor:.

Their‘nunerical simuyétion‘cQBSISted 1h the:qcalculation of
. : . . i .

,condensation length, as a functlon of. the Inlet steam flow

rate. The computation stops when the steam flow rate reaches

-the flooding value, the Kutateladze rloodlng crlterIOn,r£22)

e



v

" no downflow of liquid occurs [23]

'cystematlc study onuthe. 1nfluence‘ ot, the condenseg tube

~22- .

el .

4,

was used ln'tnelﬁ study'ahd it corresponds to a point Hhere

Finallj. it -should.be noted that . the available

1

:open 'literature On reflux condensation doesLnot present a

diameter and engsg geometry. steam‘flow rdte.-cool water
. [ . N .-

.temperature, amount of.non-condensible gas in the system .and

system pressure on’the'bhenomenar occurringj in -a vertical

g

single-tube Steam condenser. All these fof the'fbllowlng two -~

tube",ends bbundbry conditfons- an imposed constant pressure -

adrop across the tube 'ends and an 1mposed steam flow rate: at

' .1.2.2 Flooding

¢

the tube 1n1et- Very little e perimental data are available
L
at this time on the influence of these. parameters 'pn the

_rate- of- condensation. cohdensation 1ength aingle phase;

]
P

length and axial pressure, tempenature, void‘-fraction gand

locall heat  removal pro(iles._ These eXperimental data ‘are

-

needed for tﬁe 'validation and. development of, models‘_iw

'small break LOCAs [17] safety analyses. x?’i-. ”-',-'

T SN T k .
. “ [

i . i

‘Many 'oapers' have been publlshed on. the general

'qtopic of flooding bec use of the importance of the rloodlng

o phenomenonj in the emergency cooling of nuclear reectors and

‘recently in long term core. cooling under hon rorced circula-

yl

tlon conditions. In most_of this work. floodlng correlations
~ . . . R

i . - ) T I
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- Were developed From data ndEbn in alr-water Systemsa and somen

investigation varied the physical properties-of'thé' phases.
the entrance.condltions, or tne.dimensions‘of the system and

related these changes-- to the onset of flooding. A limited

amount of studies have been presented on the theoretical
. ‘

,anaixsis J%f flooding' with and. without phase change at the

liquid-gas,interrace. The brief drscussion of this earlier_
- Y .

wWOork predented below' will focua mainly on the papers which

A )

,are important from the stand point of the present study and

i

more can-° be found «in  two excellent reviews (25,29] on

counter-current tHOfphase. flow and  flooding  publlshed
recently. = - o g o o '
) In“’Vertical adiabéfﬁc- systems, several -inves-

tigators T19,21 23 26-29]- have observed ‘that as the flow

approaches ,the' flooding condition, the liquid'film'becomes

’

highly agitated- apd formé a standing wave it a certain axial

position along the tube . and 'the standing\ wave. plus the

,accumulated liquid above'it begin to c¢hurn and pulsate up

' that ‘for“low liquid flow rate flooding oc'

thoward the liquid injection' poiq{“ ‘where _the propagating'

®
apeed of the churning motion depends on the flow rates. In
-

particular. some' investigators (19,21 23 26,30] serred

s at the bottom

‘inlet of the tube and for high liquid f?low ‘rate flooding

occurs near the point or liquid injection. On the cther

Ihand, m\;y investigators s“gzested that flooding takes place

_*6



7

a5 4 result ofl the fordati%n of an undtable 'w-ve"nhat-
-rapldly gErows until 1t bridges the tube; hOyever. measureﬁ

ments L23,26].have.-3hown- Lhat Qridging doedfﬂnot_ really~

_ozcur, : e

The end geometq1ES, the dimensions of ‘the system.

and the physical properties (Qiscosrby and surface tersion)
were found. to have a notable .influence on the onset of

Fibodingﬁ The tube diameter has been shown to have a atrong

¢

influence on the flooding point [11'26 28] dhd the influence

/—\_/
.or the end geometrles were ‘shawn.to decrease wifh 1ncreasing

- A

tube diameters L19 21,307, where'for:large tubes ‘the maximum’
‘poss;ble.‘gas cflux reaches an asymptotic value [30]. An

. increase in surface"teneidn was Qbserved to’ have a stabi-

lizing effegL“ £19,21]), i.e. the gas velocity necessary tor

rlooding at a. given 1iquid flow rate decreases substantially

-

-

ae the liquid Surraee tension decreasee.

ebserVed' for viscosity as. it hae destabilizing effect as it

. - .il.

,increases [13,p 339 3&1 19 20,31]; hqwever. an opposite

result has been reported [26] o .
_.1 .. RS o ) . e .. ._ ' ’ e

As many ether-compiexfflbw sitjuations, the exact
mathematical treatment for vertical ¢ terfcurrent two-

phase flow is .quite fermtdéble. Extensive idealizat{ons lare

required to si{mplify the governing  equations 1in order to.

obtain any solutidn; either nhmerically or analytieally.

: _ ] «
‘Bankoff -and Lee [.26] give a «classification where several

The .contrary .wWas

L
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-Cetinbudaklar and Jameson [32) and i3 based on the Anterfla-

_25_

dirrerent view points have been expressed for the. analytical

models. Three classes havp been defined:

@
(1) -'mbdels in whitch Flodding'results'fopm an interface
instability due to the different velocities of tpe

'two superimposed phases [19 20,28,32, 38,4175

¢ A

(11) mode}s-based‘upon a combination of interfae;al
1nstabiiitv aud_fldw" maximization (envelope‘
'theosy) ' [19,20), or flow maximization alone
R (30,33]; | | |
j(ifi) "'models based upop a postulated interfacial shape
C o [34-370. ' |

s v - " L .

' T ’ ' . t . 7 *
' - ; " . P . v N

. — ot . ) - . . .

‘The compariSon

f various models with each,other

and with experlmental data [23 25] reveals thdt the most.”

rsuccessful model to predict flooding velocities is given by

7

clal 1nstab111ty o; a viscous 11qu1d film; howeveﬁx
1—\\'-” = N m'
model starts to overpredict the flooding velocity . gh
F
liquid flow rates (Be > 1000). Thgs discnepancy could be due

to the change in ffebding point "~position as mentidned



L]

)

- to occuriuhen the mechanical energy transfer from }he as

-although simpler, are reportad L251. to be iess suooessful in_~

*

oefofo. This modei includes the effects of surface tension
and viscosity explicifly and it'predicts aeli the'effeci orf
an increase in viscosity on the flooding veloctity [32]. L&\
can alsO"accountr;or the effect of the entrance conditions
by. varyiog the ehtrance interfacial . friction -factor;”
howevgr,_ the éfreots of the' tube diameter are included

implicitly.

£

In that viscous flow model. flooding 1s postulated

*

phase to the liquid 'phase  is such that tmavell ng waves
. . - ! . -

, R .
start to grow ‘and are no longer :propagateo ‘downyarg( This

posﬁulate J@as been used successfully in -a recent flooding

and flow reversal study (38] 1n which the travelling waves

' are associated to kinematic waves. [39] and previousiy in a

4
bubble colum study [14, .139-435]. This. postulate is in
? : '

+ fact  the. .observation - made'.. . sevegél investigations

[19 21 24 26~ 29] put in mathematical rorm._The other models.
predicting the data. They do nob' take into ‘aCCOUnt the

entrance condition ﬁhich-appears to Pe important at high gas

¥

flow '&ates; The models appsar io'ro low the trénd shown py;'

thy, experimental data. for an:iocrsaso. in surface tension;.

however, for' an increase in viscosity soﬁe_merls show

'_opposite.results'£19{20.50]- . . -
n . . Sy
<.

%

T
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Condensation mas3 transfer mdy plaj an important

role in the' mechanism of ffooding in.reflux;condensation.

}lmost all‘the work done .on flooding In steam*water systems

~

“,

involves -direct contact condegsation as opposed to indPrect
' '’

contact condensation as in reflux caondensation. Tneoretical

analyses E33 N1] on systems 1nvolving direct contact conden-.

satlion eshowed that condensation mass tramsfer has a sig-

.nificant stabiliz;ng effect; nowever,- the differences ‘bc-l

-—

tween ‘experimental results from condensing\and ad1abatic

flows are not significant if flooding ‘takes place' at the

. .
tube ‘inlet and fhe exit liqoid.reaches nearly the saturation

:tcnpérature [25). THere 1is no-dpeoretical analysis in the

open literature on the . interfacé ‘/stability in indirect
contact . condcnsation' (film-wise condensation) where  the

condensate film_intcracts with an' upward flow of "vapor.

Howcver, many Studiés_exist that are'not;directly applicable
' [ ; .
to flooding in. reflux condensation [u -55] but they are

’

' related closely to . the- present theme. They do help to

r

"clarify to a .certain extc\d the flooding phénomenon with

condensation mass transfer. c e

1.3 bBJECTIbE AND SCOPE‘OF'THE PRESENT STUDI e

]

A

The objective or. the present study 1s to’ develop

H

'an[ improved lunderstanding of the mechanisms governing heat

removal- and liquid hold up - in reflux condensation in verti-

-

-



pressure drop acr

cal- tubes.

Inh  Chapter 1, the justh and the potentijial
application of the present work are.outline; along with a

brief discussion on the physlcal definitlon of reflux: con-

densatlon and flooding. A literature survey of thiﬁavailablel‘

-
: *

work on reflux condensatlon shows the present status of theg"

I

research- In that field thereby - pointing oub the futur

research needs. Also included . is ‘a brief critical review fpf

the work done on rlooding in condensing and adiabatic sys-

-

tems, to indicate ‘that most, if not all, :df"the 'existing

studiles are not directly applicable to rerlux condensation

r=4

in long tubes and suggesting new deve

Chapter'E,brtefly dje ch;bea the phySical,—afranﬁe—_.

ment of /the two experlmenﬁ 1 'appakatuses ‘bullt and ‘the

L ]

characteristic§~of the-aensora‘ used ‘fbr- the féxperimental

tests. The experimental procedureiband data acq 1sition and

processing software used iﬁ;ihe present study‘a;e‘_outlgneq.j

The .chapter ends by the matrix of the expgrimenpa'giyaq in

tabular form along with the dimenaidna-of[theaxﬁbés'uaea.

Chapter 3 begins by a descriﬁ%ibn_'or;_thé global’
behavior. of the systenm _for - the two npunqahy‘éoﬁditibns'

studied., These conditions are:.either . an -imposed cbaataﬁt_'"“

rate, The flow
»

tube or an imposed.inlet sSteam flow

and"batﬁe?nsr.bbaébygdﬂfarlthesel'
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conditions, are also presented. The chapter ends by the

?;fsentation of 4 phenomenologzical model to simulate the

System behavior when the first test condition is applled,

Chapter 4 presents the experimental results baaed

on the different flow regimes and tube diameters,. %hree

different tube diametels are used in the experiments to see

the effect of tube.size but{pnikggizsentrance condition 1is

considered: square eﬂge. The comparilon between the ex-

perimental® data-\corresponding to the flirst boundary condi-
RX . B . .

tion and the model 13°also presented.

- -

Chapter 5 contains tﬁe conclusions and recommenda-

tions of. the present'stddy,“



CHAPTER 2

EXPERIMENTAL APPARATUSES AND PROCEDURES

-
T .

2.1 REFLUX CONDENSER

2.1.1 Descrlption of the apparatus

In Chapter 1, we have demonstrated that reflux

.condensation. i3 one .of the phenomené that may occur in

vertical inverted U tube steam generators during a small-
‘break . LOCA._ This phenomenon must. be analysed to see 1if the

Heat,removal'cabability of steam generator will be suffif-
. -’ ' N

‘clent. to breserved‘the integrity of,the core .in the case of
' : N . o : L '
such acctident. To this end, reflux condensation was studied
in _isolation‘ from >~ possible interactions with other system

components. A single vertical tube was, used to simpli?Y“tha

systemk'as”"ﬁuqh as possible. It was understood that such .a

géqﬁetry would elimfnat£ the possibility of tube-to—tube

inStabilities -dnd oscillations..The boundary conditions at
o — ' . " B

each end of the condenaer tube were controlled to impose

essentially either a constant pressure drop across the tube

or a constant steam injection at the tube inletu

The experimental epparetus i3 shdun -.schematically
. ~ . . -\

-
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in Filgure 2.1'It conalsts of a serles of elght éonsecutlﬁe
doublq plpe heat exchangers made of pyrex glass yi£h'a total
length of 4,81 m. The }1rstlto sixth 3ec£ion§ are 51395: m
lopg and the last two sections are 0.606 m'qn? 2.17 m long,
respectively..Thé séctloﬁs are linked together by Teflon
'apaceﬁs'-betwgen cooling sections, Tgflgn spacers allow
megsufeﬁehts oF-pressufes. temperatures at  the cente; and
near the wall inside the inﬁer Lube andpthe_iniectidn of
“water in each cooling jacket, as shown I{n Figure 2.2. The
'iﬁner tube i3 COnﬁécted ét the bottom.to a steam inlet
‘ hd . ' .
plenum ahd‘at‘the top to,an outlet plenum, by a small. sec-
tion © of copper:£qbid§ﬁ\ad£h plenums are thermally insulated
' wir.'n 'glaS,.'.;a w:'éol... |

a

' o ’;The sﬁeam fiow circuit is shown in Figufe'2.1,_the
.fstqgﬁiﬁldé rate is adjusteg at.the control statioh, thenflit
goei, théouéh an orifice meter ang a horizontal pgpe'wiéh a
9b? elbow (turned downward)} at the end before being dis-
chargedb into -the p;gnuﬁ. Upatream of the orifice méter the

_ther@od?hamic'state of the steam {s evaluated by Apressuré

~and temperature measurements,

. The flow ‘:rates in the cooling.water jackets are
individually controlled and measured by valves and ' orifice
'metergl The uﬁper plenum {s mounted with tﬂe combination of

‘a pop and atandard rellief valve used when the system is
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FIGURE 2.1, Schematic of the Reflux Condenser
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FIGURE 2.2 Typical Arrangement for a
: Reflux Condenser Section .
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'1211t2y1 Steam Flow_Rate Inelrdmentations '

orifice. meter . is' used to meaeure'the amodmt'or steam in--

‘.cOmparISOn for the steam orifice meter readings. '_ 3"“

praeshrlzedr'.Phctdgraphs of the ‘apparatus are shown in

»

Figure é.3-

r

2.f.2fMethods:oF_Meashrements - R S

‘ls'_".- .

. v

For‘alt‘the reflux condensation. experiments, an

-
»

Jected'in the‘systém. mne" mechanicai design details. dthe'

o

.method ‘of. calibration and the ernor analysls are exposed 1mf

¥

IAppendix A. The main result of the error analysis is ,that;.

. . A

the maximum error on the steam rlow rate measurement ia 151,

-

A differential pressure transdhcer (P3 in Fi ure

N . -

.1) is installed to meter the -rate of. accumulation cr~ the:

L -

'*candensate 'in_ the bottom ‘prenum Tnis provides a mean of

-
s

For-ail;theefill and dump- expeerents"and -bhe.‘

_'-upuard co4cucreﬁt 'annUlar rlow experimenta the outflow at.'

<the top is dondensed and collected ln a, graduated cylinder;

~for a’ certain time. giving the steam rlow rate’ in}ected. The

-

error on these measurements 13 less than 151. e ' . '
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meters for the empty Inner tube are recorded.
o .

1)//, In the second parg. steam frbm the McMaster Power
Plant 1s3 introduced In the a3ystem to established reflux
condensation. This mode. of opération is maintained until £he
water in the bottom plenum is completely reﬁlacgd by conden-
sate at about the sgsame temperature of the steam. This

process takes about two to three hours and {t ensures that

all the other ctomponents are properly warmed up. After this

stage i3 achlieved, the steam -flow.is stopped and reflux

condensation is suppressed. Tnen, the initialization to zero
of each pressure transducer (except P3) is chetked and

reflux condensation is established again,

In the third part, the amount of non-condensible
gas flowing with the steam is measured. The steam flow rate
is also recorded by the NOVA .III computer:fgrom the steam

orifice-meter and, for comparison purpose,from the conden-

sate level meter. This measurement 1s done to provided a

e

basis to convert. the non-condensible gas flow rate from

e

-absoclute units to perdéntage per welght. .
. ‘ ‘ . g «

Filnally, it should be mentioned that the start-up

phase takes between four to five hours before it is ‘com-

'bleted{



_5'[_

2.3.1.2 The Experimental Phase

Three types of experiments are possible with the
present apparatus, they are;'total reflux condensation, fill
and_dump mode and natural clrcﬁlation (upward annular flow).
éach type of experiment has its part;cﬁlarf boundary condi-
Elons set by the valves at ;hé control station; This control
‘statipn is made of two valves with pneumatic actuators, one
for, hién flow the other for low flow and {t can. be thought
as. an . interface between the high_pressure'steam line r}om‘
the power plant and the experimental set-up. The low flow
_valve was used in "all the experimenté. The COntrol'statfon
'wgs such that it was péssiblelto impose eithér a bonstant
pressure drop across the tube or a conétapt maSS'flow rate
at the tube.inleg. In the constant pressure-drop mode, the'
opening of the valve is controlled to ma;ﬁfain a manually
Set pressure drop acrosﬁ the. valve giving 1in  éract1ce a
situa%ioh where the flou is regulated to paintéin.a constant
. pressure ddwnstream of the'yélvé. i.e, in ﬁhe bottom plenum
of the set=-up. In the conSﬂant mass flow,fate mode,'the'saﬁe
valve isl opened_ until ‘the:‘desiééd operating point'.;s
- reached. This mode of operation 13'achieved becausé of the

I

eritical flow established across the valve.

Each type of ‘experiments commands its own set Oof

~

experimental procedure which | depénds ’ mainly on the

capability of the NOVA III computer. After some preliminary



-58- -

g

+

experiments  the following sets of experimentil procedures

S
. -
L

were adopted. ' ' : o

2.3.1.2.1'Tota1 Reflux Condensation i .

"Total reflux condensation is established by set-

ting;‘thé contrbl station in the constént pressure drop mode
of operatiopn. In general, the"Flow regime observed is a
quasi—;teady_ State whefe a water coluhn is osciliating on
the tbé of,two-phase region and with constaht pressures in’
ghe bottom and top plenums. It is assumed that the process
under study is erg&dic. Tnistimplies, in practice, thaﬁ the
order of _Qata acquisition from the”diffe;ent kinds of sen-

: /
sors, is unimportant.

i

© . The data acquisition was done with the following.

sequence:
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(1) at about every three minutes, the signals from
the sensors of the condensate level meter and “the

steam orifice meter, are read. Then, the time

average, the standard deviation and the minimum

and maximum valdes‘ of each  signal_are computed

—

and recorded.

* ' ' ' S ,
Sensors( ) : T1, T2 and P31, R2, P3

(%%).

' Subprograms CONDLEVEL, STEAMFLOW

- . . . o

~ -
-

(11) thé levels of the Merian Blﬁe Fluid in each
leg of 'tpé-maﬁomekeré_ of | ﬁhé _cooliﬁg-}water
orifice'heters ére neaqbandrélong thhftge.h&me
avérages, standards dévianQns, mihimum and méxif>

_mum'values'-of the'rsignals 'from< eacﬁ:thermoéou{

plé on the secoﬁdary side (tempera:ﬁfe §t cboifqg

Jackét outlet) énd theé. common inlet codiing wéﬁeﬁ;

‘temberature‘(Thermocouple Th);

, Sensors: .. ..Th, T7, TVIO, T13, T16, T19, T22,
- ; 7 T
T25, T28
- Subprograms: MANOMETER, SECONDSIDE

({i1) the signals of -each capacitance void meter'are read

P - -

(*) This refers to sensors used (see Fig 2.1).

(**)This . refers to the subprograms called in the Qaﬁa‘éc—
quisitign program "RFLXAC" (see.section 2.3.2)
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P

and recorded one after the 6ther until the wWwhole

tvo-phase region is covered;

Sensors: N, 2, v, .., VT

Subprogram: . VOIDFRAC

* (iv) the sighals ‘from the . sensors on the primary

| side:aré. réaq aﬁd fecordeq  1n'th§ farm of a
'métkix.wﬁére eééh'liqe bontains'ﬁhe full signal
of ‘thé lassociated éensor. .Thé ﬁatn#x was fil-
ied  bdiuﬁnl5y‘chuﬁn éi a.;peed of.ébout 100.m5'
'pér célﬁqq; -
;Sensénsf‘ “'_‘ . ‘P1,_Pé_and Py hq-Ply ? fi;‘

-

T2, T3, Ts, T6, T8, T9, TI,

i

‘Ti2, T14, Ti5, T17,.T18, T20;

T21, T23, .T24; T26, T27, T29

Subbrogrém:; . _ PRIMESIDE’ ’ . ' .

“wr
< .

-

(V) thel'signal from the capacitdance 1liquid lével me-

Y - -

ter in ! the top cbol}ng sectlon ts read and recorded,
if theilength of the 'water column is long enough:
Sensor: + " Capacitance level meter

Subprogranm: " © WATCOLEVEL

1

{vi) the steam'pressure indicated by the'Bourdon gauge



' connected on.the bottom bleaum 1s read ‘and’recorded

: b

aloﬁg with the lengths of the single phase,(water'co—
- lumn) and two-phase region~bbtalned by visual obser-
vation; A coun ¥

Subprogram: PRESHEIGHT ; : S

t

(vii) step (ii) is repeated again.
. . . . . ' [y .
The experimental conditions determine the number

0

l

of steps to be covered, the above procedure is description

of .what 13 done rin general 1t also indicated the data“ ‘taken’

L
-

to obtain a picture as complete as possible of the phenomEna
ocourring .for. one experimental 'conditlon; (one' rate. of

condensation). An auerage time: of 45 to .60 minutes is needed

to do one experiment., - o

. 2.3.1.2.2 Fill and Dump Mode

. . . - . f

:settiné'the confrol station in the constant mass fldw“rate’

-
B
R

mode of operation.- The phenomena observed are cyclic in

-Anature: Lwo flow regimes take place 1n a oontinuous_-succes-"

sion, The, flrst flow regime ‘is partial reflux/carry over and

v

the second is upward co- current annular flow.,The“;ransition

. . Fi11 and dump mode o;\eperatdon 1s'esta9113hed by

occurs when_the single phase region; build.up-by the partial'

carrj‘ o%er, has filled up the tube and is being discharged

in the upper plenum., This condensate and ‘che subsequent b

P
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| fJ;'—.. 59"30P9= S v P5 vo PL4 and T6

rﬁteam/watqr' mlxtuﬁé arE'.SEparamed in the Upper plenum and.

L]
[ : . . R

R

flow out to be cooled down and ¢ondensed in two heat'exchan-

,

. 3 4 .

\ 1 st
t

gers attached/ tor the circumsrance, to two outlet(parts ory
rs . : *

P '
. W

.

. ‘:; -
the upper plenumf The total amoumt of condensate collectéd

+

per cwcle is calculated as being the.average rate of gonden-

.
!

_ satién. The data acquisdtion was .ﬂone"with '

¢

‘sequence: - . ' . o

> ¢ '

: »
3 . 5. .

Y (41) at about every three minutés,' the isignal- from

the followlng

4

. ' the ‘pressure transdicer (P3) .the cmndensate level

'@eter is read. Tnen,-the time average,

>

, - ﬁgl‘are”COmphted and recorded;
- Sensor: . - _ P3
‘Subprogram: CONDLEVEL

'

(i1) ‘step (ii) described in section 2. 3.1

‘_grally done.', -, g

.

- reflux/carry over occurs;

T18,T21,T24, T27

Subﬁﬁogram: - . .PRIME2

(1v)} we  moritor. the part - of the «cycle

1. . . ) .
P

a

-the standard-

_ deviatfon ' and minimum and maximum 'values of the sig-

.1'1$ inte-

s

(L1l ) we'mdnitor thé: part of the cycle where baftial

,T9,T12,T14,

. b .
where the tran-;



; . Y ‘
sition from partial rérldxldghby over Lo upward.

-

co-current annular flow Qoccurs; .

Sensgrs: PS to P14 and T6,T9,Ti2,T14,T18,
i S . T24,T27 .
E Subprogram: ‘PRIEE3_

r “
Y
«

(v) ‘the condensate is‘cailected at the end of .eaah cycle.

..+ _Usually more than one cycle ;SIMOnltored‘and the

time feéuirea to cover all the steps in the above procedure,

for ohe experimental Eondition. s often - longer than one

hour.. : b

Y

2.3.1.2.3 Upward Co-current Annular Flow .

B I .o [

Upward co~-current annular flow'is estabished by

settihg the control sta%ion in either the constanti_ﬁbessure
drop.;mode or the constant mass flow rate dodé of operatidn.
In gene%al. the flow rég}he' observed Jis a ste#Qy”kép;te
 p£wé;q .co-current anqﬁléf‘flow. The éxpgrimentaL procedure

. is exadctly the same as fof ﬁhé total reflux bondensétion
.expérimehps. (see - Section 2,3}142.T)f except for the. steam
mass fioy rate measured in the same way as in the fill and

dump mode ‘case. : -

+ T
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2.3.1.2.4 Remacks

~ ‘ ‘ ' -
’ oo - N~

At,ttne_ bﬂglnning of the experlmental program two

<points or the calibration curve of - each ‘thermocouple “werel'-w

checked to see if at 0 °C and at 100°C the responees Weré the
same ae thelone g1§en by che calibration"cur;e. Tne‘negults 
indicateo‘a good agree;ent betweenlthe measureq‘.;alue-.and

' the calibration curve Fealue within the‘limits oflaccunzgy

L)

certified by the manufacturer (10.500).

Before anfiqet QP experiments, theipressure tranL
ducer' were calibrateo. Tnis had’ to .be done often and it has

generated a large amount or calibration curves that .13_.too

+

bulky to - be' 1ncluded here. however. the linearityf-w}thin.

T .
the limits specified by the manufacturer (+1/2%, F.S.)} was

always obtained This is based on the fact that the standard-
—_ .

deviation of‘the caligégtion points to a first order fit was

alwaye very. small fand‘%the lrnear—correlation”coefficient‘
[69. p5121J.was alnays. very close to one, indicafing a
. B | C

-nearly complete coﬁrelation.'-

. 2.3.2 Data Acqulsition System and Processing Software -

. - ) -
" ' i A total of 60 sensors and devicee are connected ‘to

'the reflux . condenserc .29 thermocouples,\ 1&).pressure

tfansdhcers, T capacitance void meters, 1 capacitance level
meter, 'h steam anq' 8 cooling water onlrice meters. This
. i -+ . !
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i

_‘makes the use of a déta'acduigiclon' s5ystem 'ﬁgEeSQaﬁy.l‘The
_uschéhatrg diagraﬁ of " the ‘¢ata chuisitioh and processing

scheme is shown in Figure 2.8, SIS

I

.The data achdisltibnisystgm censists of 'a NOVA 111, .

qqmputqh ;gtﬁ $ gevite called Béai' Ijﬁé- gériﬁhérél (RTP ).
'Thjs:dévicg'iSZAJf;w-igvel-aAalog i%pﬁt syétem with a mulﬁi-
‘Slerd anaioé '@6 dig{£al'ponverﬁef tnét scans at a maximﬁm
“:ratg 8 gHé agd servés as éﬁginpe;récq bet;een'the- NOva 111
computer Enﬁ phé cﬁahnelé of anangJ{nrormation.‘Tne control

of the data ‘atquisition process is done by the BASIC lan-

guage'prograﬁ "RFLXAC“'(EeEEuEV &gquisition) by which* the

NOVA. I11I, computer address the RTP, "selects a particular

!

chénneL and adestsithe'internal émplifier-for " the correcf

_ gain and digital scaling. The digitalized analog values are

then echoec back to the computer and eventually - stored on
the hard disk under a certain-format. Then, the data is

reformatted and written on magﬁétic tapes by using the -BASIC.

'=;anguage prdgram "REFMT" (REForﬁaI).'Tne magnétic'tapes are

bpought' to the McMaster Computing Cehter where thelr con-

. tents are read by a CDC Cyber 815 computer with. a 'Special '

FORTRAN V language program pélléd "NOVACDC" and written on
‘disk files. Then, this data is 'process by another FORTRAN .V

_languége program called ARFLXC (Analysis of- ReFLuX

gondehsatioﬁ); Finally, {t .should be mentioned that the

-
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minimum reading time per channel achieved with the present

system 135 4 msec, this -was rOuhd to give a’' sufficient data

acquisition speed.

iThe‘ program "RFLXAC" is the data_‘acquisition.

software "used fn the'thrée.kiAG' of expefimentb‘ ﬁérformed.
Due to its'sizé (about 1800 lines) and to the small part of
the core memory availablé, the program u;s- writtgn “in ‘aﬂ'
oveflay struct;re Ato make an.efficient-utilisation'of thé
éomputgr‘résources; A simplLfied fldw-cﬁért'of fhe Tprdgram
lis ‘shown 1n Filgure 2.9 where the purpose of each subprogram

s

has been given in section 2.3, l

Tne programs""HEfMT"' aﬁd._GNQVACDC"' arer. the
software that '~ does the‘fasf téaﬁgfér df data from.the NOVA
111 (16 bits/word) to lthe Cyber 815 I(éO bits/word) .via
magnetic tapes. This software allows.many experlments to be
performea 1n one day.'the data being stored on’ magnetic
‘tape, and._it: gives access to all the capabilities and thg

features of a modern, mainframe cOmputer such as the Cyber

815,

o : | ' T

The program "ARFLXCW is the data_ processing
'program mainl&,used to put the data 1n englneering units. to
do a preliminary analysis on converted data and to plot the

results,of t he preliminarx;analysis. Due to Lts large size
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Suhprogram
" TIMEOFDAY ™

Subproyram
" MANOMETER™

Subprogram
" CONDLEVEL "

Subprogram
" PRIMES]IDE"

Subprogram
" SECONSIDE"

" Subprogram
"' YOIDFRAC™.

, Subprogram
" WATCOLEVEL"

Subprogranm
" TEMPINST ™

Subprogram

" INITVOLEV"

£

Subprogram
" PRESHE IGHT ™

Subprogram
" STEAMFLOW"

Subprogram
" PRIMEZY

FIGURE 2.9

Subprogram
* PRIMES!

Flow Chart of Program "RFLXAC"
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(about 5000 lines), a - CDC utility called UPDATE [71] was
used for maintaining anﬁ updating the progranm, UﬁDATE “1a . a
sofSwafey utility that oputs the source of a program 1n£g a

spgcial:formaﬁ that enable the user to easily-'tailon the

progra to meet his own needs. A simplified flbw‘ehart of:.

the program is shown in Figure 2.10.

The listings of the program above 'mentioﬁed;z'ére

obvlously-ﬂOo long to be included héré; even {n an'appenﬁi*,

but they can be found in [72].
";- »

2.4 MATRIX OF EXPERIMENTS

In this section, the matrix of QhefexperimentS‘
covered in the experimental prdgramfis_giveﬂ in-'Table 2.?,

it gives the range or‘pardméters studle&‘éhd~thé conditions

of the experiments. In the experiments, three tube size3 :

-

‘

were used: 2.54 em (1") O.D..»1.91»Cﬁ_i3/u") 0.D.-and 1.27.
cm (172m) 0.D. The dimensions of the. tubes and- theficboiing'

Jacket atre given in Table 2.2.

e -

For the same type of expﬁrimenps.‘ it was not

possible to have the Samemrange or valué~ of codllng' water

7temperature. For example, we can see in ‘the reflux condensa-

tion experiments, that the coldest:tempefature avaiiable
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at that time Is 10°C for the 2.54 c¢m tuve, 14°C fof the 1.9

cm tube and 180C for the 1.27 cm tube. This Is due to” the

o)

time of year the experiments take place: in winter 10°C

cooling water i3 easily avallable but not in summer. The
other temperature shown in Table 2.1 for the other types . of
experiménts'aré the coldest temperature avalilable on the day

of the experiments.

PR : T e ——— e mee PR L



CHAPTER 3

AN. ANALYSIS OF COUNTER-CURRENT FILM-WISE CONDENSATION

IN VERTICAL TUBES

3.1 GENERAL VISUAL OBSERVATIONS

- .

The length-diameter-ratio (L/D), for all the tube

sizes considered in this study, is greater than -230 " (see

Table 2.2) so that the preSent experimental sef‘hp can be
classified as a long reflux caondenser.

N

3.-1.1 Observations for an Imposed-Preésune Drop Across the

Tube

In all ﬁhe experiﬁents. an 1ncreése-in the {mposed
consiant.pﬁessure drop across the'tube implies ‘an increase
in the‘tﬁbe inlet steaﬁhflow rate. In these cases, the Steam
control valve does the necessary‘sllght adjustments od the
sgeam flow té maintain that ponstant pressure drap. The
steam cdntrol valve 15 then said te bé set in the constant

pressure mode of operation.

Figure 3.1 {llustrates in a 'schematic way the
phenomena observed for an lnecreasing impbsed pressure drop '
corresponding to an increasing steam mass flow rate.

-74-
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‘
Eacdh sltuation shown represents‘the same . inner tube -of the
prescnt.lretlux._condenscr 'with the two-phase;flow pattern
corresponding to a different imposed‘constant pressure drop,
To go'frOm‘one.flow pattern to'anotheri"the » stBam ‘control

yalve was adjusted until the‘desired flow pattern was- seen.
Before flooding occurs, the phenomena observed

wcre similar to what occur 'in a shorc.reflux condenser (seeli
Section 1.1). Flooding in_a.short;reflux condensen causes
the condensate to be ejected - from the top; however.r‘the
phenomena observed-'in :the present system were different

when the Flooding point is reached the 'condensate, instead

of -being eJected from the tube, is ejected from the average

1

condensation (two-phase) region to accumulate in the form of

a water column (single phase region) In the ‘case there a

-

neu constant pressureﬁdrop-is_imposed across-the tube'for a

situation with a water column oscillating over the two phasel'

' region, the system undergoes a- small transient in which the;

— '

"ILooding point is reached resulting.in-a 'new quasi static‘

situation with a water column of increased length oscillat~

-

'ing over a two phase region of unchanged length Each of the

.

flow regimes shown in the last four tubes in Figure 3 1 are

examples ,of“ quasi-static situations observed that.could be

”5held indefinitely where the average lengths of ,the single-
phase andA the two phase regions remain constant. For these

later situations. the condensate level meter indicated‘ that‘

.~



.

ST

a significant amount “oF' condehsaté wWas collected in the

bottom pfgnum; It will be shown experimentaly in Chapter ﬁ.

chat in all the situations -ShOdn I'n Figure 3.1- all-the
injected steam i3 condensed and its condensate' floyed ‘bapk;

counter-current td the upward 'steam flow. In the. present.

study. ‘this f§ow reglme is called total rerlux condensation

and "could be qualified as quasi-static.

. . The Cflow pattern observed .in the tuo4phasg'reglonf

was intermittent churn-anhular' couhter—currént. flow with

éntralnment in, the form of droplet aggregates, in the vapor
: .

cdre. pulsating ‘upward’ towards 7theAgend' df the,‘tuo—phaée

‘region; _Theqe droplet a gregatés wére obaér@ed,to.orlgidate

from the -formattion of a standing wave .near .the - tube inlet

the vapor-flow'wa;-then to” tear off . part or-_accdmdlated

condensaté'ljinéluplng the gondgnaatg in the wave) forming

- - L

" and the accdmulation of condensate above 1t. The action of '

“the drbplgt aggrégdtésr In vertical two-phase flow, "the slug
ﬂflow.battgrn_can,be described;[BQLb.389J'gﬁ a dUCdessionf‘df

" cap-shaped bubbles mdving upward with -the region between the -

bubbles belng mostly filled by l1iquid. 'So, the liquid plays.

_the role of the matrix in that flow pattern.: In the présent

study."the' flow pattern'observed in the vapor core alone.

the flow pattern is the vapor .phase and. the role of the cap-

shaped bubbles is played by the droplet aggregates.

'dould behcalled "an idverted—slug flow" where the matrix of

Iy
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As aibeady ment;oneq; en increaee in £he 1mposed
p}eeedre'drdp aeboee tee tebe_resulpe'in En.;ncrease {n . the
 water column ‘length; Tnen one can infer from'the.flew'pat—
tebn observatione bresenQed ebqve thet the eet transport_vof

"
.

condensate to the single phase could ‘be done by the droplets.

aggregates pulsating upward towards the end or the tao phase

region. ' . _ . ‘ . v

3.1.2 Cbservations for an Imbosed Steam Flow Rate
\ : . .

In- tHese ‘expefieenta_“tEe eieam'centrel velve is
‘set to deLivee'e erescfibed eonetaef.steam flow; rate. Be?'
-~cause - the Upetream ,absolute pressure was much higher (630
.kﬁa).thae the marimum-operating pressure, critical flow wes.'
espabli&h&d- at the -valve.- The'steam cenerpl“valve:is then’

said to be set: in the constant flow rate mode of ! operation.

“In all the'exberihen;s!wifh' an -impésed constant
steam flow rate at the tube( inlet, all_thelphenomena before
: . . N . ’ . . - .
flobding gceurs, were,the same as the one observed for the

rirst Souhdary condition as illustrated in a schematic way

in Figure 3. 2 Each of the first four .tube3‘~represents a

flow pattern for one imposed steam flow rate below the one

at ﬁhe_flood;ng point.

For stéam flow rates corresponding to the flooding

point and beyoﬁd it, condensate is-ejected from the averdge.
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_eondensation region to accumulate.ln the Ttorm of a water
column; howévér,. the simllarities between the phenombna~

observedjfof the two boundary conditions stop. here, Aa  we

increase the btégm flow rate and cross the flooding point,
the reflux coﬁdenser exhibits a éyqliqél operdtign. ‘whaé
.occurs in that mode is illustraged tn a schematic w&y in the
last .nine ‘tubes' of ?igure 3.2 for one cycle and.onleixeq
steam flow r;te. The cycle;beéiné with aﬁ up;ard Co-curréﬂt
annﬁlar fiow present in the tube and'as‘gime;gogs on'cpndgn;

sate starts to fill the tube in the form of a_water column,

.

with the consequence‘bf a’ decrease in the two-phase region

A
- length, This phenomenon goes .on up to a point where the tuybe
- cannot accumulate more condensate. At .that pqint‘the System
becomes unstable and the whole water column is dumﬁed from

.

the top of the tube and the flow becomes an upward co-

current ahnularlfiow for a period of time always  less than

the time necessary for the filling part of the cycle. This

ends one,cyclé and a new cycle starts again. "This modé of

operation s . simllar to the first one as it can be main=--

-.téigéd indefinitely; however,'the. lengthé pf the single-_
phase and -twé-phaseﬁ regioﬁs" ;fe not'remaihlngrcohsﬁant;‘-
‘Although ﬁo;t.of tﬁglconQenséte-{s ejecﬁed‘from the _t6p‘ of
the tube, the 'condénsate Ie#el:metér indicatéd_that'sohe‘
condensate is collected in the bo_tto_rﬁ pl'étigm: during this
eycling mode of‘operatigh. In the pneﬁéni‘stpdy, this'rléu

regime is cd&ﬂed f1l1 and dump cycle and could be. qualified
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as dynamlc  as opposed to the quasi-static llow regime cor-

-

responding to the first boundary condition.

The flow patterns observed Jereoupuard reo-curreot

,annular - flow Just efter the water columnAraslbeen ejected-
and ohurn-ahholer counter-current flow with entrainment
during thertime the carried over condensate fills the tube.
The entrainment took the rorm of droplet aggregates pulsat?
ing opaard touards thelend of the two phase region. "As it is
'shown' in Chapter‘ﬁ. the‘periode of the fiil.aod'dUmp cycles
”ere‘iﬁ the order of minutes.tTnis'~elloeeo enohgm ;time‘fto
observe ‘the' churn anmular”fiou oettern Wwhen present and 1t
was found that the phenomena were the same as “ip :the'.two-:

- f

phase.region of the-total reflux‘condensation_flow‘regime.

3.1.3. Remarks on the Visual Observations.Made

Edch  boundary condition gives rise to. a well

»

defineo'fldulregimei'total reflux oondensation for- an im-
posed pressore drop and fill and dump cycle for an. imposed
steam flow rate at ~the tube inlet Although these flow

regimes were’ observed by other 1nvestigators (8, 9 86 8?].

eppeare_thet the_correspondence, being made- here. betueen an

"imperG‘lbouhdary c0ﬂd1tion on . the system and its resulting
ryow regime has not beeo' mentioned earlier ‘in -the 'open
literature. "The - two flow regimes observed are difrerent in

“pature: one ‘is, quasi statie end the other"is_“dynamie;
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however, they do have one flow pattern in common{/:;:?na

annular counter-current flow with entrainment.

The flooding criterion used is the same for the

1

q-.’

teo boundary <conditions. It can oe_pictQPEG ae bdtng the
poeint where the steam flow rate is suen that a‘water -EB{ZEB
'starts'-to build. up resulting in a cnange in the bottom
plenum pressure. An equivalent definition of the flooding
,c}iterion -ean be etated .as being the point where the steam
flow ratevis such that a. standing wave, wWith respect to fthe
condensate film interfacial v91001ty,:appears near theﬁtdbe
-inlet and a net transport of condensate occurs by the . mean
;of droplet aggregates pulsating upward "The two criterla are
equivalent because iith is the net transport of condenaate
upward that gives rise.to the presence rof - a _water _column
_which ;inf turn ‘1e.tthe> cause of an 1ncrea§e.1n-tne'bottom
'-plenum.oreesure} In, the present study the éfinst definition

euae used- ;as the- flooding criterion in all the experimental

-work because it is reproducible and easily traceable.. The
'preeent flooding -criterion nae 'simlléritiee with the one
;'used by Chung et al. [19 21] ‘aj adiabatic system. The'

;other-'rornulation,:is: simply the one used by Cetbnbudaklar .

"

.fand Jameson [32] and it is uSed _as presented later in  the
lineartied stability'fanalydis;”analysis. of the condensate

-~ ) ' -

film flow.
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A

3.2 MATHEMATICAL MODELLING GF TOTAL -REFLUX.CONDENSATION

In this section wcggicsent‘the mathematlcal model

simulating the Series of quasi static situatiocs occqrring

when different constant pressure drops

the tube (see Section I.1.1). ThE'mathematicaL modellihg'ort

the'phenomena_occurring_for‘ imposed cbhstgrt. inlet steam

1

flow rates (see Sectfon 3.1.2) . is not .addressed in'the

present study. ﬂowevcr;"the model“'for "the quasi-static

situations could be used as the starting point ‘of a more

- elaborated model simulating Till and dump cycle. L
. o . - .o ‘ .,L

K2

The presenttmathcmatical‘ mcdc; of: total";eflux

condénsationiis“madc'offtuoTparts: . f o
: ) o V . : V l . .‘V' .‘ . .. - w

.-

e

the case where three of the basjc- ssumptions

‘[Bs.jpr 31H 315] are. relaxed- th 'interfacial

. , . T' drag on the steam water interface and conse-
f/—f\ ..quently the momentum“transfer through the fiim.
are no longer negligible and’ the heat transﬁer is
done by conduction and convection,” c‘f ﬁQu
(;I) \linearized.staciilty cnalysis of tne condecsate
‘A film flow perturbed by the upward condensing

steam_tlow.l

are -imposed across.

(i) an extension of the classical Nusselt s theory to

b _-_"‘C__—f
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*

ot

"The extended Nusselt's theory i3 used to provide

thg character{stics of the base flow: condensation length,
single-phaée length {if any),  axtal distributlonslof the
condensate ﬁ&ynolds number and film thickness. These - are

used in tpe solutlon of the eigenvalue problem resulting

- from the lihearized stability analys1s to predict the -value

of the inlet 'steam flow rate that satisfies the flocding

cﬁltétion-giVen in Section 3.1.3.

=

3C2;1 An Extended Nusselt's Theory
o B —
L e : : ' or
- R The exact mathematical modelling of reflux conden-

- satiom is quite formidable because of . the counter-current

- nature of the fiow"and -the,complex'pattern'of'thg.waves

-

« Co L.

.tréveliing5op.£ﬁe itéamlgatén 1ntefface} Extensivg 1deaiiza-.
tions ahglsgquiréd to”siéplify-thg -gpvefning equations if
;ny sOlutiod, ei;hér analytical or ndﬁericai,  is to be
obtained. In Figure ;.é. welshbw the‘.iﬁéalizéﬁioh of  the’
cohrighrapisnu‘af the Tldﬁlpattérn used in the pEesehp base

flow ‘model, The aésumption made are:

' / M j - _ N - ".
(1) the flow pattern 1ias steady-sta£e~coﬁnter-cufr

R ~ rent annular flow with no entrainment 'of
condensate from the film in the vapor core

- and uith_avsmoobh;lnteqfacei . '

-

o
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the low of condensate in ﬁhe film is laminar;

~

the film thickness of the condensate {s ne-

. glligibly Small when compared to the tube inner

.radius;

phe'axial vélobity profile {n the vapor core

is nearly uniform and much greater than the

interfacial condensate film velocity;

the pressure is the same in each phase and

-1t is only a function of the axial posi-

. tion ll.xn v

the heat flux at the.inner wall of the tube
the heat ‘

ié_consfant;

-

o , : \, :
the Lhebmal—hydraulic‘propéﬁ?ies of both

‘phases-are constant and eva uated at satura-

tion. The saturation pressure is taken to be '

the bottom pLgnum pressure;

the condensation shear stresses at. the steam-

water interface have small “Influence on the

‘characteristics of the base flow.
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- In 'denivlng- the classlical Nusselt's film-wise
condensatlon -theory' the main step is to obtain a.differen-

tial equet;on ror the axial variation of the rilm thickness.

The assumptions made ‘in Nusselt s classical theory .lead to a

linear differential-equation resulting in a ‘closed form
solution of the base flow: axial variations of the film

. - | _ . ‘
thiokhess,‘heat'transfer coefficitent and condensate flow, In

‘the .present derivation of an extended Nusselt's theory the

main 'step 1s again to obtain a differential equation for the

axial ‘variaﬁion'of'the film'thiékness. The methodology used

is- similar to the one in(%he classical Nusselt's theory {85,

+

31y4- 317] and 1ts is as follows:

l(f) obtain the radial and axial-velooity profiles
in the condensete film in terms of phe film
thickness by eolﬁing the liquid phase momen-
tum eqhafion‘nith the aid of the vepor phase
momentum equation and the continuity equation

‘of_each pnéses; |

(ii)' obtain the condensate film temperature‘profi-'

a {le again in terms of the film thickness by

using the velocity profiles in solving the_

- energy equatlon-

(i11) then, .obtain the differentiai-equetxon'For



'_.88.-

the 'f{lm thickness by substituting the tem-
perature profile in the equation resulting

from the combinaison o{ the heat and mass

interfacial jump conditions.

Tne geometry of the system belng cylindrical, the
local instantaneous conservation equations can be written as
rollows'(gé, p. 83-8% and p. 315-316).

" . -

Mass conservation:

»a".(p roug) o+ 0 (py, r v,) = 0 . (3.1)
_— [} % - L L ‘ .
ax ‘ ar ' :
3 | 3 - '
~_{p_ r u_) + (p_ r v ) =10 - (3.2)
' 39X g g ar g g : .
Momentum conservation: |
8- (p uzr) s 9 (p,u,v,r) = - r 39
-— A _— 7L L |
3x . ar _ o X (3.3)
o Ju - o
t o R R g8 (py ~ p )
. ar ar f : o 8
'E;.(p uzr) + {(p uvr)a=n+=r EE‘
Ax g . g B X

(3.4)




 Energy conservation:

.9 ) 3.
_f{(rp, ¢c u, T,)0 v+ " (rp, ¢ . v, T )
ax_ L. “pt L Lo T ) pE 1_ %
(. aT . " . . (3-5)
0 '3 . )
-k, S e . :
ar ar '

"where

x: axial distance from tube entrance (m)
r: radial distance from tube égntre line (m)
. ug.ugi respectively the axial velocities of the

condensate and the-steam (m/s)
Vervoi reséectivély the radial velocities of thg
condensate and the steam (m/s)
T % condensate filﬁ temperature (OF)
p: absolute pressure (N/me) )
apecific heat capacity of the condensate-

°¢)

(J/kg
ky: ‘thermal conductivity of the condensate (w/m=-%¢)
: respectively the dynamic viscosity of the

condensate and the steam (kg/m-s)

- Before deriving the velocity profile in"~ the. con-
densate film, we first state, based on the first assumption,.
that mass conservation is satlsfled at each cross-section of

the two-phase region. Then, we can write:



R , o R~ & , - :
i L ug‘r_dn = Rl = 'Pg Vg rvdr ‘ - (3.6)
R=6 ' ' ¢ ‘ :
where ‘
L qhe:tube in&er diameter (m) .

T:  condensate mass flow pate per unit

width (kg/m - s) o ' L

e film thickness (m)

The method “used to derlve the equatibn_of_hotign

or-thé‘cdndensate film is similar to the one employed in the

deri&atiohlgf the integrai equations of . boundary layer on
‘flat platé [45, pp 144-146].

The integration of condensate anq‘Vapor‘momentum

' -

equations respecﬁively from r = R.- §{x) to r -'Riand from r

= 0 tor ~R -"6(x), combinea with‘the integration of thelir

+

resbectiye ﬁass conservation‘equa@iqns and the use or/Lefb-’

nitz formula L91, p. 360] results-in the following expres-

-

sion for thé'pressure gradient:

. .
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2 I ) au, - 2
RS 3 % 2Ré - § :
o _E = u, R ( ) ey = 0 ) 8
> Tx ar 2 g
A R
Ju ) ou
SUTR T Y S ROV T D L T S EY (3.7)
3r . T g 3T
5 - ¢ 6
R R-&
- d p u2 r dr - d p u2 r dr
ax ) bt ax ), 8 8
R~ 0

By the no-slip conditioh§ at the steam-water

.interface, we have hat .

(i)1 up = /j> I - ;f‘ .
: d . aul ' N
(11)  w (® E) (R - ¢) i _
| 5 | ar 5 .

O |

Trarr——

ar

where‘"é“ indicates an evaluation at the steam-Qater inter-
face. The'aimplification of equation (3.7) by the use of the
-.no-slip conditions r;sults in an expression for the pressuré
gradient that can be inthoduced.in eqﬁation (3.7): fhen. the

condensate mementum éonservation equation can be written

as:
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. ! aui . , dvﬂ . 13 ] aui e G o
] _ —
. oX -k L ar 2 r ar ar 2 v
{3.8)
2y duy 2R6 - RS
R { ) g (o, - )
R ar R R2
2 4 R=6 5 2 R 5
Y p, u, rdr + - P Uy T dr.
2 dx £ 8 Z P

0 R

In the present study, the condensaiiqn process

occurs inithe presence of a bod&.rorce (grevity) and ’ forced'
convection of the steam and the condensate as a Prandlt
number greater or equal to one. For a flow of that type, one
can neglect the inertia terms 1n the condensate momentum_
.equaéion. (92) t.e. in equation (3. 8) the left hand side andA

‘the 1ast'term on the right hand side can be~ dropped. Using'

7equation (3.6) with the fourth assumption one can write the °

o

‘following approximation

- iR=6 . — )
3; g_ p,u. r dr = ﬂ_i__ i_ ré Lo (3.9)
X > Tx g 8 2 dx ' |
o p, R
g8
R - Introducing the -change in.coordinete y = R-1r,

-where ""y" is'the transverse'coordinate .as shown, 1{in FLgUre
3.3 and simplifying equation (3.8), one can write the equa-

tion -of. motlon for the condensate film as follows



'
aul -fi ‘ )
B.C.2 Y = & ;. o — o= __ o (u_ - u ) ju - u |
] E?f > g i g .Ei

where
£, intertactal friction factor

upyi interfacial condensate velocity (m/s)

3

-

and - with the second boundary @pndiﬂion formulated taking
into account the'gight assumptlion. Considering the fourth

“‘assumption, the second boundary;dquition can be written in

the following Férm:

L i 2
B.C.2 y-= 46 P Ugs -“‘_ pg ug

The integratLthof'équation (3.10) with the ap-

plication of the bdundary-condition gives:

-y .
i
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(p; = p.) 2 ' 2 2
u, =& __" i (y-yd)v- ! dr(y-yé
* u, 2 ' R2 dx 2
M P , Lin
r 2
Lo 1_ur y
2u p8 Rd

We define the followling characteristic length and velocity‘

-plus non-dimensional numbers and distances:

60 = film thickness at the tube entrance {(m)

(pi‘pg) >
uo - g 60 v the interfacial condensate film
.Zpl velocity in the case of no drag <
. ‘ from vapor flow (m/s) =
[}
Yo
Re = pi — s , Reynolds number based on u
u_. o0 and 6
L .
‘ 4p :
s - + 1 :
pg 52 .
Réé - i_ » Reynolds number based on the mass flow rate
My JEer unit width

’ [ ]

with.x - x/éo y Yy - y/éo and R =~ R/éo

In non-dimensional form equation (3.11) becomes:



} L ) | azﬁe0 S .
ug - (y - 2&8y) = (y™ - 2oy)
: 2 HEO‘d§2 T
(3.12)
£ , . -
+ _i S Reg y *
2 Re ' -

wh?re.ﬁg = u,/u_ and trom the mass conservation. equation, .

2
- ds =2, s 1 ¢ Reg. 33 _ _,
vl = G t -(__ -.6 ¥y
= Re -2 3 C - .
d o dx - :
* - > .- (33
dar -2 I * d Re, -2 . )
. S i Re y oo, 1 8 5.y
: 2Re = 2 L2

where’

O w

. 2
4 .

E 1, dRe; . -

2 Reg 4% L S o

- ~ The -éxpressions_ffer the qxialr and ﬁradsyebse
ve%ocity‘profilés ére knoﬁn,iwe $olve-the energé ‘gonserva-
tion equatloﬁ for the condensate.film temperature pfoFLle ih.
“terms of the  film thlékngssQ'U@iné thé_maﬁs conseryaﬁfcn
équation aﬁd 1n;rdducing‘thg Chapge'of cbordinaté.y'-~ﬁ ;‘r;

'eQuhtlon (3.5) can be written as:



- - 2
aT .oT - 8T ) : .
L - .
N P R — (3.18)
-~ ¥ T By e, Pr 2
: L 3
Wi

. The following ion-dimensional' Vvariables = are

defined to put equation (3.14) in non-dimensional form:

hﬁg" B 'CDEFE, - |

.\’ - . - ) B - ) :

L ] ‘ V "
where N L } | | * -

\ﬂ-qui cbﬁ;ﬁént-peét;fluﬁ at Eupe ;nﬁérlgall'(ﬁ(m2}: |
;Pr?:Praﬁﬁiﬁlnumbér _. ’ ’ B 7:_-
_.Réé'eedieg‘nhébe}} AR o ., N
;KuF1Ku§?}eiad2éfpum§§r:f§2]: | o S' :

Tsa’ Sath?a£1°°‘téh?étét?Télxéc) '//’% S

'.hfg’ iéténm-ﬁééi:iﬁlﬁgs B . '

To-

Then, equation (3.14) becomes: .

_oam, LDoer, %1 - |

u’ F v, T e L (3.15)
T Ve T ,
L% y .7 3y

‘ B ‘..'. . ... -A . ‘_‘ ‘ . . ."- B o ‘ . . ‘ J
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)
with the following boundary ccnditions:

: ‘ﬁonsenowe[93]

one of the basic

transfer rs Qone by conduction and convection. His

results in' an

-

thickness that is solved by successive approximations of the

=97+

9T,

FYT

o
B 1]
B e
]
o

S

modified Nusselt theory by

assumptions [BS.Ap. 314 3153

integro differential equation'for

temperature profile.

He

obtained» theu‘/followingr expressio

for the non dimensional temperature profile

relaxling

the heet
analysis

‘the film

! . y N ¢ L
CRRRECTN R S (3ab
| c B ST ' s
A S .
" - .;-r . -
where e o | _Af
- (. - T :
cKut- pL 3 W) , modifled Kutateladze number
rg (v o+, ) '
N y/8 non-dinensionsi'tnansverse_coorcinate
. "I"E-': Tw - - .
. TR" "L _» hon- dimensional temperature in Rohsenow-
- T . =T analysis .
LI W -
‘ . - . Ku‘
dnd assumed that <¢ 1 _
: ‘ 10 - '

NS
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.

.:‘ Although Rohsenow analysis diffe
present .study By‘the_numbérlof basLé QsSumpéién
ﬁhe baundér{ con@ition gt"bpe wall (he wused
temperature wall condition).dne cbbid ;ssﬁmé {

Il

derivation a tempqratdre'profile having a  form

equatién (3.V6) «

' - £

" where fp‘ - Tp(n) is a higher order polynomial

- atquations (3.12), (3.13) and (3.17) in equation

""'kéeping first order terms only, We obtain:

rs fhom the
s relaxed and
‘a constant

n-the present

similar to .

(3.7

. Intbodgc{ng'

£3.15) " and

d° T o | . - f Re
9 - - Gn3 + 30[‘;‘2’— i s ¢ n2 . .
. an< 2Re, 3 (3.18)
g .
_ 3 - r dRe - .2 e .23
, 4G5 (2+ _ nzj . _i S o | pg 33-9¢
ds 3 2 Re, 43 ¢ dx

with the folloWing boundary conditions

3T

- > -
“p.c.® ar g -0 Pos -1
i . . no.
B.C.2 atn =1 T =i

’

i Integratibn “of equation (3.18) with

-
-

‘thg apblica-’

G
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L

tion ©f its boundary conditions and simplification by an
. T‘ . . . - N . 0
i

-order ‘of"mégnitude. anaiyéis of - the resulting expressioﬁ

glve:

N I .
T, = 5 (n-1) + i_.f_ (n2-1) + & (n'-1) ‘_ -
| T i T (3.19)
r Re.  dRe f. 5 ReS oo
GHe . 4 -

+ ;i 5 8. {m ~1) - ‘i _ 8 {n ~1) >Pe 63 ii
25 g : T = -
2 : Re as.- 2 '3 Reo { dx

-

with the‘conaenéate film velocity ahd‘~§émpehaburej
prof;ies'}knowh, Qe_can ﬁowfderi@e'the mass:énd énérgy jump-
dopditidns:to.sbtain the desired qifferential._eqﬁafiqp for-
-thé -filmJ thicknéss,_Tha ﬁass energy juhb condrt;bné'can;be

written as [47]:

mass: : 'ui_‘ o
Py vy |SE w25 0 e e v (3a20)
B F1 X o R :
energy: f
aT, _ .
PV h_ = - Kk {3.21)
8 & fg L33 .
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where

Y = pé/pE

t{x,t) = thickness of the wavy film (m) (see Figure 3.4)

The right hand side of equation (3.20) 1is the

condensation 'mass transfer and conservation of-mass_at each

cross-section of the™wo-phase regidén results in:

e p Y S (3.22)

Introducing equation-(3.22) in equation (3.21) we

obtadin in héh-dimensiohal form:

- - " at oy <5 ° (3.23)

& u . D
T ! : - :

Re, = - J 0y dy . o (3aam
My o g - ,

Introducing equation (3.12) in equation (3.24) we

obtain:
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LY
] 'y Reo 63
He6 - (3.25)
3 (1 + (1 «+ 2F)]/dj'
where
._S_
P1 8 = . )
F o= ‘and P = f S Re
—3 < i o}

Replacing the derivatives in equation (3.23) by

their'exﬁrgss;ons obtained from equations (3.19)'anp‘(3.25).

‘the following  differential “equation for the_diﬁensfonless

film thickness is obtained:

: Pr d§” BT s 20 F - .
Reo - - - . ‘ .
3 Ku -, . 1 + B 3. - 2 -
dx | U B,(1 + B,) (3.26)
) . 0 »
cxuf3 L8 F 11 _ 4o F.oo -
o3 2 37 9 B 0+ 8B (] - L,
-0 f.a1) : 1 1 e .
where . L -
e Lr .
. B{ - (1 + 2F) /%

From equatidn.(Bl?) and the

pressure gradient'can be written as:

nb—slip conditions the



L
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= dhe r, S

. y 1 ) p ) i
.- [ 1 .t Heé] (3.27)
5; o Y Re8 ﬁz dx R Re

where A |
— /

p = p/p,u

L. o

and the value of the derivative of Re6 with respect to x is

.. . . - -
obtained from equation (3.25) and the result-1is as follow:

S . 2Re ’62'd o] 2 - 10 F (3.28).
——— . O~ T e ————————t —

. - (1 + B_) ) .

dx . 1

_ Theinterfacial friction factor ey is calculated
- from the Bharathan-Wallis correlation [30} and takes the
folldwing-form:A

S f e L00s + a(sm)®

. (3.29)

" where’

L 9.07
10310 A = 0.56 + - ¥
ot ‘ D
: ' " *
B ow 1.63 + [oTH o gt 8 ;
= .
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e, \
D "= _ (2.6 D 5 56)
_ T
u

D o=t be inner.diameter (m)

a =*[o / glp, - pé)'jllfz..(m)'

{(Laplace coefficient (9%, p. 173])_

0 = surface tension (N/m)

- .-) . . '
Tnis correlation was chosen because it was agb-

'tained from vertical alr-water; counter—eurrent flow data

v .

“-and, suprisxngly, it 15 the only one available in Lthe open

literature at thls time [25 98] that is recommended to Close

the .present 'sets of equatlons.‘ Other investigators used

'modlfied Fanning factors to take into account the -increased

roughness of . the steam water 1nterface due to the . presence“

or travelling waves {15] andfthe condensation’ shear stress

[17]. but these were not validated against vertical counter-

current annular rlow data.

R In sdmmary;_ equations ‘(3.6).<;l3;19)a (3.26),-

“(3.27), (3;28)7are the gdverning equations \or'-the'.present .

model '_or film- wise condensation. . Similar results ;aeref

‘reported recently [16] for a short: rerlux condenser (E/D -

‘14.6) with a different inner wall boundary condition than tn .

the 'present' study: 'the 'inner. wall- was assumed to be_at

constant temperatdre. Anothen dlfferen e is the‘ cholce' of
the characteristfc. length and condensate velocity used in

v -
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putting the eqpatlons in non-dimensional form, which s

common to both the -extended Nusselt theory and, as it will
\ ' ’ .
be shown beldw,lto the stability analysis. The choicde of

conetent inner wall heat_rlux as boundary condit;on'is baged

""on the experimental evidence that the cooling side heat

tnansfer:resisténce isfmuch larger 'than the one on the

* 3

condensieg' erde.‘ Experimental data from steam condensation

._on a. hqrizdntal cyllnder 'with a high cooling .side ‘heat

r

transfer resistance .are shown to be in better agreement with
a theory basod .on-a constant wall heat . flux boundary condi-
tion [9“], giving support to the choice or boendary .condi—

tion Just made.

;IQ is interesting to study _the behavior of equa—

tion (3 26) as the interracial frietion goes to zero ‘or in

-

mathematical term as F goes to zero. We have:

" ‘ .
. oo ' ! v

o - Lo . . -2 -: .
lim - 3 Ku 3 K“] S (3.430)
. E~+0 ',Reo Pr- q Lt

a
ol

a
.ox)

Assuming nere that Ku << 1 and using the binomial

Caee -

:theorem we can have that: g S - .
“.l ._3 .o n ~ . ,. .
Ku .
: 46" _ . .3 (3.31)
i ; q; _Reo Pr :
. : c | S

with.the following bBoundary . conditlions

[
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‘

where

L L. = L/
' o]

1 =1

w1

el ol
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Sl O

condensation lergth (m)

T

Integration of equation {(3.31) with the abﬁ}ica-

tion of the boundary condition and the definitions of Ku,

'Reo and-ﬁrl results in the Ipllowlng equation for the dimen-.

-

Ggidna} film thickness as -ﬁeported' by other investigators

L16,9487: R | -

C§(x) =

387 ug (L'~ x)

[
"
-

R
€y

which s

Py Kpﬁ.f P

)

.

° Re,
3.

g

h

1173

By definition  we - have that [

inpérfécial shear, equation (3,25) behomes;-’

g

8

(3.32) .

= 1 at the

‘tube inlet. At that positiom and with the ‘qdnditiph__of no

©.63.33)

1

a relation that cdn be.obtalned from falléng film

pheory:[gof-p. 39-407]. The agreement of equations (3.32)'ana
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A9 . N
(3 33) with' .results found in the open literdture may be. used-

to check thu validity of the present mathematical' mOdelling
cf total reflux condensation. . This completes the presenta-

tion of tLhe present extended Nusselt 3 theory.

i

3.2.2 A-Linearlized Staoility'Analysis.or Film~-Wise

~Condensation - . B

‘In this section'a-linearized staoillty.analysis.of

film-wise condensation 'is exposed and . its purpose eis to

. compute :thef steam flow rate that leads to rlooding ror a

prescribed oase.fIOw. lt_differslfrom previous\ studies Eby

the hnature of the . perturbations considered, their conse-

;quehées;and the'inclusion of:tube diameter} surrace tension

-

and viscosity errects. In the present sysfem the condensate'

film {s perturbed by counter current condensing steam flou.

Then, the perturbations considered dre those related to the:

rd

hydrodynamics of the Lwo- phase .flow ,and' the condensation

-mass' transfer. Moreover, it is hypothesized that they cause

the rormation of standing waves which in turn- lead to flood-

- R

ing. A linearized stability analysis can also gi the

interesting result - of being able toridentiry.the relative

r

strength.oﬁ each component of the net force acting  on 'the

. '
interface. That knowledge could: glve Justifications of the

- assumptions that would be made in. thé derivation of 'simpler
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-

Figure 3.4 the idealized flow situation neaﬁ;

the tube entrance is shown The assumptions made in  the

present'stability-study are:

{i1)-

(1)

(ivi

'In_

'tion;

flocding occcurs at the tube fnlet:

the velocity profile in the stean core 1is no
;longer assuméd td:be'flat- 1nstead the
universal velocity pr ofile [95 ps: 54]

ls assumed.po be valld;

the local approximation method [9(] is vaiid

for. the present case of film wise c:onden'sa—a

1

“the amplltude of the wave is assumed-to be-

infinitesimal and their uaveléngth 1s'con='

. sidered to be long with respect to the base

flow film thickneas.‘
P P !
3

the study of. the sﬂability of boundary layer.

'ﬂlpwat the problem'can'be'reduced to. an eigenvalue pfoblem

rormulated-

in terms~'ofl.the governing equations for the

' disturbance amplitude runctions and .the boundary condition
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FIGURE 3.4 Flow Sltuatlon Ideallzatlon Near
the Tube Inlet
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at the wall and at a large distance’rron it [bs., .p. rﬁuzj:
Thbs. tbe field over  which the disturbances exist is‘un;
bounded in one direction., In the present 'case. the  flow
field of interest (the.condensate film) Ls bounded by the
tube wall and a wavy interface. The .presence of- the uavy
“interface results in a dirferent formulation of the eigen-
value problem wben‘comparedrto the case of a boundary _layer"
over a flat.plate. The difference lies in the~use of inter-
facial disturban e Jdmp conditions to represent ‘the condi-
tions _of the disturbance amplitude velocity and temperature

'functions (eigeniuntions) at tbe wavy interiace.

Tne rormulation of the present stability problen
consists _in .the Orr—Sommerfeld rand 'the pertuﬁbed energy
equations_with the necessary boundary and interfacial dis-
turbance Jump ‘conditions. The detailed derivations of theis
two governing equations for the disturbance amplitude funcf
tions and the boundary conditions have been previously
reported [uéj'pp. 438?uu2.'50, Sé. 97] and will b omitted.
The. equations are given in the full statement ofﬂthe_ﬁigen—
'value proolem below. On fthe-'other hand. tbe 'appropriate
expressions of the interfacial disturbance Jump conditions’
for the present problem have not been exposed in the 'opened

literature yet and the derivation of these conditions is the -

- obJect of the following section.
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.3.2,2.7 The Interfacial Disturbance Jump. Condjtions '

In the ‘derivation of the base flow model, the

various assumptions made lead to a formulationf of ~ the

_ . _ ' . o
governing = equatfons in rectangular coordinates._To be con-

sistent, the same system of COOrdinates~and ~methodology of

neduction- to non- dimensional form will be used to formulate

‘the interfacial distu bance jump conditions and ti _eigen*_

value problem.

t

The fioweSt Tlimit of stability being obtained by

considering two- dimenisional disturbances [us, p. hb42] -we

e

“let the 1nperface to be perturbed’py_a;infiniteslmal'distur—

bance of the form:

. | 1 ’ " ’ '- . ! R
‘c(1)_= cé_) exp(ik(x - ct)) . s (3.38)
where -'_
c.= ¢ He the complex uqvg-véidcity'(n/sfﬁ

4 - -(.__.-1)1/2_.'_’. ) o \ )
-k--i? n/A, the wave numberi(mil)_
A g,theﬂwate-Iength Im)

r

c(1)"'f11m thickness infin;tesimal dintn};;nce (m)
éér)::_naximum amplitude of theg film thickness
o ;".:[ 1nf1n1teslmal disturbance (m). |
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Only ihe reel part of_equation (& 3&) has physical
3igniTicance.‘ The, disturbance will grow exponentially with
-time when ¢, > o leading to a film instability and for ei-f<
0 the interface uiii ‘be stable. In the derfvation of the
Orr-Sommerfeld, a stream fnnction'iS'intrbduqed and it.takEB

‘the following form:

";N ‘ - - . i , . ': o .
Cwx ayat) - ¢(XO-Y).9XP(1K(X'- ct)) * (3.35)

_making use of the. locai apﬁroximating. nethdd (éee fthird
'eSsumntibn): end noting that ﬁxdl is the position along the
://agtube‘whefe'the.stebility analysis is applied inzthe_preeent-
easeexg'; 0. To ease ihe presentation._.tne.,nkaﬁ ‘wi1i=ﬂb 
omitted. in: the‘rest‘of the’ deri¢ALLDﬂf From ‘the definition
of the. stream function [45, p. 4413 iwe"can express-'the

disturhanee velocities as:

oy | o |
: v L L gy 9(y) exp(ik(x -.ct)) (3.37)

‘which 'eatisry tne perturbed steady state rorm or the con-
‘tinuity equation. For the pressure and the temperature fhe
disturbance.functions are written as:

p1) 2R (y) explikix - ct))i Kk - £.g ©(3.38)

k
h )
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¢ — -
L) L .
T, S{y) exp{ik{x - ct)) _ (3.39)
\fhere _ .
Py ¢ dtsturbance pressure in pnase k (N/m°)
'Pk(y){ qisturbince pressure amplitude in
-‘ ’ 2 ' ‘
Pnase k (N/m™) : .
Té]%:"didturbaﬁce témperature in condensate
rilm (%¢)
X ‘ R : .
S{yJ):. disturbance temperature amplitude in

" condensate film (°C)

"With these definitions, the derivation of the

interfdcial di

turbance jump conditions is a&s follow:
ﬁ. . - . - . ) .

By introducing equation (3.20) in equation (3.21),

the energy jump éondilion'qah be er&}en in non-dimensional

form, as: v
- - AT
v .- oL N ac Ku ) (3.40)
2 — L — Pe T
ot 9x ay

For’ lj?qg;b flows, the theory of stability decomposes the

motion into a base flow and into a disturbance superimposed

l on it [US, p- H39] The same methodology is ysed hereu-Let'

» ’ .

AN

.."‘
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=(0) | =(1) - =(0) , =(1)
Yy YUy Yy Yy oYy Vo o
- ~(0) -(1) = ={0) =(1) T '
R PR N (3.41)
- ' -(0) -
\ o= &/ v g e .

where the superscripts "(O)"‘and "(1)" indicate respectivef{
_a .base‘ flow variable and a perturbed fiow sariable and‘the
‘extended Nusselt's theory developed 'in Sectieﬂ 3.2.1 will be -
used to supply the values of the base' fiou‘ yariabies. It
should be noted nere tnat in beceion 3. 2.1 all tne variables
“are base flow variables and the superscript "(O)" ‘hasg not
‘been used to designate them for ‘a clearer presentation"of'

the analysis.-

'Introducing the’ definitions 'of variables (3 b1)”
and ihefnonedimensional rorm‘ of equation (3 3“) (3 361},
(3.37), and (3.39) in equation (3 NO) and transforming onto

—the base flow the resulting expression. the following inter-_

facial energy disturbance Jump condition is obtained

1k 4lyd + 1k (ug ™ ,i o . .
L S {3.42) -
o KuEs e 5.0 1 |
.Ee‘q}

T ‘where

—_——— e - . .. . . —_—
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k = zn.aom i ¢ly) = a.'s(y)/uols0 )
AL P 5(¥) =~ S(y)/aT
ro . 1" 7o '

momentum (normal projection):

The normal projection of the momemtum jump . condi-

tion can be written in non-dimensional form as [U6, p.104,

4717:

- : _z L (1-7) - - 3% - ag
. Tyy,g‘- pi + + ‘ ¢ _ + ul —
o Re 3y Y at aX :
0¥ (3.43)
. 2= _ _ Z
- We 94 at y = [
3%

and intﬁoducing equation (3.%0) in the last equatlion we .

have:

. . . . . ‘ - ‘ o 2. . . .
- - 2 Ve o (1-vy kul (3T, o -
T .-_'-pi + + . ' .
Yy.g ‘Re a7 Y Pez 57 . . .
° 9y y S (3.44)
27 S - .
~ ~We 0% apiy -3
4 " -2 e
. 3 L .
S /A \\
. . N

‘where .
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»

_ 2Mr ov
Tyy = -p_ + - g the non-dimensional steam

'8 g e 57 fintertacial normal stress

v [97, p. 58]
We = 0 : the Weber number
5 ‘
Q£huo 6o

0 = surface tension (N/m)

M, o= u.g/u1

The variables 4in the expréssion for the non-.
dimensional steam fnterfacial normal stress'qah ‘be deTlan
in’ the same way ‘as  in equatf%n (3.41). Introducing such .

3pfinitibns lead to the following equation _fo;" the

disturbances: : ' SR -
- 1y Py ) 2Mr'33;‘)" . | |
T - + . - . } . (3.1’5)
-YY)E - Reo Re. - _

+
~y

‘where P_ is a non-dimensional disturbance narmal stress- that

‘.

will né.def;ned-later In the present»study;by a éonstfthtive"

éhuapion,- The combination of the no-slip condition at the

fnterface [47) and the continuity equation and ‘the introduc-

tion of'perturd::\values (like in eq. 3.41) of the yariablés

‘in the Tesulting expression yield:

~
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-(1) AP . a '-(1) :
2~ ( ] ) . . . : !
. ={0yY - - S 9..". ’ '
LA T P VQO))H- T (3.46)
E - ——_—2-—— r g . R \ ' _-:—_- L . ' . '.
3y X ) ~ 9% -
at :';' = E ’
' 4 /-'-‘--

4“: By an order or’ magn;tude an¢1ysis “and tne use' of ,the;‘base

flow energy Jump cendition quh 3,210 onelcan‘SQow'bHat;
e 33(11 2700 e 0T :
a ‘ - <o Lat  y =L T S SR
: Cooey - Texs Y Peay o - | ,
. ..,. oot . . .- ... ) i r - L
."\. ' e ! . Coe . S : : ‘ * . . W .
** Introducing equation -(3.47) in equatfon (3:Y45) 'yields:
. _(1) - . - e g - - _(0) -
(1) _..Ps‘-C ~;_?Mr-32 (?) 1 Ku'aTl,_ s
vy, g — — = Ty T - ‘
‘ "-ﬁeo ” Reo axz‘ ) ‘Y-P? 9y }- o : T (3.48)
at 'y = g
The jump’ éohdition._expreﬁgéd by. equation (3.44) {s non- -
o 11near by the presence of the square of }ph déerative ‘of
(condensate rllm;-temperatu"e with respect to the trans?erse
céo?dinaté. Hith the replacement or the variablesi by the1r 
.’~ ,-,‘ .
perburbed xvalues, 11nearization and transrormation onto Lhe
P ’./'/‘
base flou (1 e. at y -G C(O))”it can-belshown-that:"r" o



_ablesh.in' eduhtion (3 RN), combinlng the result with equa-:

'_']]7_

2 =(0), 2 S=00) =)
‘ (a"r’L ) ] (3T1 ) c2ar,tl Tl
3y 3y - 0 Ay L
- 2 - S B C(3.49)
SF0) yaplon BT
~ooaqy R R T L
+ 2 L ” - ) Lo
a9y gy o
-,
.and’ from equation (3.19) it can,be assumed,tnaﬁ:' L
| o1 QTEO)-ad%EO) 2,8};0)-a%i1) . | -
' 2¢° << ' - ‘_ o . {(3.50) - "
e =2 = = ' L C
Ty ¥ dy 9y P
. ‘ 4 v

ABy introducing the pehturbed values of ihé: vari%.'

“»

at

tions (3. HS) and. 53 LU9y and lnequality (3 50) and transtrm-i~

ing the expreqpion onto the base rlow fhe ‘disturbanc@
* ' ’ . ’ . - .: . ' ' ‘ ' + .
pressune in the condensate fllm can- be wWritten asyg
' _ P B © -1y T - -
_(1) a2c(1) ‘.Psc 5 ayl . 5
R. We ) - + . . R
-2 ** Re’ - Re =~ .~ " : -
X i L 0] . . Qo ay : o (3 . 51 ‘) T
2M a7 0 5 (1, L2 BT(O) a7l ‘
o Ku £ 3°¢ 5 (1-¥)_K L . e
YReo Pe 3; 8;2 i'.‘, T ‘Péz 3; 2y o R

_The introduction of .9quatioﬁ\ﬁ3.;?3 in equation

- (3.51) and the multipli&atioq of-the result By LB gilves:

P




"-anates is vdlid locally ana

”By going through the

..' ‘ . . . . . | —]18_ .
. »
. L. L i E
L L. ax BN T
L S ) AP, . _2M TaT, gl '
ik Py . 183 we - - 8 ypd T EE . Cé])
' o Re .~ Re Y-Pc'a-" . L
. o '-—(0) T (3.52)
S . 4 ‘: . _ - BT ‘ ‘
+ 2 {] - M )_k '_d‘f’ +2 (1 Y} KU ds_‘ R
. - T _""Re —_.' . - 2 — _____'.
v dy - Y Pe” 3dy | dy

The-x;axis'momentun equétioﬁ in ﬁectangular coor-

-

in particuldr at the interface.'

same methodology as exposed above,'the

f perturbed Ilow_x—axis momentum equatxon can bﬂ written 15:‘
== L ads | '25d5¥' ]
ik P(y) =~ fe-9 -k ;;} |
Re: =3 ... | : o S
. . 3 L d . R ) .
: O ¥ S o (3.53) .
aE(O) : L . A
. - “(0) ~(0) .~ o .
RSN T A R SR PRl |
a}. . I‘ ) -:. -'_'_ ..d-y-
Elimination of the pressure term'”between equations (3.52)
\.
and (3 53) and taking into consideration t.hat Mr<<1 give the

s

following expression

.

for the normal projection of the dis-

turbance momentum Jump condition

/
"
. o .
[ . e .
“
Ly ~ ]
. 1 .
) .
\ e
Tt
- »
L :
'
. *
i ' '
R -
v o - .
N = * . ) o e ) ‘
. I L
4 - 'I/. e



’ ‘condition  can - be
- . ’ '
-p.1OH,AUT]:
T A
- i (3”1 Vg)
T - +
. XY:+B . -

. ) Reo ay ax

:The appllcation or the same methodology used in the develop-.

v 'ment of the normal projectaon result 1ﬁ
exprgssion ror the tangential projecr\on of"® the disgirbance
,momentum Jump condition: e
- ) .'” . Lo ’ L
e Y - . 7 5, (0)
o 2~ o
=) d" ¢ i -2 -, - TR =1}
- Ts & 7 om — ._k ely) » — o
- - - R . -y

o oat y - L(O) = 6 N ' C
£

J—S -
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» .\__./.‘
: o -(0)

3- C T : } du =
4”5 -2 s - -

I R SR Y Re oSGy (u(o) ~gl0)y 4
av® ey o Ly ._(0)‘ ¢y

- - ' s2 M gy 9Ty - (1) -
= 1k tk We Re - P .+ 2k L (3.54)
‘ ’ 3 —_— = 0 - -
o . Y Pe .- :
.9y '
: | AN .
- a0y ‘ ot
; 2 aT = _ - _ .
- 2080 (1-Y) KU‘ , _.1 ii~_ Ia at y = C(O) = é
’ Y Re Pr® 3y dy Vo ' B
' 1 .
- “'f"‘
‘momentum‘(tangenﬁidi projection): -
. Thg‘tangenﬁial'projédtion of thé‘imomen;um' jumpl

the

Wbitten in_non-dimensional rorm\ij/lhﬁ,'
.,“ S . . R -

/(3.55)

’

rollowing

e

© (3.56)
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- where Tg is a norn-~ dxmensional disturbance angential - stress

thit, will - be derined later in - the Jresent study by a con- -

. Ay

stltutive equation

Thel'validity of equations (3. UZ).ﬁ (3.54) and .

{3.56) can be 'checked by doing limit analysis and a com-

paniseniﬁith the results of other 1nvestigatdrs1"with Lhe,

reduction of .the equations to the case of an adiabatic flow,

.equation (3.42) takes the form of the standard intertacijal:

’ “ . ot

kinematic condition as given by Lamb [ 49, p.373] and ‘equa-

.tions (3.54) and- (3.56) become equivalent. to ;he‘interfacial

disturbance Jump. conditions cbtained by Cetinbudaﬁlar.and

Jameson [32] Fer the“case of an adiébatic. cdunter-durrent.

two-phase flow, For non-adiabatic conditions as 1h'film-wise

condensation of stagpant steam (P_ = 0, T_ « 0 in eqs (3.54),

S

: ¢ ) .
and (3:§F$) on a cooled vertical plate, all three equat;ons
reduce to expressions derived by Unsal‘and Thomas-[uu] leth
the differences that in thelr equations they have fHiormalized

—(0) =

the non-dimenslonal rilm thickness by setcing L é-I,UIn

their normal pro;ection ro the momentum Jump condition they

have neglected the foLlowing term: \

-

Term negleceed byy _ ,z2 M Ku aT,
Unsal and Thomas

(3.57)

;ﬁlth ‘no apparenf Justifica&ien and finally because of the



- .steam is sphgnadt they Haye;;aken
Ju
O :

where in our case it {s-different from zerbo.

. _ : The.consbitutiVe'equaLions for the non-dlmenéional

gas perturbation nor mal and tangential stresses remain to be.

exposnd and the crltlcal layer concept camr ' be _utiliséd to

derlve hp necessary expression. It was Miles [5&] who- used'

>

first the concept of critical layer {n tne study of gener-

ation of sqrface _wavés py Shean'flou;_he conSidéred both

,Phaseb'toTDe invigecta,. Lacer_-thén,- the concépt' was “used

agalin by Brooke Benjamin [53] uho considered the gas phase

— .
- s -

to be viscous in the derivation of P and‘T . Besides this

qifrerence between the two analyses. one simllarity existsh

T

as they both considered the gas phase flou regime as be!ng

- E quasi laminar thh a mean velocjky profile uith the. assump—,

+

‘tion that gas viscosity and - turbulence have no other errects

. . . +
transrer of mechanlcal energy from the/gas to thé,quuid

phase occurs when the critical layer is r the. 1nterfacé

fl

\. b \\ -
exist in both phases or rieither phase [95 pp.102—110].

J . -
Y ~ L
L ’ ’

th%n to maintain :the velocity-’proflle. In-. general. the:~

,and 1n counter current two- phase rlow the critical layer can

!

N



lead

firs

3

L

The

‘melies that,

to  th

"f'looding

criterion

at the floeding point}

e formation

film surface and second,

. the

ateam r

upuard.'Then,

S e .

none

1dw

to

of

does not propagate wWith

respec

the

t

steam

to

the

exposed In Section 3.1.3%°

" flow rate

a wave at the tube 1nlet.that

condensate

condensate‘is‘rapidly teared off by

form a droplet aggregate that pulsates

from the no=-slip condltzon at the

A
steam water

-interface and the definition of the critical layer positlion,

have, at flooding. a criticab layer at the intérface and

‘1n the

Jameeen-L32].

. wWork

phases.

As

mentioned‘

by

Cetinbudaklar' dnq

Brobke—Behjamin (53] ‘showed for this case that’

can be done by the variable perturbing stresses acting

on the waves.

The.detailed'derivations of P

-and

T -
3

"have been

already presenteq [53,54] and they will bé omitted here.. The

1Qto.

that the real angﬁimaginary %ﬂﬁﬁs of P_ and T a;é:l..

P
sr

PsL
sr

'si

with

mathematical

; quoting them

nature

r o Oetfnbuda‘

of

their-

ar and Jamesbn [32],

expressions.

ts

eomplé? and.

who took

account the minor corredtions from Cﬁeik [99], we have

(1.0 +
- 0.644.

0.686

0 686 H

0. 648 @

fl H

H2/3

2/3
i

H

H

2

2

(3)

(1.0

£(3)

/2

-

1/2

{/\

] Hy -
1.288 q (3)
+ 1.285'9]

172

.

““63.58d)i5

-

(3.58a)
+{3.58b)

(3.Sé§i

b |
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_ H1 - kA\)g/U“ *2

-

2 g o, . '
o 2kT uy (p / pg)g 1 -
H2 - . ’/—_g . . o :
- . . N . . qﬂ\
1+ 1,288 f [(3)]/2 + 1.288 a1 o . T
. f‘i - [
I TR : o
S B A
R .. . -
e[ wgt exe Uk (y - o Jay
6' _ ' . !
: ' ‘
S BT % | T
S(y = &) & - . ‘/;x?lss)
ay ‘ ,
= . /
where '
vg: kKinematic viscosity of the steam (m /s) ﬁ "y
S 2 142 o =
Uy, : ufrie_g;cgzzj friction velocity o

(m/s) [32,100,p.170]

I erfectiveEinterfeciel;frictipn_factor‘atf ’il

© - .7 the tube finlet

o i steam velocity at the center line of

‘the tube (m7s) ’

4o

5

ul ‘non-dimensional local %;fam velocity .
. o . +

adﬁ the "universal velocity profile" [95,p. 5“] is assumed to

represent adequately the non dimensional steam' velocity

-

profile at the tube-entrence.
- “ ! )
\
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3.2.2.2 Tneé Etgenvalue Prodblem

Tne eigenvalue problem Irom the preﬁent stabllity

. ?—‘_

fanalysis has to be. rormulated"ln ‘terms of two governLng

_equations ' feﬁ_'the disturbance amplLtude' Iunctions and

r

homogenﬂous boundary and jump conditions. Therefore, the two:

-~

momenrhm Jump coqditions (egqs 3. SM and 3.56) &gd one of -the
bOundary.condltion for the temperature disturbance amplitude

function whxch 15 g1ven ‘as [uu 52J

-(Q) ° . -

- . aT o :

S(y = &) = -~ t C('Ll . o {3.59)
s S — %o

ce LT say . v

. ’ . P . - ) ~
'must__ne"hoﬁogéuiied'-to be "uséd 'in the statement of the
e;genyalue‘proalem.'qum_equation‘(3.u2) one can wWrite:

r

Yy

R e $4v) (3.60)

The introduction of equation (3.60) i{n equatlions

o
(3 5“). (3.56) - and (3 59) leads to the - follouing statement

“or the eigenvalue problem . IR ‘ .

-

-
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- G -
ay’ T e
- =(0) _ ~(a), d%%
ik Re [(ui - ¢ ) — "
ay©

5 255y - 4i re [(a
dy®

2T 0
- ¢ (y)

3y _]

“{1i1) the boundary conditions:

B.C.1 {at_ y = 0 $(0) = 0
B.C.2 'at y = o  de(0) -
. d} &
o s
B.C.3 at 'y = o 95(0) L 4
dy

B.C.4&., at y = & | _
-(0) éto) e - y aT;O) Ku d3
(' - e 00y 8(yy - L A Kuas

5 ' k 3y Pe 43

- /,/’ﬁﬁﬁ'“ ' “

(3,6335:

(3.63b)

(3.63d)



-

. . Al . .
{(iv}) momentum jump condition (nodrmal projection):

- - o 3; - o
,i(u.%.o) - C(O)_) a7¢ _ 3!;(a d‘b] :

--“E(GQO) - glor _ {G(O)_ E(O)) do
| 2 )=
. - ay

IS o - & ~ :
_ kd WeRe - p R 2k2 Mr Ku A ke (3) + 1 Ku
) o . 3 —_—m— —_—_—— Tal —
. Y Pe = : . . ‘Pe
. . . 9y \ ,
) . .
»”
‘ . , _ -{0) .
‘ ' : 2 3T -
. k(uéo) - 2{0)y~5 (1 = Y) Ku 2 Ei -0
YRe, Prl 3y d7

.
Ay [d e k8 ¢(y)] (@,%) - 28
. -2 ‘ . -
&'\‘dy. : (3.65)
2 -0y N
u,. . - .
) ) iij_ o ’
ay?, eyt - )
R
P : ' .
- x
,..‘-_-;"\“’4 ‘

V .-
. (-
4

(3.64)

ds )-
ay. )
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Tne interplay betwaen- the perturbiné and the

. 4
.restoring ' forces can bé easily seen by an examination of

]

cquation k3.6u): The tehﬁ'with the Weber number is related
to surface tension and has a stabiliziné effect (see Section

.2.2). As demonstrated by Unsal and Thomas [U4] condensaton
.mass transren has a dual role in régardé'of film stability..
The.term yitn the Pccle; number' has a stabili;ing -efféct
becauSe it-'haS' the .samé sién aswthe tébmﬂwith the Hebeﬁ'
number and each contalins the non- dimensional waveSnumber at
the same  poweér. On the other hand the term with the ratio
ku2/pr? ) has as a destabilizing effect on. the pasis that its
sign, 1is. difrerent from the term with the Weber numper(_The
tgrm'wiyh Ps-contains, as exposgd appve (see equa;ions-3.58a,

and bj, wave number at the same power as in ‘the. term with

the -Weber number; however, 1ts sign is different implying a

‘destabilizing effect, o - Ce | L P

For a given base T}bug' the_'above‘.eigenvalug'
problem’ confains. five (5).parametaps- Re ., k, u,, Er;”dnd

-Ei‘ Of. these. the Reynplds number "is. specified by the given

*

base f;ow -ahd the -non.dimen31onal -wave number is to be

A

cohsidered givén.'From“the -transposition ‘of thé rlooding

crit.er'ion in mat.hem{tical terms (see Sect.ion 3. 2.1.1),' it is’- L
clear that at the flooding point the uave_celerity is. equal
to the interfaclal ‘condensate- film velocity at the tube

inlet;.in dimenslonal form we.haye:'
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Cp = Uy, At x = q E . (3.66)
In.total reflux condensation, u_- depends . on the

1

inlet -steam flow rate which in turn in related to tﬂe fric-
tion veldcit}luf. Then, at the flooding bq}nf there 1is ‘a
relatidn ‘between ) the friction - ve}ocity‘ énd _thg' wave
‘céleriﬁyl;;.é. knowing one wiil give the other. The above
eigeanlue"probiem'uLli fUnnish two.eigepfuncﬁfons E{Y} and

S{y) ‘and one .complex eigenvalué75-3r+131 for each pair of

valueé E Re . .However. taking the same approach as Cetin-

. dubaklar ‘and Jamesen [32] it ‘is the friction qelocity‘ and

the ampllfxcation ractoh "Ke "-that are computed first and

'by the relationships mentioned above, the combléx eigeﬁvalue

c -is obtalnec.

3,2.2.3 Solution to the Eigenvalue Problem o

'Besides,_direct- numerical’ integration méthodﬁ;
there »are three.  methods _that can'“be‘ uaéd to solve the

.hresent eigenVaiue prbblem. perturbation methods [4“ 50, 52].

hethod of’ Anshus and Goren [101] ahd the method . of quadra—

ture by differentiation_ [102]. The perturbation method is..

good only for small values or wave. number and the other tkb

. ) '} .
for any value of wavenumber. In the present study. ‘the

fmethod of Anshus and Goren is used ror 'solving the"eigéh—'

value problem because
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(1) The range br~values.or‘the wuvénumber,for\the
present physicdl sltuatrén.ia not known and ma y
‘be we;l outside.a range of what_is considered
to be a "small wavcnumber". Then, £he per-
turbation method is seenAqs being too restric-

tive to be applied in the present study.

(11) Thé.methodrbf Ansh@s and‘Coren consists by
feplaciné.tﬂé velb&;ty 4nd the temperature
gradient 1n,equatioﬁ; (3l61;'and (3.62),
normally.fqnctions of‘distanpe forﬁ<the wall-
by theirAvalues at the steam-water interface -
’ whlle ;he second derivative of the veloc1ty‘
.proflle is kept at its true value. This per-
.mits a simple soLution_to the present systeh |
“of equations.feqs L3.61)‘and (3.62)) and the ei-
genvalues can be determined by é Eelapjvelx

simple numerical-technique.

* (i11) The method of. quadrature by differentiation

solves the eigenvalue problem without making

- -

.any assumptlion on the velocity and temperatu-
re gradient profiles and the results.are shown

not to differ by much from the results optat-

ned by the method of An;hué and Goren [52]. =«

+
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5coet1101ents.

[
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It - involves lenﬁthy qalculations énd‘f 3 pur-=
pose {s mainly.to serve as a tool for bdnch-

mark calculatlions.

» From the  solution .~ of ‘the equations of the base

flow model, thé interfacial - condensate film " velocity _and

§ - ' . ot . . . s -

. ‘ . . ) - .
.temperature gradient at the tube entrance are - known. Sub-

stituting-these'faluéé in equations (3'61) and (3. 62) Llead?

to a system or ordindry dltferential equatlons'wlth constant

~

’

Follow#ng Spindler [52J the solution dr the system:

at ;- 0 can be wrltten as: ..- . R _ e e

o(y) = €, singyy + C, cos3,y *.C3 sinByy - (3.67)

vy cesiy

'the tdo rirst boundary conditions result .1n the rollowing 

%2}
_—
~
S
1
0
4.}
[y
o3
a

} *+-C,. cos§ } + C. sing } . ""-4 V",,
- : °. .1' T L2 ST . (3.68)
-ty ICOSB.ZY * Gy siniBB.‘y * C]‘O'co_s83)r‘ S T

- ‘-

the “system of dir erential equation ‘and the appllcation of'

solutlon:
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-1
o A
. S - By L _
//m\\ ¢ly) = C, Flnb]y-* = Sing .,y | .
. . S 2 ‘ }
' ‘ : - (3.69)
i - C2 (cosbjy - coss,y ) \
T L - L By -
- S(y) = C sing,.y - o sing.y
. 1- N 1 N T 2
1 2 2
. L‘] — L‘] . - , .
. Cc,1 cCOS8.,y - CosB.y ) (3.70)
‘ 2 -r 1 -N— 2 ) :
1 2
_— C'9 sinB3y - C10 cosB3y
_where the expressions for B, 82.83, L1, N1. and N2 are given

fn' Appendix F: The introduction of eduations (3.69) and
. ! -

'(3;?0) in.equatlan'(B 630) {(3.634d), (3 6”), and_ (3 69)

reaults 1n a homogeneous system of linear equations for the

-

2+ Cg» C10 and noting'that at ‘the interracé
(0) —

at the tube‘inlet {x=0), y=T e6-1. A non- Lrivial ‘solution:

.constants C’, C .C

for these constants exists if- the determinant:or the coerfi-
:’

. clents 1is qqual.to Zero. The oeterminant is shoun in Flgure
‘ 5;5._where thél definitions: of the'vgriab;gs;‘not‘alreaQy
hefineqt aré given in Appendix 'F.l Afthils;naightfﬁward-‘i
-algébhaic -méh%pulétiané' thel determinant ,requceéf ﬁb: the.

"following algebraic equation: =~ e T T
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-Pt(y,lc )= 8 B, (G D, +G 0,8, L , (G, D. *GEDT)COSB]COSBQ

.-[G-D“ﬁ G,D 8y ]51n3 sinb PRLE E(d a)‘sinﬁ cosh
i R RS A by ! 2 1
;BlE(Ba‘;‘BéJsInB ;osﬁ' | T : - '-'(3 T1)
RS- I 2 : ‘ . ' o
- (0) ' (2) () .
: 3T RPN BF » 3T
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where the definitions of the variaRles are'glven in Appendix
“F. By its’ compIexf maﬁhematical' natdre,  equation (3. 1)
‘reduces 'ﬁo :a set or two non- linear algebraic equations as

fTollow:

. (1) ‘- - ., . . ) L N .
o (u~.g!) =0 _ - .‘§3,72b)

where Fér) a Fé;) qrefrespectively/the reé1~and imaginary

parf'or F. . In' 'prééent study..the method of Powell [103]

t
has been used to so ve Lthe set of equations (3 72).

o e e o e

a o .
The natgjézof the elements of equation (3.71) can
be identified e%sily. ‘All the terms in- the s?@}re,.bracket

multiplied by the Kutateladzé number Nd the ‘temperature

1
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gradient form an element related to heat transfer. ‘and all
o the rpmalning' terms form an ‘element related to the
ﬁydrodynamiqs of" the two-phase flow. Ir the Kutateladze

number and the temperature gradient at the interface are

—

small , the flooéing»steam Flow-wilf) depend mainly on the
hydrddynémic  condition§ of the glven bése 'low bgpadsé the
 effe§ts or'conUensatioh mass transfer .on the condensate film
stabllity will be neéliglble.

3.2.2.4 Remarks . -

The flooding criteérion used in ‘the present study

14 expressed by - equation (3.67) and it is thq‘Same as in the

-

study of Cetinbudaklar anﬁ\Jameson [3?). Other investigators

!

{13, b.13u-135,10uj105]i suggest that flooding occurs when
the kinematic waves [13,9.]23.39]'_s£0p to propagate wLﬁh

iﬁespect‘ to a fixed frame of'rererence, In.the'present.SYS-

tem, the lérge whvés Fnrmed,ét_the tube entrance, whén the

: . . . . & : .
flooding point'is reached, contaln mass that can be carried

' upward; coqsequently.'they can be . considered as kinematic

waves  and 1t‘£s-postulated_that flooding occurs whengthese

waves Stop t0'propagate-ﬁith'respec; to _the_condénsa'té~ film

ve{gpity_ét the interface.

-, Qne ‘could. conclude to a notable discrepancy be-
~tween the two.flooding criteria, {in fact, it s .not the
) . ' - N . ’ o . ’

- < R - . - .
case. In the development of the present mathenm tical-model,

A
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the condcnsate~film thickness 15 assumed to be " small with

"~ v

respect Lo the tube radius andrstmply from talling film flow
theory - :EQO. pp.37- ul] the condcnsate fiim interfacial
velocity will be- emall wlth respect to the dbeam vegwweity.,

[

In .fact. in ‘the 'region ot the tube entrance with the in-'

fluence of the interfacial shear the condensate Film inten-
_facidl velocity will, nearly be equal Lo zero with respect to
a, fixed frame of rererence.-Then, from equation (3 66), bhe
celeriby of the wave at’ the Floodlng point “will be nearly
zero uith respect to a fixed frame of reference. Thererore.
it can be coheluded that the ifference: between tne two
‘priber;a' I's small and atney' are, .to a certain extent,

equivaleg!}w : _ .. o v

3.2.3 Simulation of Total Reéflux Condensation

-

_In the developmen' of phe model the " followling

.Steps have. been covered

: 3 ‘
(1) ,rorm visual observations two equivalent germs
- of the: flooding criterion used is- the present

o
study have been defined

s

(1i) - an extended Ndeselt'e theory has been derived

(itt) _é'linearized stabllity analysis of. the ebﬁaqua—-
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te fiim has been carried out

T(iv} the floodingrcriterion has been used to evaluate
the wave celerimydat the floodlng point {see
Equation (3.66)) |

(Qul the.use of the crltlcal layer conCept reported

In the. literature on wave generatlon has been

given in the form_of con;}&tutive equapion.for
- the pertunbing stnesses s and'Ta. : ' : o

> .

. For . ?/'given base flow conditfon. the only free //r\\

parameter in Eqdation (3. 71) is the uavenumber«enh‘for, eéch"

value or,lthe, wavenumber -conresponds one-pair.of noots'of

Equatlbn (3.71)} The questlon i3 now to determine the erit}-

cal wavenumber (wave length) that will correspond to a paﬂr
of  roots that will be related to unstable flow conditions.

' g
~The two concepts of maximum mechanical energy transfer -anq

"~

. film instability' can now be utillzed'to;set up 2 simple~

criterion for the determination of.xhat‘critlcalFiiyenumner.
Figure 3.6 shows a  .variation  of the . non-dimensional
amﬁlffiéa;ion, factor "Egi" as"a,function of the friction

Velociﬁy u, for a steam water system at atmospheric pressure

'<1n‘a.2.5u‘cm 0.D. tibe and. with f -0.0185, Each -curve

ie

”cerresponds to the solution of Equation (3.71) for .
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STHBILITY RNFILYSIS RESULTS/FIE 0. 0185
TUBE .0IA=2.54.CM 0:D./TCWI= 10 BEGC
LEGEND. OF THE PLOT
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St - CONDENSHTE FILH REYNGLDS NUHBER REQ =
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FIGURE 3.6 Variations of. the Dlnen510nless Amplification
Factor as a Function of the Interfaecial
Frlctlon Véloc1ty for Three Values of R%j,Tf’“\
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a"hange- ot with a given base
indicated by the value of the Reynolds
seen-

t'low condition

. number, It can ©be
the unstable region. where ;Ei>0 .each curve
goes “through hrnimum value of u,. It is the piir of

_°7 J corresponding to that‘minimum oy,

roots
since it defines that value. of u

thatwis a greatest interest
below which all individual
" oscillations decay, wheteas above that value at 1east some
are ampliried .In otner words, it corresponds to flow ondi—
. tions when the transrer of mechanical energv is Q\\

maximum and it is . all absorbed by viscous dissipation in the
condeneate

r b

its
film insuring its stability Ihis smallest fric- —
tion Velocity is the limit of. . stability Wwith respect to  the '
type o}Aflou under . considerations.’Then. theisteam t::? rate
Lat.¢the 'rlooding point is computed as follom. First .the
~steanm velooity at ~It_fl’:‘e centeeline is
definition 1offltne_'

computed from' the
rriction'velodﬁty.-Second it ts MUlti:
plied by the rat o of the average velocity to the centerline

velocity compdte-
.

P 54] to'obtain

with. the "universal velocity‘bgpfil\\\f95.
average velocity. Third the average
] NP b
velocity is- multiplied by the steam density and the actual
crose sectional area of the steam flow.

efrects of system pressure on the

Figure 3.7 shows the
variations of . the non-’
dimensional amplification factor as a function of the {ric-
tion velocity. It can be ‘eee;hthat “the
veloeity decreases"ae '

minimum friotion'
the system pressure increases.
behavior indfcates that the flooding velocity

This

-
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TUBE DIA=2.54 CM O D./TCWI=10 DEGC
LEGEND OF THE PLOT . :

'® - REQ = 202.5/PBP = 101.3KPA . . . .
A - REQ = 249.2/PBP = 136.3 KPA : . . S
+ . - RED = 281.1/PBP = 1713 KPR
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decreases 4y the gsystem pressure 1ncre{ues; however, this
variation i1g compensated by the fact that.saturated steam

density increases as pressure increases.

The'charactcr13£1c3 of 'a base flow are obtained by °
" solving the goverﬁing equitions Qf,tﬁe présent.modﬁl arising
from the extended Nusseiﬁ's‘theory by applylng  global- maqs
:fand“energy Salénces. ‘Tnese bdlances meaﬁ'that.all the fn-
Jéctéd sﬁéam is éoﬁdengéd and rall-the gondensate flo&s back
to‘.the tube ‘entraﬁge (no net,rlow at the entrance); %hef
also mean-that all the heat input i.e. (injedted steam flow
rate) x-(latent heat) is transferred to the secondary sidg;
Numerical gxper{ments‘tnAicate tﬁan'natﬁral convection was
ﬁhé 'main heat removal meéhanish on- the secondary side.
CérFeiations for vertical flat plates [TOO, PP.313-330] were
assumed;tﬁ‘be‘ﬁalia‘iﬁ regard.of.;hé..resuits- obtained _for

vertical cylinders [107].

‘-"-@»*‘-

_fne .simuiapfon bf; thg“séquencé of quasi-static
situétionsrsﬂoﬁn 1hrfigubg 3.1 is ‘based -on tA;) flooding
.critéfion présen;ed 1n Seétién 5;1 3 (see Equation (i.GG)),
an 'gktended ﬁuséglt's‘itﬁéoéy;-la. linearized : stabilrty
aﬁaiysis.iwith the. application of . three conceﬁts. chitical

layer 'maxlmuml mechanical Energy transfer and ,film B{:;

stability and ‘on the postulate _that after flooding f

. ' ol A '
reached, the‘rerfux-cpndenser still .operatés, on a . time

agerage “-basis, at the riooding point fqr‘each'new boundary
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conditiony defined by the new imposed pfessure drop 4cross

the tube, It should be noted here that such combination.for
the MOdélliﬂé of total reflux condensation has not Seeﬁ
presented vyet in the openedsliteraturé. ln'addition. the
same character;sgic length “60" and ve}ocify-“uo“ have been
 u5eq in“thé present extenﬂéd Nusselt's thebry gnd linearized
‘ stabiiity }halys?s.fq obﬂaln a unified model of‘tptal ngiux
cpﬁﬁensatioﬂ. The simulation is done by tﬁé compdéer progam
REFLUX and a stmplifiéd fldéwchart of it is Showﬁ in QFiguré
3.8;! The ,llsting of the pgqgram.‘being'tod.long to be in-
cluded here, E;gn in an-appendli, can be found in [72}. The

results of the s{mulation for ™most of the;expérimentdl

conditions given 'in Table 2.1 is presented along with the

experimental data in Chapter 4 where a co
o ’

mparison is made.

IS
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- Read the qeometry of the reflux

Cwavenusher range.

copdenser, the cooling water flow
rates, the entrance interfacial
friction factor and the expected

The following loop Finds a critical
interval where lles the flosding
stean flow rate at amn'phcr‘u.
condTtions,

- HGR = UGSTRT
WGL = WGH
RIER]
GL = 0.0

~ ¢“

WGR = WGH+DELWG
11 =101 e

WGI{IL1) = WGR

¥

The characterfistics af the base
flow ' for the injected -steam flow
rate "WGR" are computed: solution
df equations [3.6), (3.19), {3. 26).
{3.27), and {3.28). -

CALL BFLW) 7 .

- Y

“The necessary flocding steam flow

rate "WGFLG™ s computed: solution
of equatioa (3.72) for the prescribed
base flow characteristics and wave-
number range.

CALL V5TARZ

. ' . FIGURE 3.8

_WGL = MGR ’
GL = WGR- WGFLG

GR = WGR-WGFLG

.

Flow Chart of Program "IiElEjL[J}(“

LY
1
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- Acritical anterval {UGL,HGR) has been
. found. The flooding steam flow rate
at atmespheric conditions 1s found by
a Requlf-Falsd scheme, -

"UIVERZ = 0

M

ITERZ = [TERZ+l

L, WG = UGLIGL *(WGR-UGL)/{GL-GR) |
¥

The-characteristics of the base flew
for the injected steam flow rate "WG"
are computed: s0lution of equations
(3.6), {3.19), 38.26),.(3.27), and
(3.28). . )

CALL BELHI

v

R M

. . The necessary flogding steam flow
rate "WaflG" is c¥imputed: | solution
of equation (3.72) for the prescribed
base flow characteristics and'kg}é-
number ranqge, -

o | calL vsTarz,

Y

GHEW = WG-WGFLG

. WGT{111) = W5

®)

GR = GNEW
WGR = WG

GL = GNEW
’( HGL = WG

FIGURE 3.8 (continued)



The flooding Maw rate at atmospheric
conditions has been found far the
given tube size. The postulate
stating that after flooding is
reached, the reflux condenser still
@perates at the flooding point,

_PBR(II1) = 101.325 kpa

|

1

o
1

I

\ EI1 = 11141
POP(151} = PEP[111-1)DELP
WGO « WGI{11i-1)

. - . 3

Thie characteristics of the base flaw

for the injected steam flow .rate

“KGO" are complted at the bottom

»{ Plenum pressure "PBP(LI1)”: solution
of equatfons {3.6), (3.19}, (3.26), .

(3.27), and (3.28), .

- : CALL BFLWI
i ¥
The'hcces:ary flooding steam flow rate
. : "WGELG" 15 computed at the naw bottom

plenum pressure:  solution of equation
{1.72) for the new base flow charac-
teristics and prescribed wavenumber
range. - . )

CALL VSTARZ -

¥

X1 = [WGFLG - HQO)OJGFLG

l__________}';__;__;__‘_.}______'___'__-._

WGD = WGFLG

]

Print the resuvlts

. " FIGRIE 3.8 (continued)

/7 - : hY

Al

-
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" CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION

v ’. ¥

.o Reﬁﬁlts'?on'lmposed Pressure Drops Across the Tube

takés ‘place, “the presence - of non-condensible gases can

+

,édvéﬁgely 5f?9c;-the'cohdensétion process [65]. In'all total

1)
4

reflux " condensation experlmefnts, non-condensible gases were
seen'to'evabuaqé the two-phase region through the singhe-

phase rég;oﬁ' (ir presént) and to accumulate in the wpper

1

plenum. This observation led to the design of the non-

. . 7
.condensible gasescgz;u meter presented in Section 2.1.2.7.

b . ' a * o
The concentratian of non-condensible gases in the

steam from MeMaster Power .Plant was measured during the

.start-up phase ~of several experiments and the results for

the 2.54 cm 0.D. tube are presented in Appendix E. 0On the

average, 0;009$  per welght of hon*condenSible.gases was

flowing with the steam and the maximum amount measured was

"0.0163% per weight. Sparrow et al. [65] (see also Collier

»

(85, p.315]) showed that conc?ntfations of non-condensible

. _ : 3
gases less than 0.5% per!we}ght have little effect on the

process of forced convection cgndensation. Then, for the

T g
i s *

-145-

< G '\/',

' Ih‘,agy heat pr%nsrériequipment where condensation.

o



- =1 kG-

. Y o
level of concentration of non-condensible gases measured and

the observation that they evacuated the two-phase reglon,

the little efrects o' the non-condensible gases on the
- .

‘present i condensation process is expected. The measurements
.of non-condensible gases concentration for total reflux
condensation in the tWwo other tubeléizes.‘shoued much smal-
‘;er conpehtratroﬁ%'than for the 2.54 cm 0.D. :5be where in
"some léasés tné.pgriodio{ measurgmgnp was éxtgndeg'ovef many

“hours. To be cohservative,';p was cdncluded that the resulté"
) ] w4 : . _ . .
for the 2,54 'em 0.D. tube are valid for the other;ypwo tube

slzes. -
‘ . e
In- moét of' tﬁe data presented here, the bottom

ﬁlénuﬁ press@be hés beénltaken as the-maln ;arlable instead
¥ the ﬁotai'pressure drop across_the tube (between the two

.. plenums). This choice allows the data to.be - shown for the
' caAses. where the  upper plenum(ls opéned to atmosphere and
when it is pressurizgd by air, whefe:the water .colqu acts
' ‘ h .

as a plyg. The bottom plenum pressure can be thought as the

- total pressure drop. for a reflux .éondenaef of infinjte
length with an upper plénum open to'atmdggz;ne. In other
swords, the pressurization simulates, to a'certain extent, an

. ) oL - . o . )
additlional water- column over the -one -already e;istlng.

Moreover, it allows us to bring out easily 5he meaning of

""the trend of the data.

- ) ' l

-

3
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Since the tube diameﬂer-is an vimportant variable
of the test matrix and could have an influence on'thé;onsét
, of flooding, the- Kutateladze variable, Ki (see Equation-

.(M;l}) L19-211}, appehrq to be more»sutthblg‘to present the [ {

-condensate and steam [low.rates in non-dimensional. form. We

.//' ' '.'  haue} B ";B ‘ - %

# -~ _ _ -
1/°¢ K’F . \\
\ pi Ji; T
K1 - ﬁi . i=2,g (4.1)
N - 174
[g olp, - pg)d ) 7~
TN - ' - J
. .

.wHere ‘all 'the Qariables have already .been defined pre-

~

viously. From equation (4.1) -1t can be seen that K, does not

1

mask eut any of . the geometric dependénces, whereas, the:
. " ) . . * . - ) N . N )
Wallts| variable }; (see equation (1.1)) masks out’the

diameter influence (if any). Therefore, K has been adopted

i

LI . N " ' /-
in the present .8tudy to represent the flow rates in non-

-

'dimensional form.

y
the stéam

The comparison between t
orifice meter and the condensate level meter are

Adpendix G (Figures G.1 Yo G.3) ror'eagh tube yith phé inlet

as the main parameter. The o¥erall

codlihg,waﬂer tempera
‘. - .l

' - agredement between thé tw measuréﬁents 13 shown to be falrly
' . . . . . - .
’ good, where the correftion (see Equation A.18, Appendix A) g

on the condensate fe{el m readiggs have been abplled.

The readings from the steam orifice meter are based on,the
: -,

T Qﬂ'
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thermal-hydraulic propérties evaluated at -the measured

1.
|8 B . - ST s
upstream pressure. (P11 in Figure 2.1). Tne steam 13 assumed

) .

to be.at saturation. Theae comparisons show . t%at{ for 1im-

pogaq_pressure drops across the tube, total'rerlux condensa-

b : TN ' 3 : : ‘
tion {3 really ¢t king place In the reflux condenser. In’

addition, the_average‘léngths of the sihgle-phase €nd *wo-

phase regions“ have been observed to remain constant for ars
imposed.pressure'dbop across the_thbe. Then, to sa{isry' tﬁe

ﬁanciplq of conservatioh'o{\Tass; the'conditioq of no net

- b . . s N . —
flow must exists at both ends .of the two phase region.
_ . , .

The observation of entrain%ent in the vapor core

ip/ the form of droplet aggregates pulsating dpuard towards

3

3.;,1. The totél\;iqurd holdup in the two-phase regidn ¢can

' be assumed tw be.separated In two pafts: 'one part 1In the
~form of condensate film and the other in the form of
‘entrainment (droplet aggrggates). The - entrainment in. the

Y

vapor- core could be qonsideredlas‘anﬂaﬁd1tiona1 upward mass

flow to the;vapor'flow. Then, based on’ the principle of

: ) : 8
conservation of mass we could suppose that: . "
. . . . . . ‘ ’
L] . . ) =

(1) complete deposition of the entrainment on the

cpndens%te fi;m-should occur, which resultss

© in an addi{tional downward mass flow with

reapect to the condensate flow actually exi-

B

L

the end of the tIOfphase region i3 fentioned in ’@ction-

/
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)

ting at the tube entrance;

{i{1) on the average the deposltién rate ahguld'bé_
equal to the eptralnment rate; in other
words, to continuogily have gntrainmeng iﬁ the
vapaqr cqré. part of the'condehsaré film equal
to-the total depostition is.entrained to be 4

.

deposited again.

o

From the counter-current nature of total ‘reflux

condensation it can be suggested thaﬁ‘ part of the liquid.

-

., holdup in the two-phasé¢ regilon could be recirculated.

[

. . - . ?‘f
" The bulk of the experimental data is separated tin

v

four interrelated aspecté:,flqodingr heat removal, .liquid
. . ] . .

-

' no1dup and 1ocal.measuremen£s._Each of these aspeqﬁi.is the

. .-

Oobject of the followiné sections and 4n an additional sec-

5

tion the oscillations of the single-phase region are briefly

discussed. T ) \
- 9 )
4.1.1 Floodin

f,——f————ﬁ

f

One of the main feature of total reflux condénsa-

tion is the imposslbility te vary independently the‘ phasaes
“ - ‘

‘f'low -rdtes and tempqu;ures as in thengses of air-ua;eﬁ_or

\+\ - | T
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air-steaﬂ!water floodling experimenta. The rates of condensa-

tion obtained for the three tubes have béen‘plottéd in the

K;/a;K;/E plane in Figures 'H.lq,b dpd g with the inlet

coolling  water temperature and the entrance -.interfacial

friction factor (réspectively TCWI -and FILE in the figures)
. . - : , 54
as the maln parametehs.'lt‘cgn be seen that In total reflux

condensétion, the steam and condensate flow,rates on the

-y

floqding curveQJQfe.'in terms of the Kutateladze 'variables,
respeccively-‘in the high and low range when ¢ompared to the

ranges of values these variables can have in adlabatic

142 1/2

‘ B -
systems  [19-21, 961 - (K - and Kg range between 0.0 and -

T
2,3}. It was mentioned in Chafter - 1 that sevéral inves-
N . . .

tigators (19,21,23,267,30) observed in air- water rlooding

experihents thét for low lldﬁid-flow rates,. such as 1h the

-~ '

present case, rlooding occurs at ‘the tube 1niet. In addltion

. . ey
aj,sharp . edge entrance- condition will promote flooding at

that, lodatidn.'Hencé.-the assumptions made in-the stabillty
.
analysis on the locﬁtion of flooding (at the tube 1nlet) are

partly justified by the above facts and the pre&ent ex-
perimental results.

: : Ve - ‘ v : o

. The inlet cooliqg water teémperature {is shown to

have a significant effec%/gp the flooding point exceﬁt.in_

-

the case of the smallest tube (see Figure 4.1c); For the two -
ofﬁér tube sizes (2.54% cm O0.D. and 1.91 cm 0.D.), the smal-

ler the temperature'graéient bétween the primary ang
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the secondary 3ides 13, the more the condensate film appears

to be unstable, leading to a lower flooding point.

The expenimentgi data shown in Figures 4.2a ana b
does not show a definite influence of the tube size 'on-‘tﬁé
flooding curve .Ln terms of the Kutateladze vgfiableai This
"behavior ig similar to what haé been found recént;y for"air-

water systems/[19*21,,108].

Figpres.U.Ba.b and ¢ show that aé the steam'.flou'
ls increased td‘ reach the flboding point‘kneag boint B in
Flgure 4.3a) a water column starts to build ;p, 'during ‘a
short transiént; " to. equilibraté the-impogéd bressﬁre:dfop
result;ng iq‘én increasgﬁ pressure |in the bqttbﬁ plehumi.l
After the floéding.point has Seen.reacheh, the trend iﬁ-the:
experiﬁentgl détd.shows no notable chaﬁge in the cqndensa-
tion  rates in terms 'of._Kutateladée varigg}e "K " as the
préssure in the bottom pieh&F 1n¢reases.fTH;s'suggest$ that
-flooding at. thé tubg.inle; is the.controlling;procesé that
causes the reflux gondenser‘paﬁaﬁility:or céqdehslﬁg, Steam
to Msaturate" ;nd it defines ghe>max1mum amouﬁtﬁgﬁ'stéam
flow that can be f;ondgnsqd'}n total reflux :;ndensation_

‘mode.

In the model of total reflux coﬁdensatiqn.givenfiq'
Chapter 3, the .entrance interfdacial friction factor.fie 1$ a -

free parameter that closes the set of equations.
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x

.In general, the entrance conddtion 1nfluences the value of

) ' . v
that parameter that is usually greater than what - the cor-

e

helations (sea for example Equation (3:23)) gi@e for a
positioqifar.from the entrahcé.'Dua,tO‘thq cémpléxit} of the
two—'bhaaa'flow.pechan?cs at the'tubp ehtrancé? it is not
possible'jét to evaluate it by theoretical mean's and it must
be evaluaped empifically. As shown in FigureslU.1a,b and c¢
and'Figuﬁaa.H.3a,b and c, the preséat ﬁodel fits ‘the -exL 

perimental‘ data for the Lhree .tube aizes taiPly well with

7flé eQUal to. O 0185 for total reflux condensation with fhe.:

‘lcwest inlet cooling water temperatuTe. In the casa of ‘total

vrefLux condensatioh with the hottast ?ooling water tempefa—
FUre{ thé'p;éaent fajbiy #ell wrfh tﬁe. same value of ﬁha
paramagaf ifie equal to 0.0227 but for-the smallest tube the
'orﬁginal'ya;ue pf f ‘( 0 0185) had to be used. It can ~also
be séén"bﬁét sin: all the case& the present model fits the
correspoading experimental data withih the error 'of‘lsteam
- flow’ measurements' (+5$ ‘see-Section 2;1. .15 and 1t brings

'additional support for the assumptions ‘made in the  deriva-

:pion of the presant model. -:'  5. "

Far ‘a ;éivaa {nlet caoliﬁg'water‘tampeﬁa;ure, tﬁe'|
ttends in_the expefimeﬁ%ai-dapa'ane nat réaliy ;afkectadh,Py
_thej‘variagidn of the tuﬁéq diamatqr;how;vef,'the préaenb
.model exhibits a little 1nriueqce of the tube.-aiameter on .

the rflooding ‘curve as ' illustrated in .Pigure Y.2a. Tne

- e . —— e .- Cew oo e
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present model is seen to follow a behavior where as the. tube

4

~

diameter hedqus, the ordinate of the flooding curve

decreases and 1t is similar to ‘the behavior of the

Bharathan-wWallis model [30]. ‘The results for the case of the

. hottest Inlet cooling water temperature show the same be-

ﬁavior but only for the two larger tubes as depicted in

L]

Figure 4,2b and the behavior ¢f the model for .the 1,27 ca

0.D. tube can be explained by the choice of the value ror

.

the parameter r

-

illustrates the facts that variations in both ‘experimental

ie} A cIose examination of Figures Y.2a and b
and' theoret’cal flow rates on the flooding curve as a func-
tion or.the tube diameter, are_within the experlmental error
in the steam flow measmrements. Then, it is concldded that .
tme. influence of the tube diameter on the definition of the
experimental flooding curve in total reflux condensation ;n'

terms of Kutateladze.variables is negligible..

"

Two reasqns can be given to the'fact that ‘in

:general for a prescribed inlet.cdoling water temperature the

le

the same. Since, the influence of tﬁe tube diameter on the

value of the.parameter r for all three tube sizes 'can be
LY . .

-

definition of the rleoding‘curve'is negligible and in Sec~
‘tion 3.2.3 the prediction .of the flooding.rlow rate was
. , .

cleaﬁly shbwn to depend on “the parameveﬁ rie (see the

definition. of the friction velocity u,)., Then, it can be

-~

*concluded that rte should be a very weak function of the

A
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tube diameter. From a close examination of Figure 2.2 the -

‘entrance conditon can be assoclated to a sudden contraction

‘and the equation for the friction loss factor e, is given by

-

(90, p.217]):

e, = K{1 -8) “‘ _ oo (uL2)

Where K ‘is & constbnt’ and 8 is the ‘ratio .of the smaller
cross- sectional area over the larger cross- sect10na1 area,

In thé present system. the largeést tube inner diameter is

-

2.06 cm and the diameter of the bottom plenum outlet is

10.23 cm making B << 1, Tnenefore. "evﬁ can be considered as

-

being constant for all tube sizes with inner aiameter lesé
than 2.06 ch. Since tﬁe friction f;ctor. at the’ entrance
being related ;o the rriction loss factor [90, p.21gJ it can
be éonclﬁded that it sﬁoﬁ;d' not Qaﬁy much with-ﬁhe’tube

diameter,

" Although the values of Fie uséd:in the simulation

are greater than what'the Bharéihah*ﬁariis Ebbrelation-(sée.
"Equétion 3.29) gives; they are still in the' same . order of
maghitudeu A _reason for’ this can be 1nferred rrom a reéent‘_
study on flooding in an air uater éystem (108]. It‘was round‘
‘that for low uater flow rate and no ‘upward éir flow'_ thé
water leaves.'the tube in the form of @ liquid jet. when a

counter curﬁent rlow or air occurs, the water Jet 1s 1lifted

and it wets the»ﬂhole periphenyﬂof the entrancé. Ir the éame
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‘phenoménon is aesumed to.occnr,lnlref;ux condensatibn-ii can
be seen that the.ateam does not come into. contact hioh the
. , . )
en;raﬁée Qall:most‘of the time but more with Lhe‘.slightly
Asnbcooled condensate .Film. Because of the possible direct
contacL condensation Bf the uprising steam on the conden=
sate..the effects- or the entrance geometry on the steam Flon
cduio-'be ‘damped. This results rino a. situation where the
-upcising ‘Steam interacts with the‘condensate film llke' in
pure . coonter-corrent annular speam;water‘ﬁ;owc‘howevecﬂ the
filn snrface.fluctuations”or;ganate in 5ap£- Ebom thé in-
fluence of the geometry of the entrahce. |
‘ | - b .-. ".\‘
rfhe variapions of'fieothh”the inlet coo;ing water
temcerafure':can ,be eaplained”:from ~bhe discuesion'on,the
intecplay between the pertnrbing-and lthe 'rescoﬁing. forces
présented in Section 3.2, 2 2 based on equation (3 64)
ehe'temperature difference Qetween _the. primary and the
'secondary' side decreaees,the restoring ronce;from cne'pres—
sure created “by 'the condensation 'maes transfer - ‘also
decreasee 1eading to higher condensate rilm fluctuations ,as,
illustra;edAin_Figutes H H arnd 4, 5. Eor the'smallest.tube no
-definite‘dirference in" the -fluctuations _was' meaeured s’
shows in Figure. H.o"and the level of the condensate film

fluctuation is aSsumed to be the aame,‘giving aome eupport

'to. the use.of the same value for the parameter £, for the "

le
two cooling water temperaturea. The program REFLUX was
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. . Pressure for the 1. 91 -cm O.D. 'I‘ube
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‘}L19 21] and uere not lncluded in the present model..
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run for the lowest and hottest inlet cooling water tempera-

H

‘ture with the same value of f _(=0.0185) and very little

‘difference was found between the two cases in the computed

condensation»,rates.at fiooding. It could mean that in equa-

‘._tidn'3i71’the;elenent related to heat transfer- is much

. Ta

smailer'tnan .the element related to the hydrodynamics aof the
tne twb phase flou; Thus in total' reflux condensation,‘

flooding appears Lo depend more on the hydrodynamics than on

-

the condensation heat and mass transfer. A recent study [333'

on the stability of ‘steam subcooled ;water counter-current

flow in‘ﬁan inclined cnannel results in similar ffndinga.

:_Also 1t could mean that the assumption of interracial waves”

._,with infinitesimal S amplitudes, made in  the stabillty

"analyeieJ may be in some error. _The, possibie_ presenCe of
- finite:ramp;itude' waves .was-inbroduced artiriciahly in the

modeél through the var;atibn “of parameter Cf,_ that must

le:

‘1ncreaee"when>lthe ’wave. heights increase £95, QJ&?], This

{ingreaee'in.tnelvaiue of f; .is to ,take into iaceount ' the

toa

increased Fqughness. of . the condensate film. surface and the

C S T U -
increased*bdssibilityior“condensate film -entrafnment  which

! - *

"was found to have a- destabilizing efrect on the rilm surracef

.

den total. rerlux condensation in a 2. 54 cm 0 D..

tube with _1n1et cooling water .atinpoc?,tne theoretical

'f. results define the path “ABC" in Figures u 1a and M 3a. The

v . . - -

g - C e —
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path follows the' so-called "ideal complete"condensqtion'
" line" [25) (point A to point B) before.reaching the flooding

line (at. point B) and following it {point B to'point cJl.

o

.Tnis global: behavior has similarities with the ones

presented previously "by other investigators [17,1061. In
other words, an. output from -a .run of .program REFLUX will

- show, Tor' a gliven inlet cooling water temperature, the
_computed condensation rates-defining'path WABCU on Figure
4,1a, M.Ea_ and " 4.3a. 'This.'path .can be considered .as the

response of the reflux condenser in terms -of . condensation

rates to -a variation 1n~imposed pressure drops across the

tube. .The fairly good agreement .between the present model -

and ' the experiments demonstrates .the truthfulness of the

postulate stating- that arter_flooding is reached, the reflux’

condenser.still operates. on a' time average basis, - at the

rlooding point for. each new imposed pressure drop across the

.

tube and ‘the capability of .the model to prediot the global,'

behavior of the system in terms of condensation rates

l;jErevious investi5éﬁore [36;!?.{0?j'rusedd ﬁeilis¥
Kntateiadze typelxcorrele;rons-'to 'predict flooding'atfthe
'Fubé'inleﬁ. These oorrelations“conpain \égg' constants:'(for_
'esempie""mﬂ' and."CP'in Equstion (1. 1)) that depends on the
eeo-pnsSe flow.conditxons‘snd;tne-en;rance*ex;t.'geonetries.s
These'.eonssantsb.dre roundiempiribaliylﬁo'mske tne‘chrela—

tlpns fit the'experlmentarudeta'[19721}267311 and an interT‘
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iacial "heat tranefer.coerricientlhas_Lo be supplied if heat
_transferhoccuns'between " the phases E33,H1]. _Tne preeent
‘model - removes parc,of theﬁempiricism by reducing the number .
ofrconsﬁenc to one and for a given inlet ‘cooling- nater
femperaiure. ‘tne Iconstant is a very weak Function.of the
tube'dianeceh;_however, the entnance éecnetry coulq have .5'

strong influence on the value of the constant as it is the

case for adiabatic systems [19-21,27,29~30,32].

4.,1.2 Heat Removal

'In the'brecéding éecﬁion, flooding at the. tube wés.~
;sh0wn to be the controlling process that causes _the' reflux -

condenser capability of COndensing steam to "saturate"' Ic

E

is. for that reason that Figures L. 7a b. and e and u Ba b- and
e exhibit the variations shown for the ‘heat nemoval and‘tne

two phase region length as a function or the .bo;tom plenum

Lo

pressure. -;"f”':- S \
- ) o . - . P f \

1

'Fféu;es-:u.7e,o.and'c;shou‘g'sharpfincneaee in.che
.he;t nemoval-ee°e funcxion ofo tne‘ poiton‘ plennmc pressure
before theiilocoing point islceached and afteh;-tne'incnease
1s-”smsii ‘but eignificant;' Although ‘thie incredse. is not

. > M - .
indicated by the variation of condensation ‘rates in’ terms of -

. tKutateladze variable K , it ‘actually 1ndicates that 'more

'steam is condensed as the bottom plenum pressure

.-
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“REFLUX: CONDENSATION. OATA
TUBE DIP= 2.54 CM 0.0.
LEGEND OF THE PLUT )

UPPER PLENUM OPEN 10 RTHGSPHERE/TCHI_ 10 DEGC
UPPER PLENUM PRESSURIZED/TCWI= 10 DEGC -
UPPER’ PLENUM OPEN TO ATMOSPHERE/TCWI=. 45 .DEGC - .
UPPER PLENUM PRESSURIZED/TCWI= 45 DEGC - . -
= PRESENT ‘THEORY WITH TCWI= 10 DEGC
: ——‘;— = PRESENT THEORY HITH TCHI= 45 DEGC L '
5.00 ‘ e

Illl]]ll]tllllflllllilIlllllll[lllllll

'x+be

3.00

2.00

illl"lll‘l_lllli"ll‘lllllllliLlll;ll_lILl‘l!l-lll

..

S ENEREN]

00llllllllllllllltlll]Irlllllllllllllllll

100.00 120.00 - 140.00 - 160.00 - 180.00
HBSGLUTE BOTTOH PLENUH PRESSURE (KPHJ o

. FIGURE 4.7a Variations of Tbtal Heat Renoved as a FUnctlon '

" of Bottom Plenum. Absolute Pressure for
2 54 cm 0.D. Tube
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REFLUX CONDENSATION DATA
. TUBE DIA= 1.91 CM 0.D.
LEGEND QF THE PLOT '

'UPPER PLENUM OPEN TO ATHOSPHERE/TCHI= 14 DEGC
UPPER PLENUM PRESSURIZED/TCWI= 14 DEGC -
UPPER PLENUM .OPEN TO ATMOSPHERE/TCWI= 45 DEGC
UPPER PLENUM PRESSURIZED/TCWI= 45 DEGC

- = PRESENT THEORY WITH TCWI= 14 DEGC

. -A- = PRESENT THEORY WITH TCWI= 45 DEGC

X+p0G
U

lr"lil‘llllll‘i'_Il.lfl’r—ll'.l'll|lr|‘l|.1|"‘I_‘
' ' :
]
;
0 llllI‘ll_l_LI'lllllllIllllllllJ_llLlL]IlII: )
. 100. 00" . 120.00 -140.00 . -160.00 p 180. UU
o _HBSULUTE‘ BOTTOM PL_ENUH 'F’RESSURE {KPR)
FIGURE 4.7b _Vé.riations vc')f Heat Removed as a F\mctlon

-of Bottom Plenum Absolute Pressure for
1.91 cm C.D. .



e ——— e

1.00

. TOTAL HERT REMOVED (KW)

Z172-

s

-

REFLUX CONDENSAT 10N DATA o
' TUBE.DIR= 1.27 CM 0.D. .
. LEGEND OF THE' PLOT : |

- UPPER PLENUM OPEN T0 RTHGSPHERE/TCHI- 18 DEGC
- UPPER PLENUM PRESSURIZED/TCWI= 18 DEGC
UPPER PLENUM OPEN TO ATMOSPHERE/TCWI= 45 DEGC
UPPER PLENUM PRESSURIZED/TCHWI= 45 DEGC ‘
. —&— = PRESENT THEORY HITH TCWI= 18 DEGC

-~ = PRESENT THEORY WITH TCWI= 45 DEGC

i I[ It

X+DpG

llIrIl[lIIlllIIITI'[_llIlllll_lilr T VTt
. . . .

r
lri'l111111lllll‘llallljlrll‘rlilltl_x_l_z_itlllnlan_il:

0_IILJIIlllilll_l!illllllJlt!llllllilllll!

100 00 120.00 . 140.00 - 160:00° . . 180.00 -

HBSGLUTE BOTTOH PLENUH PRESSURE (KPR]

- FIGURE 4.7c Varlatlons of Total. Heat Re:mved as a Functlon

* ' of Bottom Plenum Absolute Pressure for ;
1.27cm 0 D. Tube

- A
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REFLUX CONDENSAT ION DATR ~ -
TUBE DIA= 2.54 CM'0.D.
LEGENU OF THE PLOT. - ’

UPPER PLENUM GPEN TO ATMOSPHERE/TCWI= 10 DEGC
UPPER. PLENUM ‘PRESSURIZED/TCWI= 10 DEGC

UPPER PLENUM OPEN TO ATMOSPHERE/TCWI= 45 DEGC
UPF’ER PLENUM PRESSURIZED/TCWI= 45 DEGC

« PRESENT THEORY WITH TCHI= 10 DEGC

-A— - PRESENT ‘THEORY WITH: TCHI.. 45 UEGC

mnn !I

X+ PO

llIIlllll]ll[lilTIrlillTlllIlIlil]lllll

| S T

Eoavvnpprelsisraeggadoaeyrenyel

- -

Lirtigi

-00 llllLlllllllllllllllllllIlllll]lllllll]_

'100:00 120.00 ~ 140.00 160.00 - 180. 00
HBSOLUTE BGTTOH PLENUN PRESSURE (KPHJ '

‘ 'FIGURE 4.8a . Varlatlons of Average Gonc'iensatlon Iength :

as a Function of Bottom Plenum Absolute :
Pressure for 2 54 cm Q.D. 'I‘ube
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REFLUX CONDENSATION DATA
TUBE DIf= 1.1 CM 0.D.
LEGEND OF THE PLOT

"UPPER PLENUH OPEN TO RTHOSPHERE/TCWI= 14 DEGC
. UPPER PLENUM PRESSURIZED/TCWI= 44 DEGC

UPPER PLENUM OPEN TO ATMOSPHERE/TCWI= 45 DEGC
UPPER PLENUM PRESSURIZED/TCWI= 45 DEGC

= PRESENT THEORY WITH TCWI= 14.DEGC

-L— = PRESENT THEORY HITH TCHI= 45 DEGC

IiIlillIIIIIIII_[TIIiITrIrlllr‘llIlIT]
1
\

ll A II

X+p0G

2.50"

Illlllll-llilj_lllllllltllIIIIIi[lllllllll

[ SEBEENNE

0llll!!Iljlllll!!llIIllllllILl]lll_I_LJlll

. 100.00 " 120.00  140.00 160.00 - 180:00 - -

: HBSULUTE BDTTQN.PLENUUlPREﬁSURE‘tKBﬂ]

I‘IGURE 4.8 Varlata.ons of Average Condensat:.on I.engt.h
.as a Function of Bottom Plenum.Absolute.
Pressure for l 91 cm 0.D. 'I‘ube

-4
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REFLUX CONDENSATION DATA .
TUBE DIA= 1.27 CM 0.D.
LEGEND OF THE PLOT o

UPPER PLENUN OPEN TO ATMOSPHERE/TCWI= 18 DEGC
UPPER PLENUM PRESSURIZEQ/TCWI= 18 DEGC - -
UPPER PLENUM OPEN TO ATMOSPHERE/TCWI= 45 DEGC
="UPPER PLENUM PRESSURIZED/TCW! =-45 DEGC :
—e—= PRESENT THEORY WITH TCWI= 18 DEGC

= PRESENT THEGRY WITH TCWI= 45 DEGC

—‘l L L LML) I_I LR L L L ; I T 1 1Ty TT l.‘l' 1 l L) .I l’l T I.ll
I | ]
1_..00:. o o e -
. .‘ i - - '--‘
ik 1
BOfy b hE LR A < s
N o . A X T
;) , : | o
o ]
.-Unhn P S T 2 | 1-‘1 1 1 ‘: 11 71 Rl NN EEETREE 1-|_r_1 I "lln 1- -
100-00 . ' 120.00 - 1408.00 -  160.00~

. ABSOLUTE BOTTOM PLENUM PRESSURE. (KPA)-

3

180.00

FIGURE 4.8c Variations of Average Condensation Length’

. as a Function of Bottom Plenum Absolute
-~ Pressure for 1.27 cm 0.D. Tube ¢

-
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‘perimental data s followed. The discrepancy
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increases. Tnis small gncreaae 13 due to a change in the
flooding flow rate by the increase in the system pressure
that defines new valEes for the thefmal-hydraulic properties
and to the {ncrease in the rate of heat transfer by the

increase I'n the steam saturation temperature.

~Again the path "ABC" traced from the results of

-.the simulationd by‘the program REFLUX.is indicated in,?igure-

4,7a and it can be seen that the general trend of the ex-

between the

-

present model and ‘the experimental.dapa'may be, due to the

' heaillqsses from the secondary side to the surrbundiﬂgs that

were ‘not taken into acéphnt in the present model, This fact

-»13 clearly shawn by.the~‘opservation that « the - discrepancy

-between ‘'the. present model ‘and the 'expgrimehtai data is

v

smaller for the'casé-_of the . lowest inlet cooiing water

‘temperature . than for the'caéelbf'the hottest inlet cooling

.

water temperature, . o T

Figures 4.7a,b and ¢ show a strong dependence of.

. the amount of hedt removal on the tube diameter where- as the
. tube diameter'increases the heat removal inbreases, Accord-
ihgly;'the two-phase region. lengths also " show a ‘strong

dependenée on }the tube:diémeper as fllustréted\ih'Eigurés

—

u.Ba,b'aﬁd ¢ uhére again as the tube diameter indreaseqn the
two-phase' region lengths (ave?agg ‘coddensatioh lengths)

increase. )

D
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Again, the path "ABC" traced from the results of

progam REFLUX is indicated in Figure 4.8a and it can be seen

. that the general trend in the experimental data is followed.

" Even, the little overshoot i{n the variation of the condensa-

tion "length.for the case of the hottest inlet cooling water

" temperature is, to a certain extent,. predicted by the

-present‘ model The discrepan01es between the predlcted and

measured values of the two- phase' region “lengths could be
attributed- to the Following reasons.'ln the case of film-

wise condensation of ‘stagnant steam ~on ‘a ‘'vertical cold

e

plate, finite[ amplitude  waves ,were'found to enhance sig-

nificantly the condensattonA hedat . transfer f112,113].

Similarly the possible presence of finite'amplitude waves in

'th't-present system could have the same effect. Latent heat

can be transferred from the steam to the entrained droplets

uhioh' 15 turn are deposited and give up part of thelir. heat

by mixing with the slightly subcooled’ condensate film to be_
entrained again, in other words. the process of recirculaﬁ

tion of part of~the'1;quid noldup ‘conld__enhance"the heat

£

transfer jrate"toﬁ the Seoondary _side. Significant . heat .

transport may occur between the two phase .and the . single-

phase regions. On the other hand, these‘phenomena'witi have

to be included in the present model ir a global stability

-

tube"is ‘to be perrormed slnce the distance between the top

. of the two- phase reglon and the U~ bend. most probably filled

analysis.[BG] oﬁ total reflux condensation:in an inverted'U-u

-
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1
4

- Wwith condensate, is an important faetor in.establiehing the

stapility domain of the system. . “'

"The effect of the inlet cocling water temperature

"
v

on the average length of the two—phaee region .is .qualita-

tively  well represented by the -model as for an increase in

the inlet cooling water temférature, we can see an:_{ne{ease

A

1.3 .Liquid Holdup ™ T

7 . . »

In Section 1.1 a questionFHaSiraised:onuthe ef-

1 - \

‘eistribution 'Ln.';he tube. :The obvious answer is the apw
’ Lk

F—

pearance of d single pnase region oscillating over a two=

y

u

'fects of fLooding and ;he tdbe liengthr on 'the. cgndensaﬁe'

phase :reglon_ (see Figure 3 1) Average lengthS'of single-'

phase and two-phase regions were meaaured _and Uhe' reeurts,

are .given _in' Figures 4 9a, b and ¢ for- runs with the . Upper-

plenum open to atmosphere. For:runSjwigh tthe :upper' plenum‘

. -
-~

pressurized, the results iare.givenl1p_Tabie-H.1a“te H.Tﬂ.

where .only the average 51ngle-phase' lehgths have_ been

) preaented'-sfnce the average two phase lengths have already

’

been preaented in the previous section.

). The trend in the’ effect of the lnlet ccoling water

temperature on the average two- phase region lengths

-
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REFLUX CONDENSATION DATR |
~ TUBE SIZE= 2.54 CM O. D
. - LEGEND OF THE PLOT

AVERRGE CONDCENSATION LENGTH/TCHI— 10 DEGC
AVERAGE WATER COLUMN LENGTH/TCWI= 10 DEGC
AVERRGE CONDENSATION LENGTH/TCHI= 45 DEGC
RVERHGE HATER COLUMN LENOGTH/TCHI= 45 BEGC
= CONDENSATION LENGTH-THEORY/TCWI= 10 DEGC
= WATER COLUMN LENOTH-THEORY/TCHI= 10 DEGC
: = CONDENSATION LENGTH-THEORY/TCWI= 45 DEGC
g0 —.}—q HATER COLUMN LENGTH-THEORY/TCHI= 45 DEGC -

X+PpO
oo

!l

[llllIllrr]’llllillllllll(llll[lrrllllllllllrll'lll[illlTlll

4.00

* -4
;llll_lll_'lllljll'lll

3 I

LA
;

- 1000 15. UG .20.00 -~ 25.00 ~30.00

- TOTAL-PRESSURE DROP (KPA).

: FIGURE 4.9a Varlatlons of,ANerage Condensatlon_Length
s A - and Water-Colum length as a Function of

- ‘ - Total Pressure Drop Acrpss the Tube for
- 2. 54 .cm O. D. Tnbe _
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HGE'LENGTH;tM)‘
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f—ﬂil +00

'_l'-AIBO.—
REFLUX CONDENS“TT" DHTH
TUBE S1ZE= 1.91 CM(0-0.
LEGENU oF THE PLOT A

HVERHGE CUNUENSHTION LENGTH/TCHI- 14 DEGC
. AVERAGE -WATER COLUMN LENGTH/TCWI= 14 DEGC
AVERAGE CONDENSATION LENGTH/TCWI= 4 DEGC
RVERHGE HATER COLUMN LENGTH/TCWI= 4S DEGC

:x+ae'
|| Il

CONDENSATION LENGTH~THECRY/TCHI= 45 DEGC: o
-.—_ KATER COLUMN LENGTH-THEORY/TCWI= 45 -QEGC * *

Lm

— = CONDENSATION LENGTH-THEGRY/TCHI= i4 DEGC -
—ll—- WATER :COLUMN LENGTH-THEORY/TCHI= 14 DEGC -

P

3.00

VITTT T rrorrrts
«

Tl'llII(ll]llll‘llllllllllllillIIIIIIIIIIIIIIIIIIIIIIillilll\]]l‘l‘illl
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 ik4%§fJ I '_Aﬁ
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.'.r

FIGURE 4.9b ° Varlat.lons of Averaoe Condensatlon Length and
o  Water-Colum lLength as a Funct.lon of Total. . .
- '_- Pressure: Drop Across the 'I‘ube for 1. 91 c:m S A
-~ | :
’ \ .‘ z" '-..-k L u .
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“* REFLUX CONDENSATION DATA

o TUBE SIZE= 1.27 CM G.D.
S LEGEND OF THE PLOT. G s
® .2 AVERAGE CONDENSATION LENGTH/TCHI- 18 DECC - .
A = AVERAGE WATER COLUHN LENGTH/TCWI= 18 DEGC
-+ = RAVERAGE CONDENSATION LENGTH/TCHI= 45 DECC
X = HVERHOE ‘WATER COLUMN LENGTH/TCH1= 45 DECC
© - -e~ = CONDENSATION LENGTH~THEORY/TCHI=" 18 DEGC
- = WATER COLUMN LENGTH-THEDRY/TCWI= 18 DEGC
- —f— = CONDENSATION LENGTH-THEOGRY/TCWI= 45 DEGC -
L n = HHTER COLUHN LENOTH—-THE(.T\’Y/TCHI_ 45 DEGC '
o -.5'.0_‘ rflllh_I-!lllllII.II[Ij_IllllrrllIlllllll]rllllllll_:
A T E
N s R -
.:‘ . . ‘I'-S’IOOE_ . ...4I —E
- e .
K ™ +E — s
T~ =z SRCRER ]
'.LI_I“ :"‘F " ::
RN 32 B
& iE . 1
S~ . . SR ‘ i e ]
.“- CE . E " . :
Lot m 4 g0t ad:@ ]
‘ _l_'lllll;llllll!l_!llllllllI‘llll.lllllllllllllllll.'1 v
_..:'  L )~ 10.00. -~ 20.00 30.00_ 4000.‘50709.
e B TDTFIL PRESSURE DROP [KPFIJ |
-QFI'ICIJRE 41<90. Varlat_lons of Averace Oondensatlon Length and
: . ‘Water—Cblen Length as a Function of Total
. Pressure Drop Across the Tube for 1.27 cm
0.D. Tube . o IR
R
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TARLE 4.la  Measured and Calculated Single-Phase Ragicn Lengths
for 2,54 cm 0.D. Tube, TCWI equal to 10°C and the
Upper Plenum Pressurized : :
RUN , pBP PUP SPL(a) SPL(m)
NO, (kPa)" (kxPa) (measured) | (caleculated)
D05054 138.138, | 111.327 .21 2.73
po5052 | 135.658 | 111,029 1.97 Z.51
p0o5053 129.325 | $11.193 1,28 . 1.85
b09051 155.423 | 129.651 2.24 2.62
Do9052 150.895 | 129.2t4 1,80, c 2.2
b09053 14h, 270 | 129,274 1.15 1.53
DO90s54 135,045 | 128.925- 0.30 0.62
D1005t 165.6%4 | 139.563 2.39 2.65
D10052 159.688 | 137.673 1.80 S2.24
D100SH 155.389 | 138.046 0.54, 1.76
>
Ea s
TARLE, 4.1b Maasured and Calculated single-mase
for.2,54 om'Q,D. Tube, 'IWquualtofl and the
Upper Plenun Pressurized . T
RUN .PBP PUP SPL{m) SPL{m)
NO. (kra) {(kPa} (neasured) .lealeulated)
-] b2uo61 166,146 | 136.348 1.60 "2.69
- D24062 . 158,007 | 136.227 1.22 2.27
D24063 154,497 | 136.254 0.91 © 1494
D24064 147,700 | 135.098 0,27 1.33
D25061 153.682 |.134.711 | 1.50 1.98
D25062 149.850 | 134.625° | ° 0.63 1.60
D25063 145,847 ] 135,679 .97 1.18
D2506% o 1H2.698 | 135,465 0.25 0.78
D26061 thh,027 ]| 124,857 1.65 2.04 .
D26062 140.321 | 123.397 1.36 1.76.
D26063 - 138.2407| 123.448 1.10 “1.54 .,
‘[ D2606Y 133.932 | 122.9137 0.61 1,15
- | p27061 135,482 [ 114,380 1.59 .2.19
D27062 132.044 | 174,040 1.0% " 1.87
D27063 129,184 | 113.92) 0.83 1.58
D27064 . 121.990 | 113,760 0.05 0.86°

’

#
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§
TABLE 4.lc¢  Measured and Calculated Smgle-—Hla.se lhgmn Lengths,
ﬁorl91c:nOD’mbe'ImIa]ualto 4% and the '
Upper Plemum Pressurized
/-
RUN PBP PUP SPL(m) C$PL()
HO (kPa) {kPa) {measured) { (calculated)
009107 161,601 [ 127.979 | - 3.15 - 3.h2
p09108 . 155,167 126.273 2.u7 2.94
D09109% *] 149.64UT | 126.179 2.0 ‘2:39
DD%1010 141.931 | 126.618 1.35 1.56
D0%1011 135.7H5 | 125,647 0.73 1.03
pagioia. | 130.825 | 126.587 ©0.19 0.43
L]
II:'ABL.E: 4 14 l'basu.md and C‘alcm.ahed Singla-Rmse ion Lengths
for 1.91 am 0,D. Tube, ‘IWquualtod and the
Upper Plemm Pressurized '
CRUN PBP PUP SPL(m) SPL{n) '
© NO.. . (KPa) (kPa) "f.(measured) | (caleculated)
010107 { -151.484 [125.830 | "~ 2.73 - 2,61
010108 148.479 | 125.548 2.05. 2.33
D10109 . 143.002 | 125.828 ~1.51 L 1.T5
D101010 . | 139.248 | 125.749 1.19 1.37
D101011 134,160 | 125.279 0.64 . 0.90
pl1oto12 131.513 !2".547 ‘0.36 L 0.72

(L8
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t

Measured and Calculated SLngle-Phase Region Lengths

TAELE 4.1le
C " for 1.27 an 0.D. Tube, TCWI equal u:looc ard_ the
_Uganhﬂmmansmuuﬁ :

RUN PBP PUP . SPL{m) SPL(m)
NO. ., (kPa) (kPa) (measurady (caleculated)
D1y08Y | 158.512 [121.647 3.73 3.76
D14082 149.846 {120.778 2.80 * 2.96 .
D140B3 T43.126 | 120.543 2.24 2.30
DIYOBY 124.993 |120.745 “1.06 0.b3

I
nuns 4.1f Measuréd and Calculated Single-Phase Region
for 1.27 ém 0.D. Tube, EIHI equal to 45 and the .
qxerpkmmnPngmniaﬁ .. R .
RUN PP T SPL(m) . SPL{m)"
NO. - (kPa) (kPa) (meaaured) | (c;}cula;ed!s
- DONGE 154.036 | 178,833 3.97 2,61
Do4082 165.855 | 118.889 T 3.47 4,85,
Do4oa3 161.031 | 118.8%0 SEPLLE . 4,36
PO4OBE 151.269{ 118.637 1.57 = 3.38
pD11088 | 159,853 123.869 3.77, . 3.73
pP11089 149,058 | 122, 744 2.59 © 2073 .
‘'D110810 136.3683 | 123,014 1L .40
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is  elearly showh in Figure L, 9a b and C. Tne'"error bars"
ehown are simply indicating the maximum amplitude pf oscil-
lations of “the Itwo-phase region length whieh in turn cor-
regpond to the osci&iatione of ;he sinélerphESe top. The

eXperimental 'results show the little influence of the inlet

cooling temperature on the magnitude of the oscillations.

The inlet coolfﬁg water temperature appears to

have an opposite effect on the singlerphase region 1enkths

.

A.1.N_Lodél Méasurements

. than ‘the one on the tpo~phase’ region 1ength. The single-

phase. lengths measured uith the coldest inlet cooling water
temperature appear to be'longer than for the hottest; inlet
cooling 7water temperature, Tﬁis mej be'oue ;o-smafler pres-
sure drops for tne cases "with the coldest. inlet. oooling

water‘ temperature than f?r the cases with the hottest one.

The present model overprediots slightly the lengths of” the

-single phese region. because Tit' cannot predict.,egll the
'preSSure dr0p-in~the two-phase region and coheequently“_it

'does not ‘show the observed effect of. the inlet cooling water

temperature on the lengths of the single-phase region.

By
. .
- ]

- . . i - -

Measurements ~of -pressure, void _fraction. and

_temperature axial dlstributions have been carried out along

with 'the -meaeuremenb ~of heat removal by each .individual
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obtalned.
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cooling'Jecket. A typical set‘or axial proriles is presented
"in Figures’H 10 where the results of the present_ model 'ror]‘

‘the given experimentel conditions_ is also given.‘ln’the

figure the nomencleture used is as. follow: "PBP™ ‘meane the
= : . i .

absolute' pressureVin-theubottom plenumd‘"STMFLW“.stands-for .

“r

the_injected steem flow rate (co7ﬂensetion rate).“‘"PUE“ is

for the- apéolute pressure in the uppen plenum.‘andthBMU“ '

" stands for the ‘total heag remdbval. Other sets of axlal

W
.

,proflle and.meaeurements of local'heat removals‘ére shown in

Lo

.Appendix G . uhere - no comparison between the model and ‘the

experimental data is made. The comparisons shown in _Figuree

.10 .were seen to be fairly representative of dhat would be

iy

From Figures 4,10a and b, the measured pressure

ﬂdrop In “the 't#o-phase region is'shoun'to'be much smaller

¥

than the total system pressure drop.(rrdm the bottom plenum

to the' top plenum). The void fraction profile is shown to.

. J

-decrease as the end of - thé two phase region . 1s 'approached.

The present model is seen the underpredict the pressure dropf

\

.and the liquid holdup in the two- phase region. Tnie die*‘

=
L -

-crepancy may be due ‘to the. absence -of- an entnainment

mechanism in the bresent model., K crude estimate of .the .

-everage amount of liquid holdup entrained can be obtalned byr

.

assuming the void rraction profile predicted by the 'present

model to be correct.lThen-it can,be seen that a‘larga' .
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‘entrainment.

gradient Cat the two=- phase: interface.. Ihis"expeﬁimental
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-

part of the liquid holdup is in the form of the .obsérved

]

The "ag&ééméht, between the:resuits of the:preeent
medel and”‘the' eenter;lihe' temeerature brofilel Le good;
.however the prediction of the: condensate tempnrature near
the wall is hlgher than measured This could be due ‘to .the
'prediction 'by the model of .a heat flux smaller “than’ uhat it
is actually Thls facgt is reflected in the prediction of the

two phase region lengths longer than measured ~aha 'in' heat_

I removal profile as fillustrated in- Figure h.10e. In‘Figure

.4210d the temperature profile exhibit a sharp temperature

observation'gimes seme support to the presence ofn heat ’

.transport at that interface.

.__:5

Overall -the“_trends in the experimental data are

qualitatively well predicted by the model 'except -for the

.

"void fraction prorile. To' a rirst order of approximation the

‘,nreSSure“fdrepi 1n the two phase region could be consider to

be due to gravity alone where the rrlctional :ahd aeceleraf

tional pressure_drops are aasumed'to-cancel each'other aa'it.“

A’

could be the . case’ for 1am1nar rilm condensation 1n a tube

:wfth unﬁard steam flow [15) This ‘approximationl combined

with the assumption -that the flow in the tuo phaee region is

homogeneous give a mean- to veriry the void fraction measure-t

[

ments, This jé done- using.the measured pressure drop and

P - B
* Ry

LI
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two-phase region length to ccmpute an average void fraction

-

“that can be COmpared to the average of the void fraction

‘profile. As indicated in the rigure"captlon (see' also"in

Appendix G) the aéreemeht s fairly good, givingisupport to
the method of void fraction measurement; however.jthe.agree—

ment. for the 1.27 em 0.D. tube is not as _ good -as ‘for “the”

'.other_tube-sries. This may be due to the oscillating 'single-

-t

]

‘ L . " ) L Lo )
phase. reégion near the vcid meter which was found to havega
strong influence on ‘thd measurements.

It 1s interﬂsting to examine the changes ;dn-Athe

shape of the axial pressure profiles as the: imposed pressure

.drop across the tube increases. TFon_ instance. typical

changes are illustrated in the serles . of. plots; of locai'~'

'measurements _for. 2 5” cm 0. -D. tube and for an inlet:

cooling water temperature cf 10 C (see Appendix Q.- Figures

G.f to<.0.11). Forvsmall 1mposed pressure drops.-the'axlali

prorile is shcwn to be fairly flat, and'.as .the ‘imposed - -

'ipnessure_ drop increases .the curvature or the profile in-

4
P L4

creases. For the range of .’ imposed pressure drops correspond-

_1ng to steam flow rates smaller than the steam flow rate ‘at

flooding,.,phe changes 1n the curvature of the prorile areaﬂ

l'signiricant{ however, after the flooding condition has been

-reached the‘.subséquent 1ncreases “in the imposed pressure_

~ -

“drop do not cause any signiricant change in the curvature of

;the profile in the two phase region..wln cther_.words, the -



.lengtn‘or-the single-phase -region.

.y

‘_system' reaches a limlt: the total pressure drop in the two—

phase region does not change significahtly arter the flood-

ing’ condition' has _been reaohed, .and the anrease in the

-

"imposed pressure drop across the tube 1is -refleoted_ in the

S
"

.The 'heatfremoval'profile.appears to beécome fairly

"

",unirorm; suggesting a constant heat flux at the wall giving

'SUpport to that assumption made in the development ‘of‘Jthe _

model in.Chapter-3. Since the heat transfer and the pressure

drop depend mainly on the flow regime and since.the local
measurements plus ‘the’ v1sual observations reported in Chap~
‘ter :3. indlcate no significant changes in this rlow regime
EFter the flooding condition has been 'reached ‘it -can _be

'concluded agarn; that flooding cat the tube lnlet is the

controlling process and the system operates at the flooding

‘point.' This gives additional support to the truthfulness of
the postulate stated in Section 3 2.3 and conrirmed .By the

‘oomparison between the present ‘model- and the global measure- :

.

_:ments given in section k.1.2.

. . -
.

"4.1.5 Oscillations of the Single-Phase'Region_

In- Chapter 3, 1t is mentioned that self- sustalned

. o
oscillations of the sSingle- phase region were observed for a

given imposed pressure drop across the tube,. A'simple.'



]
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[

-:analytical model has beeh derived .to” analyse the self-

'sustaineq” gsciliations df the singlgrphase reglon. The

N

- detailed derivations ‘have been already_presgnted [108] and
‘will ‘be omittedﬂhere.:lt_sufflces to say that under certain .

-assumptions, Jalid“foh- ﬁhe‘ preseﬁt situﬁtion, the whole

system can{,he‘-aséimilated- to thg,,classical Helmholtz"

resonatér [?09 70-172] yielding the following expression

for the frequency of oscxllations

.k i . [
. ’

S o nia 7172 .
! 1 : bp : . . R )
- . B 't"sp = —--..-_._p : . s - -~ (8.3)
o . T 2m ]V pg_ I".ta.p' .o’ o

frequency of oscillations (Hz)
. . .. . i .

. ' S ' o ‘ ' .2 .
Py : -absolute pressure in the bottom .plenum (N/m°)

n: ratio of the saturated steam specific heats

’ n . e
(f cpg/?vg“ evaluated at pbp)

V: total volume of steam below the water ¢column

3

including the bottom plenum (m~).

density of the single~phase regdion fm3) -



‘limit cycle [111,p.225]. The possible physical
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- " l .
)',A "L ‘length of the sihgle-phase‘région'(mf

A: cross-sectionnal-area of .the tube.(mz)

In the'preseht apudy:thelfrequencfes of ‘gsbllia-

"tions: of‘-the‘single—phase‘regieﬁ have been obtained in the
‘Z.SH_cm 0.D. tube only,. They[were|q5tained fromafhe a power

‘spectrum anilysis of the signal ,from the capacitance level

-

S meiebl(éee éectrbnia.l.Z.BT . To see the effect of tube size,
the Irequencies of 0301llat10ns obtained in .a previous study

.E73 86] are used to complete the,,above set of data. The

n

-experimental .set—up used in that previous study ‘had a tube

-

inner .diameter of 1.76 cm, and the frequencies were obtained
from the analysis of pressure traces.
The frequencies are . calculated wusing the ex-

perimenial‘-vaiues and the agreement between the mesUred and

calculated valuea appear to be reasonable as 111ustrated in
[ ]

\‘Table"u.ei and 1n Figures~u.11 a, b and c. The experimentai
-data ror'tae' 76 em I. D. tube can be found in [73] A close
'examination of ‘the experimental dqfa shows a small influence

'.of the ‘tube inner diameter._ ' R

o The-oeCIllapioas_of the single-phase region men-

‘tioned 'above‘aaq 1n.Secpidn 3.1 define a cont{nuously .peri-

odtic and.quasl-atatic state that could be associated to a

-



-
TABLE 4.2: *COMPARISON BETWEEN MEASURED AND COMPUTED FREQUENCIES
¢ v OF OSCILLATIONS OF MIE SINGLE-PWASE REGIGN IN THE
C2.54 an 0.D. TUBE -
. ' 2
R Pop | THL| Ly - Vdo o W) | £ mz)
e (kPa) | ..CQ) m) ° | w7y (rrea.:umd) [calculated)]
‘D505 | 138.138] - 10 2,21 | 4.86 . 0.125 | 0.120
D0s052 | 135.658| 10 | 1.97 | 4.72 - 0.130 0:127
. ¢ . " . - - . ’
DO90SL §155.423| 10 | 2.24 [4.79 [ o.n10 0,127
Dogos2 |150.895 [ 10 | 1.6 |'4.88 0.120 | 0.138
D051 |165.614( 10 [ 2.39 |4.7. [ 0,00 0.128
[ 010052 | 159.688 10 | Ll.85- 1 4.72. . 0.130. 0.143
|pr7o31 [127.738| 20 | 1.98 |4.59° | 0.127 | o0.125
D18031 [125.283( 30 | 2.18 | d.67 04120 | 0117
D21031 -{118.391] 45 | 1.15 |4.69- 0.100, .{ ¢ 0.160
 |p22032 |115.252{ 45 0.85- [4.69 | o0.120 0.180
D22031 [130.004 | 10 2.25 |[4.70 0.124 '0.120
e
STREPN
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mechanisms 'respcnsible for the .limit. cycle oscillations

could be explained as follow [108,TIO]. For the case of

.

. total reflux condensation with a single-phase reglion oscil-

lating over the two-phase . region, tubée iniet"and cutlet:
pressures: are ccnstant ‘and the. flow- nesistances of the
system are concentrated at the system inlet (see Section

u.i.ii,and'in the fricticn of the single-phase region on the

. tube .inner wall, Let us -initially assumed a slight increase

in pressure occuring yiﬁhin‘ the two- phase region. This

action has two primary conSequences. First. it may tend to

reduce .the flow rate coming into the tube from the bottom

~

plenum and to increase. because of the tlooding condition at.

P - -

the 'tube'inlet the condensate drainage. Second, the slignt;

~

pressure increase will push up the single phase region. This:

will cause the point of complete condensation to 'move',up—

uard,' thus increasing the heat transfer area’ rbr condensa-

tion.,Then, the rate'of condensation would temporarily be

_greater than the inlet steam floa rate and it would result

'in a depressurization uithin'the twbiphaselregion.'a momen—

>

_tary-'increase - in ‘the'Steam flow rate'at tne tube inlet; a

decreased drainage of the condensate and the downrall of. the’

single phase‘region by gnavity, Tnis uill tend to -increase

the”'pressure within the"* two-phase. region dnd’ the entire 

process would be repeated in a cyclical manner.

An unstable linear . system would glive unbounded

'



) -198- .

flow esclllatione, but non- llnear eftects such as the fric-
tian‘of the single phase reglon on ‘the tube inner wall would
be respon51ble"For limitingfthe amplitude of  the oscilla-
tions.‘in other'words. the resulting force destabilizing the
3ystem is counter- balanced by the viscous dissipation in the .
;system. Tne reasonable. agreement between the experimental
data and equation (u 3) suggests that the frequency of_‘ﬁhe
oscillations is strongly dependent upon the volume of steam
(bottom plenum 1ncluded)‘below the eingle—phase' region: and
they cannot 6riginete from density wave_prepegation. This is
because denslfy wa#es.ane encountened'mdsfly in evapobating
-syepems and tneynareqreiated to. the‘ifluid transeort_‘time.
througn the evaporatonf. | | |

-

4.2 Results for Imposed.Steam Flow Rate e -

For ~ an imposed steam flow rate the reflux conden-

ser exhibits-a cyclieEI eperationiwhere. during one ﬂrcycle.
the length of the single-phase region increases at the

~expense of the two-phase ngion uantil a point whereugphe

. L .
~ : . - . . L

- system .becomes. unstable and the single-phase fegion-ie'“ )

.

.ejected: The :bottoh’ plenum pressure ,variations in timei
'nefleet .very. well the cycling characteristic of" the flow

regime observed as f1lustrated in Figures _u.123,b -and  ¢.
i 3 . !

'

“Each figure shoes_tio 6ottom,plenum traces!with
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ﬁlfferent cycle peflodsl'ln a ﬁ&bicai:cyéle; it .can be qéen
thap_a& the‘qingle-phase reéiohAincreases'the bottom plenum
pressure 1nc£easgs; ic reaéhéé-a méxlﬁﬁmj;alue 4ndiéating
.ipg; the tube cahnot héiéublmoré'condenséte.and it suddenly
deéreases ‘whéh' tﬂef s{ngle—phaséw reglon .is ejected (se;
Figur®e 3.2)T\bndiné'theiayﬁle.

The bulk ‘of the .experimental data is‘sepanéﬂed in

three interrelated aspects: flooding, heat removal and local

.- measurements. .The .presént flo;‘regime does nbf'allowed the
meaquremeﬁts .of the single-ﬁhasé‘ and Fwo-bﬁ;ae' ‘reglon
'léngths. Tnen, what Can,besznpioned‘ébout céndeﬁsate holdup
iﬁ- the - tubé is that -mééé part of_it is‘in'thg form ;F-a

- .

growing single-phase region .and it is

the system _for a certain perLQd'only. In the analysis'of a

small-break LOCA, the particulars  of ';he : hypothetical

scenario’ copld lead to - condition where fil1l and dump

cycling is most;likely to'be the heat Trejection Amechanisms

- -

- , .': F .
.1n the  steam-generators. This dccident condition would be

less severe théﬁ‘uhat it would: be if total reflux condensa-

tion was .the: assumed ‘heat rejection mechanism, Thi3 is
because in the case‘of fill.and dump cycling the coolant
wotild accumulate in the .steam'geneqptors'aﬂd gontrary to

what occurs in total reflux condensation, the-@dﬁlaﬁt would
. ] . o e S .
end up circulating to the reactor core.

- . '

obviously trapped iﬂ;
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4,2.1 Flooding

As mentioned in Section 3.1.2, the bkhavior of the:
. .. - . . . »

system for'a steam flow rate less than the oné at the flood-

< -

“ing point is the same for both boundary conditions. This {s

illustrated in Figures 4.13a,b and c.. where total reflux
'bondensation data 'forf increasing.imposed steam flow rates

are shown to fo}low the - ideal ‘compfete condenéatibn line
before' réaching the flooding llne defined by the present

model (po;nt A to’ point B on. Flgure M.lBa)
e

e ) At any instant in the ascending part of a fill and
dump cycle, part of the condensate flows back to the "tube

inlet . and 'the'other part is carried oven ;he exlsting two-

phase region tO'fonm the‘growlng aingle-phase region.’ From

conservatidn of ‘mass. jthe sum of ‘the carry over flow rate’
and the reflux rate ‘is. equal to ‘the- totalv "steam - flow in-

jected. “These three rlow rateg. averaged - over _neverai
‘cycles, are pIotteq in. thef'K;/?-ﬁlla ,pléne in’ Figunes
13a b and .c.- It was obpéfved that £111 and dump cycling

\\

starts after the rlooding._pbint hgs. been  reached. This

cguse

the'reflux rateé“to‘change nath,.i.e. frgn'path AB to |
path CD. 2 “the imposed steam flow rate increases.

Fnr all . three"tube'hiies}‘the,exper{mental_data
Show tnat as the imposed steam:fron rétgiincreases.

N

Y

-
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FILL AND DUMP MOOE DATA
TUBE SIZE- 2.54 CM 0.D. /TCNI_ 12 DEGC
LEGEND OF THE PLOT

O . - TOTAL REFLUX CONDENSRTION OATA
4 - REFLUX RATES IN FILL AND DUMP MODE
+ = CARRY-OVER RATES IN FILL AND DUMP MODE
—e—= PRESENT THEORY WITH TCWI=10 DEGC AND FIE=0.0185

1-50 Ill]lillll‘]]llllll ]lllll]l’ll[ll]‘l‘rl]
ok \AD . ‘ ‘ 7 . j_/ N
= ‘k . ’ /{_? -y
- B~ <--.A(_: > + .
S Flooding line 7
. X 1.000 -
= 0 ]
= -
w [ ‘ldeal"complete . ]
- condensation
[,‘ - tine - - ' 7
A .
- .’l ‘ ) o
}7.50 i l L.r 1.1 1 .l 1 I I U S S U I l L L 1 I A1 L 1.3 l S | IAL[ 11 l'l "_
.05 - .10 .18 ? C.2s
- sGRT(kL) ¢ # -

]

FIGURE 4.13a Fill and Dunp Cycling Data in Kl/2 K1/2
Planefor2540D ‘Tube . 9 .
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FILL AND DUMP MODE DRTA :
“TUBE SIZE- 1.91 CM 0.D. /TCNI 14 DEGC
LEGEND OF THE PLOT -

O - TOTAL REFLUX- CONDENSATION DATA .
& - REFLUX RATES IN FILL AND DUMP MODE
+ = CARRY-OVER RATES IN FILL AND DUMP MODE

—e— ~ PRESENT THEORY WITH TCHI=14 DEGC AND FIE:U-OIBS |

2.00

I.AI-I_‘lﬁ_TIII‘II.II.Ill_l.ll'[-lll'_IIIT_[r

riI‘l_l_rlllllllllll‘i]llllrIllllIl[liIillllllIIIIIIIIIIIIITII
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A -Flooding line

v\ldeéi complete
~condensation
ling" B
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. . . '
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_FIGURE 4.13b . Fill and Durp Cyeling Data in K
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*' . Plane for 1.91°0.D. Tube . g '
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FILL AND DUMP MODE DATA - |
TUBE SIZE- 1.27 CM 0.D. /TCNI- i8 DEGC
_LEGEND OF THE PLOT

® - TOTAL REFLUX CONDENSF{TIUN DF!TR -

‘& - REFLUX RATES IN FILL AND DUMP MODE

+ - CARRY-OVER RATES IN FILL AND DUMP MODE ‘

- —e— = PRESENT THEORY WITH TCWI=18 DEGC AND FIE=0.0185

lllllllll[lillll!lll]l-l'llllII]llllrllll'

_Id'eul,-ca_mpl‘ete
-condensation
line

lllll-llllllllll‘l!_ll]!lIlIllT
'llllll‘lllllIlllllll!'llll_.lllll

-50 1tlllll‘l'1ll‘ljlllll!lllllllltl!llll!lll'l

N A6 15 s
R SGRT[KL] "

R
(3]

. FIGURE 4:13¢ - FJ.ll and Dunp Cycllng Data in Kl/2 1/2
'PlaneforlZ']OD'I‘ube .
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the reflux .rates: decreases while the carry-over rates in-

creases. Although each variation in the reflux flow rates
_ does not follow the predictedéfloodlng;curveh 1t neverthe-
1ess‘follows.qualitapively the general trend of a flooding

curve. The discrepancy between the reflux data and the

pfesent.model'cOUId‘be due_to the formulation of- the flood-

ing used 1n”the model, that appears ta be morehadequaﬁe for
a flow regime that is quaei4atatie .rather than  dynamic .

L .. __.". . - . ) 