i
7 i, ATl S

3

el




BOILING BURNOUT AT LOW FLOW RATE
AND LOW PRESSURE CONDITIONS

KAICHIRO MISHIMA

RESEARCH REACTOR INSTITUTE
KYOTO UNIVERSITY

1984



TABLE OF CONTENT

ABSTRACT ., 506066 esass asminsisoeudha i nnanss suenns vuvasns spasny s ranesVIL

Chapter L. INTRODUCTION
I.l. PURPOSE OF THE STUDY .vvvuvecececosococacnnaonsonosnsnsnssl
L. 2 BACKGROUND ..:............................................4
Tu2als Definition of Burnout
I.2.2. Basic Mechanisms of Burnout
I.2.2.1. Pool boiling burnout
I.2.2.2. Flow boiling burnout

I.2.2.3. Burnout due to flow instability

T35 THESIS OBJECTIVES ....cccccecevnccnnnns ol v R e » v 3 minie =0

I.4. OUTLINE OF THE THEBIS «oovosivswnins ssussuissanans o aesn e 9

REFERENCES ...cccvesvcosnsscnnss G Nm s R P e smem s nmn s 12
Chapter IT. TWO-PHASE FLOW-REGIME TRANSITIONS

LI. . INTRODUCTION :ivswnsneossunnesvviase ensess oasi W% % 5 WG 18

II.2. CRITERIA FOR FLOW-REGIME TRANSITIONS ......ccceeeeunn ceea19

II1.2.1. Bubbly-flow to Slug-flow Transition
I1.2.2. Slug-flow to Churn-flow Transition
I1.2.3. Churn-flow to Annular-flow Transition
II.2.4. Flow Regime Map
II.3. COMPARISON WITH EXISTING DATA ...vetiiieneneneeenssosnnns 30
II.3.1. Air-water Flow at Atmospheric Pressure
I1.3.2. Steam-water Flow at High Pressures

I1.4. SUMMARY AND CONCLUSIONS ....... s m s s MG s s s 8 mmEs 35



NOMENGLATHRE wemsss oaussss aneuans sasenes sonunn roxunny oongiss sunes L7

REFERENCES +amsmnce s vasnne pragnshbsadhss aasanns ansnas oananes snunsdg

Chapter III. FLOODING AND FLOW REVERSAL
T¥T:1c INTRODUBTION susu saswssss sssnsss suensns senyear rusnss «pds 02
TII.Z, THEORY suuercopnnesrapeisgcbisstss neassss uunsnan eanansa vuns 00
III.2.1. Basic Equations for Round Tubes
IT1I.2.2. Basic Equations for Rectangular Channels
III.2.3. Basic Equations for Annuli
I1I.2.4. Relation between Superficial Velocities and Void
Fractioﬁ
IITI.3. EXPERIMENT ....ceevveeennenns S aid § 8RR S R W6 R senommidd
III.3.1. Test Section
III.3.2. Test Apparatus
III1.3.3. Test Procedure
III.4. RESULTS AND DISCUSSIONS ....... P EPREEE LS EEEE RS e cnn vssedd
III.4.1. Visual Observations
II1.4.2. Flooding Velocities
III.4.3. Countercurrent Flow Envelope

I11.4.4. Comparison with Other Works

III.5. CONCLUSIONS ...vcvveeeennanennnn CeEEs e o186 18 8 i dhimie o oiwiieimie 80

NOMENCLATURE ..... MEs R AR RS e wEEER GRS EEE 8 e SRR SREREE S SR 82

REFERENCES ...... ceeseerssestatssue o 8 mmmine e paiaisee 8 sam e s s smmise 84
Chapter IV, CRITICAL HEAT FLUX UNDER LOW FLOW CONDITIONS IN A

VERTICAL ANNULUS

IV.l. INTRODUCTION ...... winine » Sy s e saminy 8 8 siisls i s MR E . W wown 1O

ii



IV.2. CRITICAL HEAT FLUX EXPERIMENT ...vvveescesccesconsaasessl02
IV.2.1. Test Loop
IV.2.2. Experimental Procedure
IV.3. EXPERIMENTAL RESULTS ..vvveevoecooncossosccnssnnsaeseessl03
IV.3.1. Flow Regimes at Burnout
IV.3.2. Critical Heat Flux
IV.4. DISCUSSIONS et eveeeceecococsoscosscossossnsasnassesscscas 104
IV.4.1. Burnout Mechanisms
IV.4.2. CHF Correlations
IV.4.2.1. Pool boiling CHF
IV.4.2.2. Flooding CHF
IV.4.2.3. Circulation and flooding limited CHF
IV.4.2.4. Circulation limited CHF (High-quality CHF)
IV.4.2.5. Entrainment limited CHF

IV.4.3. Discussions

IV.5. CONCLUSIONS ..ceveneene P nRERES 5% R RER G 6 T SRS S SRR RS 5 121

NOMENCLATURE ..... A s G s s e SES e MEMENR SR RASES 5 123

REFERENCES ...ccvveeecccecronsnans SRR AT 5 B R F R e o sreeieie i o s eeiwie e ® .125
Chapter V. CRITICAL HEAT FLUX IN ROUND TUBES

V.1, INTRODUCTION .0 evenveenennnensocnnnns oie g5t pm iy e aimm iRy @S 142

V.2. EXPERIMENT oo sioiwnmimin o winioosio s owiesissn BEeEEE s MRS 5 G 145

V.2.1. Test Section
Ve2il. Test Loop
V.2.3. Instrumentation
V.2.4. Test Procedure

V.3. RESULTS AND DISCUSSIONS ...t iereenneceenonaennnanns ...148

idid



v.3.1. Overall Behavior of CHF
V.3.2. Minimum CHF due to Flooding
V.3.3. CHF Correlations
V.3.3.1. Correlation of the present data
V.3.3.2. Comparison with other correlations
V.3.4. Relation between the CHF and Flow Instabilities
V.3.4.1. Observed flow instabilities
V.3.4.2. Relation between the CHF and the stability
boundaries
V.4, CONCLUSTON wuwssns annswasn.c sosaunss siasssne as SEE e Gn s EE e eul?2
NOMENCLATURE .......... 5O GCICO5 000 CILaE0 000 C0 SOOI 0 00 00 000 GG FPERE ]

REFERENCES ..... b s e e o a mi e e T T e fe e S RUNlB A B Is 8 Wy siomwin e &) 1O

Chapter VI. CRITICAL HEAT FLUX AT LOW-FLOW-RATE AND LOW-PRESSURE

CONDITIONS IN THIN RECTANGULAR CHANNELS

VI.1. INTRODUCTION .coesvoconcosnnessiasse EEE RS GRS RN SR EE 230
VI.2, PREVIOUS WORKS wu.wosvenns sessaassousssnss LRERE G RS REE S 231
VI.3. EXPERIMENT ....... O 8w e e g e e s mEOmEEE e 8y wwiss s 20

VI.3.1. Test Section
VI.3.2. Test Loop
VI.3.3. Experimental Procedure
VI.4. RESULTS AND DISCUSSIONS ........ 50 G0 0100 DR S0 Gl 1 e wminn s 237
VI.4.1. Flow Regimes at Burnout
VI.4.1.1. Downflow
VI.4.1.2. Upflow and complete bottom blockage
VI.4.2. Critical Heat Flux

VI.4.2.1. CHF for the test section heated from one side

iv



VI.4.2.2. CHF for the test section heated from two opposite
sides
VI.4.3. Correlations
VI.4.3.1. Minimum CHF due to flooding
VI.4.3.2. CHF for downflow
VI.4.3.3. CHF for upflow
VI.4.4. Discussions
VI.5. SUMMARY AND CONCLUSIONS ...ceoveeoesonnancnsana cnswun s w22
NOMENCLATURE ...iiieeeeinecueesoscaconcncnsoancnsas S e eI D s 254

REEERENGES oo smmmminm amussmion s amsiom s uosisnns siasssis vusewess oD

Chapter VII. DISCUSSIONS AND RECOMMENDATIONS
VII.1. INTRODUCTION .o nonenennsncasanssnsnnsaas 2 v pimaip g nn 2D
VII.2. BURNOUT IN ANNULUS ......... ssmee s wa comn mnENEEESs s ess o 2 kD

VII.2.1l. CHF at Higher Mass Velocities
VII.2.2. CHF at Higher Pressures

VII.3. BURNOUT IN ROUND TUBES ..... SRR I R N S D cereess.286
VII.3.1l. Upflow
VII.3.2. Downflow

VII.4. BURNOUT IN RECTANGULAR CHANNELS .......ceevveen. SRR 288
VII.4.1. Upflow
VII.4.2. Downflow
VII.4.3. Flow Instabilities

VII.5. EFFECT OF GEOMETRY ON BURNOUT MECHANISMS ...... N GERmNs 289
VII.5.1. Burnout due to Countercurrent Flow Limitation
VII.5.2. Burnout at Low Mass Velocities

VII.5.3. Burnout at High Mass Velocities



VII.6.

CONCLUSIONS ..eceeececccsssocansasas %R FEEEEE S EEEAEE I B ATD

NOMERCEATURE soun cussnnns « vesnns « aumpas s agsmen’s vogwans renons s «pto0l

REFERENCES ...ivvevnnnvennnns PRR S BENAERS SRR S E e s EREREEE & Bu3 0D

Chapter VIII.
VIII.1.
VIII.2.
VIII.3.
VIII.4.
VIII.S.

VIII.6.

SUMMARY AND CONCLUSIONS

FLOW REGIME TRANSITIONS ....ccc.... NN aE e Cen A AnNo 00 G oS sk,

FLOODING AND FLOW REVERSAL ..cveeeeeencoccsnncnaansesses333

BURNOUT IN ANNULI ...... o sisismimie s aeinis . . £ 1

BURNOUT IN ROUND TUBES ...ceeveens o s e wee s e DD

BURNOUT IN RECTANGULAR CHANNELS ......ccveeeeeeacesesss.336

CONCLUSIONS .vveveeeconececnnsns .5 o s vie s e cnmmsnss w337

ACKNOWLEDGEMENT ...vuiverenenennennesnnns S S v e s s DD

vi



Abstract

The occurrence of burnout in natural convection boiling can be very
important in relation to the safety of various types of nuclear reactors
under a number of different accident conditions. It is noted that
accidents which lead to the decay heat removal by natural convection
have much higher probability than those of the severe accidents
extensively studied recently. However, the breakdown of the natural
convection boiling which leads to dryout and burnout of heated surface
in these conditions can have very significant consequences.

In view of the above, experimental studies have been conducted for
water with three basic channel geometries, i.e. annulus, rectangular
channel and round tube in order to investigate the mechanisms of burnout
particularly focussed on low-flow-rate and low-pressure conditions. The
effects of buoyancy on the flow were also studied by comparing the
results between upflow and downflow.

The results evidently indicated that the CHF was strongly affected
by the occurrence of flow instabilities. The destabilizing effects of
less inlet throttling, upstream compressibility and bypassing have been
also observed and the buoyancy effects enlarged those destabilizing
effects.

There was a minimum value in the critical heat flux which occurred
at the complete bottom blockage or very low downflow conditions. Visual
observation indicated that burnout occurred due to countercurrént flow
limitation under such conditionms.

The critical exit quality at burnout considerably reduced 1in

annulus and rectangular channels because of the existence of unheated
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walls. Therefore, observed critical heat fluxes were generally lower
than the high-quality CHF at atmospheric pressures. On the other hand,
there are some indications that the critical quality is close to unity
even in those channel geometries other than' round tubes at high
pressures. It may be explained by the location of the annular flow
boundary which moves toward higher quality with increasing pressure.
However, further studies are needed to verify the statement.

As a conclusion, in any case at low mass velocities, burnout
appears to occur due to dryout or breakdown of the liquid film on the
heated surface. Therefore, if the film flow rate and the criteria for
the dryout or breakdown of liquid film are known in detail, the CHF can
be predicted theoretically. On the other hand, it is also probable that
those criteria are met consequently if such hydrodynamical phenomena as
countercurrent flow limitation, flow-regime transition and flow
excursion cause the liquid deficiency in the heated channel. Therefore,
in such cases, the CHF can be calculated by using the criteria for such

hydrodynamical phenomena.
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CHAPTER I.

INTRODUCTION

I.1. PURPOSE OF THE STUDY

In a boiling heat transfer system such as a steam generator or a
nuclear reactor core, there exists a certain upper limit of heat removal
due to the phenomenon of thermal crisis which may result in "burnout" of
the heat transfer surface at some "critical heat flux.'" The burnout
phenomenon has been extensively studied particularly in the development
of liquid-cooled nuclear reactors, since it is desirable to increase the
power as much as possible while keeping the fuel elements under
conditions far from burnout.

A large number of investigations have been performed on the burnout
phenomenon at light water reactor (LWR) conditions, i.e. high flow rate
and high pressure conditions. The burnout phenomenon at high flow rate
and relatively low pressure has been also studied in relation to the
core cooling of MTIR-type research reactors. In spite of all those
investigations, information on the burnout phenomenon at such low flow
conditions as natural convection boiling is very limited, although it is
important particularly in the decay heat removal of nuclear reactors.
For this reason, it 1is aimed in this study to provide a better
understanding of burnout mechanisms at low flow rates typical of natural
convection conditions.

Natural convection boiling burnout can become important in relation

to the safety of various types of liquid cooled nuclear reactors under a



number of different accident conditions such as loss-of-heat-sink,
loss-of-flow and loss-of-piping-integrity accidents as well as planned
decay heat removal conditions after the shutdown in high power research
reactors. In spite of the importance of the cooling due to natural
convection boiling and its upper limitation imposed by the occurrence of
burnout, the main emphases of reactor safety analyses both for water and
liquid-metal cooled reactors have been directed to more drastic accident
conditions where the natural convection boiling is of little importance.
However, it may be recognized that milder accidents which lead to the
decay heat removal by natural convection have much higher probability
than those severe accidents extensively studied recently. Furthermore,
the breakdown of the natural convection boiling lead to a very signifi-
cant consequence as exemplified by the accident at Three Mile Island
Nuclear Power Plant under small loss-of-coolant accident (LOCA) conditions.
A number of different accidents can lead to cooling of a reactor
core by natural convection boiling. These are small LOCA's for light
water reactors, loss-of-flow accidents due to pump failure with mis-
matched decay heat, loss-of-heat-sink accidents both for LWR's and
liquid-metal cooled reactors. Regardless of the initial stages of these
accidents, a similar condition can develop which is basically the decay
heat removal by natural convection boiling. For example, in case of a
pump failure, the reactor will be shut down or set back immediately to
reduce the heat load. As the resistance of the flow channels forces the
coolant to stagnate, a transition of coolant flow to natural convection
will follow. During this period, some flow instabilities may initiate
which may cause a premature burnout. Eventually, a stable natural

convection may be attained. However, a burnout can occur before the



decay heat becomes sufficiently low if the period of the flow coast down
is too short. On the other hand, if the flow coast down lasts long
enough, a natural convection will allow the core to be cooled safely
without any additional cooling devices.

In many MTR-type research reactors, the primary coolant flows
downward through the core at rated power while the upflow by natural
convection removes the decay heat after the shutdown. During the slow
transient from the forced downflow to the natural convection, a flow
reversal occurs. At this moment, a very low flow condition may develop.
Thus if the coolant flow is mismatched with the decay heat, a burnout
condition could be approached even under normal operating conditions.

Moreover, in such engineering equipments as thermosyphon reboilers,
the system is often operated under near natural convection conditions.
In those systems, too, the maximum heat output is limited by the occur-
rence of burnout.

In order to design or to allow possible correction of these systems
to overcome the occurrence of burnout, critical heat flux (CHF) under
such conditions as encountered in these systems must be known. Although
the CHF data at low flow rate typical of natural convection are impor-
tant, they appear to be at present not sufficient so that in the design
of these systems either the CHF is extrapolated based on the
conventional correlations or conservative design criteria are imposed.
There exist some CHF correlations at low flow rates, however they are
applicable only to a limited range of parameters and the relationship
which may exist among those correlations has not yet been thoroughly
understood.

Therefore it is desirable to obtain CHF data at low flow rates and



low pressure conditions and to investigate the relationship among
various burnout mechanisms. The investigation is needed not only for
engineering safety but also it is expected to make some contribution in
interpreting the burnout phenomenon systematically.

I.2. BACKGROUND

I.2.1. Definition of Burnout

There have been several synonyms describing '"burnout" phenomenon
such as "boiling crisis" and "critical heat flux." The term "burnout"
is adopted here since it appears to be more widely accepted [1,2].

The term "burnout" is defined here by the sudden drop in boiling
heat transfer coefficient due to an inordinate change in heat transfer
mechanism. The corresponding heat flux is referred to as '"critical heat
flux (CHF)" which means that, according to Hewitt [2], the heat flux at
which a small increase in heat flux gives rise to an inordinate deterio-
ration in heat transfer.

In a system where the heat flux is controlled (e.g. electrically or
nuclear heated systems), burnout is indicated by an excursive tempera-
ture rise of the heated wall, while in a system where the wall tempera-
ture is controlled (e.g. a steam-heated systems), it is indicated by a
sudden drop in heat flux [1,2].

I.2.2. Basic Mechanisms of Burnout

In rather crude words, it can be said that burnout occurs when
sufficient liquid cannot reach onto a part of the heated surface and the
vapor covers there permanently. As a consequence, an inordinate re-
duction in heat transfer is resulted because of very low heat transfer
coefficient of the vapor flow compared to that of the liquid flow. Thus

local or bulk liquid deficiency on the heated surface is considered as a



necessary condition for burnout. Such liquid deficiency can be caused
by various thermal-hydraulic conditions, hence the mechanism of burnout
depends on those.

L 20 2 L Pool boiling burnout

Figure 1 depicts the basic mechanism of pool-boiling burnout. In
pool boiling, the heated surface is immersed in a large volume of liquid
where the geometrical condition is such that sufficient liquid could be
supplied to the heated surface. Boiling occurs at the nucleation sites
in the heated wall. Therefore, it is called "nucleate boiling." In
pool boiling, the heat flux q depends mainly on the wall superheat
ATsat' Figure 2 shows diagrammatically the relation between the heat
flux and the wall superheat for the boiling of water at atmospheric
pressure. At low heat flux, the heat is transferred by single-phase
natural convection until point B is reached, where incipient boiling
occurs on the heated surface.. Point B is called onset of nucleate
boiling (ONB). When the boiling has been initiated at point B, the
boiling curve goes quickly to point B'. The region from B' to C corre-
sponds to nucleate boiling region depicted in Fig. 1(a). Further
increase in heat flux beyond C leads to a larger increase in wall
temperature until point D where, if the heat flux is kept constant, the
wall temperature rapidly rises up to point E. This is explained as
follows. 1In nucleate boiling region, bubbles rise due to buoyancy and
liquid flows downward to compensate the amount of vapor carried away
from the heated surface. 1In the neighborhood of the heated ;urface, a
countercurrent flow arises and a drag force acts between the two phases.
When the heat flux is sufficiently high, the drag force becomes large

enough to prevent the 1liquid from approaching the heated surface



(Fig. 1(b)). Thus the liquid defficiency on the heated surface cause a
sudden change in boiling regime, i.e. a burnout which manifests itself
in the curve D-E. The transition is also called 'departure from
nucleate boiling (DNB)" when a specific burnoutvprocess is interested
in. 1In most cases when this transition occurs, the magnitude of the
temperature excursion is such that leads to a "physical burnout" or
damage to the heated wall. The region E-F is film boiling region where
a stable vapor film covers the heated surface. Conversely; when the
heat flux is decreased from point F, film boiling is sustained until
point G where, if the heat flux is controlled, the wall temperature
decreases to point H. 1In a system where the wall temperature is con-
trolled, the boiling curve goes through C-D-G-E. The region D-G is
"transition boiling" where an unstable vapor blanket covers the heated
surface.

I.2.2,2, Flow boiling burnout

Basic burnout mechanisms in flow boiling are shown in Fig. 3. When
the bulk liquid is subcooled or the vapor quality is low, burnout occurs
due to the formation of a vapor blanket covering the heated surface
(Fig. 3(a)). This is called "DNB-type burnout" because the burnout
process is similar to DNB in pool boiling. Corresponding critical heat
flux is so high in a DNB-type burnout that the wall temperature rises
rapidly resulting in a "physical burnout" of the heated wall. For this
reason, it 1is also referred to as '"fast burnout". When the vapor
quality is high, the vapor flows in the central part of the channel and
the liquid film is formed along the channel wall, which flow regime is
"annular flow'" (Fig.3(b)). In the annular flow regime, the heat

transfer is domipated by the evaporation of 1liquid film, therefore



burnout- takes place due to dryout or breakdown of the liquid film. The
liquid film dries out by progressive entrainment and evaporation even at
low heat fluxes. The mechanisms of burnout due to liquid-film breakdown
have been discussed in detail by Hewitt [3]. The following basic
processes have been postulated for burnout due to film breakdown;

@D) vapor film formation under the liquid film,

(2) burnout limited by droplet mass transfer rate,

(3) sudden disruption of the liquid film,

(4) dry patch formation, causing a hot spot on the heated surface that

cannot be rewetted.

Burnout in a high quality region is called "dryout", which does not
always mean a physical burnout of the heated wall. '"Slow burnout" is an
alternative for "dryout", however the term "high-quality burnout" will

"slow burnout."

be used in this thesis instead of

Burnout process in flow boiling is diagrammatically depicted by
Collier [4] as a function of quality with increasing heat flux as
ordinate, which is reproduced in Fig. 4. It is obvious from the figure
that, as mentioned above, burnout in subcooled or low quality region,
i.e. DNB-type burnout likely causes physical burnout due to rupture or
melting of the heated wall whereas the occurrence of burnout in high

quality region, i.e. dryout does not always result in physical burnout.

I.2.2.3. Burnout due to flow instability

In a boiling system, various flow instabilities are encoun-
tered [5-11] particularly at low pressures. They often cause a sudden
reduction of the flow rate with a small increase in the heat flux.

Thus, under certain circumstances, the vapor quality increases so high



as to initiate burnout. The CHF due to flow instabilities is often much
lower than that corresponding to stable flow [5-7]. The flow instabil-
ities are classified into two categories: excursive instability and
oscillatory instabilities. The excursive flow instability is called
Ledinegg instability because it was first analyzed by Ledinegg [8].
This instability occurs when the slope of the system-demand
pressure-drop versus flow-rate curve is more negative than the supply
pressure-drop versus flow-rate curve. When a system with a compressible
volume upstream of the heated section is operated in the region where
the slope of the system~demand pressure-drop versus flow-rate curve is
negative, an oscillatory flow instability occurs. This instability is
called pressure-drop oscillation in which ’the upstream compressible
volume serves as an energy storage mechanism. Another important
oscillatory instability is known as the density-wave oscillation which
occurs in the region where the slope of the system demand pressure-drop
versus flow-rate curve is positive. This instability is attributed to
the finite transit time of the density wave along the heated sectiom.

I.3. THESIS OBJECTIVES

In order to meet the above mentioned requirements, this
investigation is aimed at the following objectives.
(1) To develop appropriate criteria to describe two-phase flow regimes,
which will be usefull in determining the flow regimes at burnout,
(2) to observe the flooding and flow reversal phenomena which are
important because they may cause a burnout at a very low heat flux,
(3) to observe flow regimes at burnout and find the relationship
between the mechanisms of burnout and the resulting critical heat

flux,



(4) to find the lower boundary of CHF in the safety-design point of
view of a nuclear reactor,

(5) to find CHF correlations which are relevant to the describe
observed burnout mechanisms,

(6) to identify the flow instabilities, if any, observed in burnout

phenomenon and to find their effects on the CHF.

In this research, the working fluid is limited to water because it
is the most basic, most widely used and easiest-to-handle fluid. The
flow is vertical upflow or downflow in three basic single-channel
geometries: round tubes, annulus and rectangular channels. The two
orientations of flow are tested in order to know the effects of gravity
which is expected to become more important at low flow rates. The
system pressure is limited to atmospheric because the burnout phenomenon
is more complicated at low pressures due to large density ratio of
liquid to vapor, and in addition to this, a large number of data are
already available for high pressure systems. However, the comparison of
CHF will be made between high pressure systems and low pressure systems
using existing information.

I.4. OUTLINE OF THE THESIS

Since it 1is the most basic concern in describing phenomena
associated with two-phase flow to identify the flow regimes, the
transition criteria for the flow regimes are first discussed in Chapter
II. New transition criteria are developed based on appropriate
modeling, and they are compared to the existing experimental data both
for air-water flow and steam-water flow.

Secondly, flooding and flow reversal phenomena are discussed in



Chapter III. The basic equations to describe the film flow are derived.
to discuss the theoretical 1limit of the countercurrent flow. The
theoretical limit are compared with the flooding velocities observed in
the experiment for air-water flow in thin rectangular test sections
which is similar to the coolant channels of a MTR-type research reactor,
and the difference between them are discussed in view of flooding
mechanisms

Burnout phenomenon in an annulus is discussed in Chapter IV, where
the main concern is to observe the mechanisms of burnout in an annulus
at very low flow rate and low pressure conditions. The comparison of
CHF 1is made between natural convection and forced convection. The
relation between the CHF due to flooding and the pool-boiling CHF is
also discussed.

Chapter V is devoted to studying the significance of two-phase flow
instabilities in burnout phenomenon. Several flow instabilities are
identified in the experiment conducted with round tubes and their
relation to the CHF are discussed. The effects of inlet throttling,
upstream compressibility, bypass and the flow orientation on the
instabilities are also discussed.

In Chapter VI, the CHF in rectangular channels is discussed
particularly in relation to the core cooling of a MTR-type research
reactor. The CHF in downflow as well as in upflow is investigated in
order to see the effect of buoyancy, which may become important in
stagnant flow conditions which may develop during decay-heat-removal.

The results from the above investigations are brought together and
compared to the existing data in order to draw more generic conclusions

in Chapter VII. The relation to the CHF at higher pressures and higher

10



flow rates and the difference in burnout mechanisms between three
channel geometries are discussed.
Finally, Chapter VIII provides the summary and the conclusions

extracted from the present research.
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CHAPTER  TII.

TWO-PHASE FLOW REGIME TRANSITIONS

IT.1. INTRODUCTION

The complexity of gas-liquid two-phase flow arises from the fact
that there exist interfaces between the two phases. The geometrical
pattern of the interface in two-phase flow, which is reffered to as flow
regime, varies depending on the volume fraction of each phases. Since
the two-phases interact through the interface, the characteristics of
the flow depend on the flow regime. In a boiling system, the heat and
mass transfer rate also depends upon the flow regimes. Moreover, the
flow regime plays an important role in boiling burnout phenomena. For
example, the significance of the annular flow regime in high-quality
burnout has been pointed out earlier. Therefore, it is of primary
importance to know the flow regime at a given condition in describing
two-phase flow.

Traditionally, flow regimes are identified from a flow-regime map
obtained from experimental observations. Many flow-regime maps have
been proposed using dimensional coordinates based on the liquid and gas
superficial velocities [1-4]. Other investigators have attempted to
correlate the transition boundaries by non-dimensional groups [5-9].
There have also been theoretical works [10-12] to predict from regimes.
These conventional flow-regime maps are based primarily on the liquid
and gas superficial velocities or the total mass velocity and the vapor
quality. The flow regimes are the classifications of the geometrical

structures of flow. Therefore, it 1is postulated that the flow
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structures should depend direétly on the geometrical parameter such as
the void fraction and dinterfacial area. Under steady-state
fully-developed conditions, it may be assumed that there exists a unique
relation between the void fraction and the superficial velocities
[2,3,14]. Therefore it can be said that these traditional approaches
may be suitable for slow transients and near fully developed conditions,
where a mixture ﬁodel such as the drift-flux model [l] is sufficient.
The discrepancies between these two different approaches can be
significant near flow reversal conditions or under rapid transient
conditions, though these differences have not yet been clearly
demonstrated by specially designed experiments.

In view of these, new flow-regime criteria for upward gas-liquid
flow in vertical tubes have been developgd in this study. Four basic
flow regimes designated by Hewitt and Hall-Taylor [13] as bubbly flow,
slug flow, churn flow and annular flow, have been analyzed. These new
criteria can be compared to existing flow-regime maps under steady-state
conditions by using relative velocity correlations obtained previously
by Ishii [14].

As regards to downflow, the burnout phenomenon is characterized
better by the flow instabilities than by the flow regime transitions as
will be discussed later. Therefore the flow-regime transitions for
downflow are not considered here.

IT.2. CRITERIA FOR FLOW-REGIME TRANSITIONS

II.2.1. Bubbly-Flow to Slug-Flow Transition

As studied by Radovicich and Moissis [15] and Griffith and Snyder
[16], the transition from bubbly flow to slug flow in a tube occurs

mainly due to agglomerations and coalescences of smaller bubbles into
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cap bubbles. Once a cap bubble is formed, further coalescences follow
in the wake region of a cap bubble. This transition occurs at the void
fraction around 0.3. Radovicich and Moissis [15] showed qualitatively
that the probability of collisions becomes very large at a = 0.3, and
they postulated this as a cause of the flow-regime transition. Dukler
and Taitel [10] proposed o = 0.3 as the criterion and then used a
relative velocity correlation to convert it into a conventional form
based on fhe superficial velocities of liquid and gas. Thus, following
these observations, the criterion for the bubbly-to-slug flow transition

can be given by
a=0.3. (1)

The value of 0.3 can also be obtained from a very simple geomet-
rical consideration only. Suppose bubbles distribute themselves in a
tetrahedral lattice pattern in which each bubble fluctuates. It is
assumed that there is a sphere of influence around each bubble. Al-
though these spheres of influence can overlap in certain situations, the
summation of the sphere volumes equals the total volume of the mixture.
The number of not only the collisions but also the coalescences 1is
considered to become very large if the maximum possible gap L between
two bubbles becomes less than a bubble diameter 2rb as shown in Fig. 1.

Under this condition, it is evident that the bubbles should ‘deform

considerably during each fluctuation. The above condition requires

a=(%> 3 - 0.296 ~ 0.3 . (2)
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In order to convert Eq.(l) into a conventional form based on the super-
ficial velocities, we use the following relationship between jg and jf 5

which is derived from the drift velocity for bubbly flow [14];

igle = Coi + V2 (agao/oD) 1oyt 75 (3)

where C, is given by

0
CO =1.2 - 0.2/5;7EI for round tubes, (4)
=1.35 - 0.35/5;75; for rectangular channels, (5)
and
=g, 4 dg - (6)

Therefore, the relationship between jg and jf at the transition becomes

. - 338 . _ 0.76 2,1/4
Ig ( B l> ig C (ogho/pg) . (7)

I1.2.2. Slug-flow to Churn-flow Transition

The transition is postulated to occur when the mean void fraction
over the entire region exceeds that over the slug-bubble section. This
criterion can be visualized in an idealized pattern as follows. At just
before the slug to churn flow transition, the slug bubbles are lined up
right next to each other and the tail of the preceding bubble starts to

touch the nose of the following bubble. Under this condition, the
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liquid slugs become unstable to sustain their individual identity due to
the strong wake effect. Then destructions and creations of liquid slugs
follow. It is considered that physically this corresponds to the flow
regime transition. The mean void fraction over the slug-bubble section
a is obtained by a potential flow analysis applied to the film flow
along the bubble until the film flow reaches the void fraction corre-
sponding to the fully developed flow.

Consider the slug flow model as shown in Fig. 2. Except very near
the nose of the bubble, the application of the Bernoulli equation yields

the local void fraction at the distance h from the nose, thus

/ZghAp/pf

aCh) = . (8)
/2ghAp/pf + (Co-l)j + O.35VApgD/pf

where the following equation for the slug-bubble velocity is used [14];

vgS = Coj + O.35/ApgD/pf . (9

The mean void fraction is calculated by

L
o = i— [P amyan (10)
b 0

where Lb is the mean slug-bubble length. From Eqs.(8) and (10), the

following equation is derived.

2 1
o =1-2X+2X ln<l+§>, (11)
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where

g
_ i B s
X = 2ghoL, [(Cy-1)j + 0.35/80gD/o,. 1 . (12)

Equation (l1) is well approximated over the numerical values of @ from

0.6 to 0.9 by the following expression:

_ 0.75
a =1-0.813 X . (13)

Now the mean slug-bubble length Lb at the transition from the slug
to churn flow regime may be estimated as follows. Somewhere below the
nose of a slug bubble, the gravity force on the liquid film is complete-
ly balanced by the wall shear stress and the flow becomes fully devel-
oped. At a section below this point, there exists a small adverse
pressure gradient for the downward liquid film flow. Since the liquid
is no longer accelerating in the downward direction, the liquid film
becomes unstable due to a flow separation and film instability. Thus,
beyond the terminal velocity point of a film, interface disturbances
will lead to a cut-off of the slug bubble. The force balance on the
liquid film around the slug bubble gives

f 2

2
7PV ™D = 3 ApgA (l—cxS

fsb b) ) (14)

The factor of 2/3 appears on the right hand side of the above equation

due to the effect of the gravity on the wall shear [13,14]. The wall

friction factor f is assumed to be in the form;
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£=g = —m
£ [(1 asb)VbeD/vf] . (15)
Substituting Eq.(15) into Eq.(l4) and solving for Veope Ve obtain

1+m 1

= (a ) 2 I3c, @)™ o/ (gD (16)

The right hand side of the above equation can be eliminated by
using the basic relationship for the two-phase mixture, i.e. Eq.(9) and
the following equation,

- - 0stvgs - J

£ = - (17)
sb 1 asb

The resulting equation is

3 1
. 2-m -m m-2
L3 Qe )T 130, /v ™" o/ (d0gD) ]
®sb (18)
Cod + 0.35/Bpgh/o,
Here we assume that m = 0.2 and C. = 0.046 for a turbulent flow [10].

£

In the presence of small bubbles in the liquid film section and due to
its relatively large film thickness, the film behavior may be
approximated by a turbulent flow model for most practical cases. Then

Eq.(18) becomes

. 1.67
) i+ 3ab(l—asb)

sb Cyd + 0.35 b : (19)

o
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where

a = [80gD?/ (o 21 /18 (20)
and
b= Bl ey

Equation (19) can be solved if we use the approximation:

1.67
(1-a ) = 0.25 (1-a_,) (22)
which is valid when LI is larger than 0.6.
Hence we obtain
. j + 0.75ab
sb COJ + 0.35b + 0.75ab (23)
On the other hand, Eq.(8) gives
a(L,) = b4
by + (Cy-1)j + 0.35b ’ (24)
where
= /2A0eL. /o

Based on the condition that a(Lb) be equal to a . at the tail end of the

sb
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slug bubble, we obtain
y =3+ 0.75ab , (26)

or in a more explicit form, the solution for the slug bubble length

becomes
Johoel To_ = i JAoaDl o 3 2..1/18 (27
28p8L, /o =  + 0.75/80gD/p [ApgD™/(p ;)] . )

There exist several data on the slug-bubble length [5,17].
Although the general trends are the same among those data, the exact
mean bubble lengths are different by as much as 100%. This indicates
that the length depends on the development of the slug flow (injection,
entry length, etc.). However, when this fact is recognized, Fig. 3

shows a reasonable comparison between Akagawa's data and L, predicted by

b
Eq.(27).

Since it is assumed that the transition from the slug to churn flow
regime occurs when the mean void fraction over the entire region reaches
the mean void fraction in the slug-bubble section, the transition

criterion becomes

(Co—l)j + O.BSVApgD/pf 0.75
. B 1 = o.813< ) (28)
2
j+ 0.75/ApgD/pf [A;:)gD?’/(pfvf)]l/18

It is noted that for standard conditions, the term 1/18 power in the

denominator in the above criterion may be further simplified. For
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weakly viscous fluids such as water this term may be simply replaced by

a constant value of 3, i.e.

2.1/18
(AogD3/pfvf) /18 3

The above criterion is obtained from a 2 @ where o is calculated from
Eq.(13) together with Eqs.(12) and (27).
In order to compare Eq.(28) to existing data in jf - jg plane, the
following relationship from the drift-flux condition is used,
3

a = & ) (29)
Cod + 0.35/ApgD/of

By using Eq.(29), the transition criterion can be recasted in terms of
jg and jf under steady state fully-developed flow conditions.

I1.2.3. Churn-flow to Annular-flow Transition

The criteria for this transition have been developed by Ishii [14],
postulating two different mechanisms:
(1) Flow reversal in the liquid film section along large bubbles.
(2) Destruction of liquid slugs or large waves by entrainment or
deformation.
The first mechanism assumes that, for the film section along large
bubbles, the annular drift-velocity correlation can be used 1locally.

This can be given [14] by

J l-a D(1-
et 4 750La) Pa 1172 [-j + pz) ] (30)
a+|:__ﬂ,j.J
Yo Pe

which can be obtained from a force balance. Hence by setting the flow
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reversal condition in the film as jf =0,

: = JiseDlo 1.25 | l-a 1/2
jg = vbesd/p, @ 0.015[1 + 75(1-a)] ' (1)
However, in the range of o relevant to the present case, the churn to

annular flow transition criterion can be approximated [14] by
jg = VApgD/pg (e - 0.11) s (32)

where o should satisfy the condition given by Eé.(28).

On the other hand, the second criterion can be obtained from the
onset of droplet entrainment [l4]. The onset of entrainment criteria
for film flow has been developed from a force balance on the liquid
crest between the shearing force of the vapor drag and the retaining

force of the surface tension. This is given by

Hed Vo /of 0.8
— . N (33)
where
N _=u/lp o/o/(gAp)]l/2
uf i f (34)

for low viscous fluid (Nuf < 1/15) and at relatively high liquid
Reynolds number (Ref > 1635). It is considered that once the gas flux

exceeds the value given above in the churn flow bubble section, the

liquid waves and subsequently liquid bridges and slugs can be entrained
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as small droplets. This will lead to the elimination of 1liquid slugs
between large bubbles and to a continuous gas core. This entrainment-
induced. flow transition is given by the second criterion based on

Eq.(33) as

3 2,1/4 _-0.2
2 A : 35
i, (og p/pg) N . (35)
The second criterion is applicable to a flow in a larger diameter tube

given by

D > Yo/ (ghp) N;g'4/[(l—0.ll CO)/CO]2 s (36)

Therefore, the second criterion from the onset of entrainment is
applicable to predict the occurrence of the annular-mist flow or to
predict the churn-to-annular flow transition in a larger diameter tube.
Equation (35) can be compared to existing data if we use Eq.(30)
when o < am , and
- jg (37)

@ = 2.1 .
Cod + 2 (ogbo/o}) /4

when a > o .
m

I1.2.4. Flow Regime Map

A flow regime map can be drawn by using newly developed transition

criteria. Figure 4 shows an example of flow regime map for air-water
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flow in a 25.4mm I.D. tube at 25°C and atmospheric pressure.

Curve A on the map designates the bubble-to-slug flow transition
which is predicted by Eq.(l). The locus of the curve depends only on
the properties of both phases. The transition from the slug to churn
flow occurs at curve B, based on Eq.(28). At high liquid and gas
velocities, the slug flow is limited by curve D corresponding to
Eq.(35). At higher gas velocities than curve D, liquid slugs will be
disintegrated into liquid drops by entrainment, thus the annular-mist
flow will be observed. However, in Region A, the void fraction is
rather low, ranging from 0.3 to 0.7. Thus in this region the flow is so
highly agitated that it may be difficult to distinguish between the slug
or annular flow. Hence the flow may behave like a churn flow, although
it appears to be paradoxical in terms of the standard behavior and
definition of the churn flow. The churn to annular flow transition
occurs at curve C predicted by Eq.(32). Curve C moves toward higher gas
velocities when the tube diameter becomes larger, until the diameter
reaches the value which satisfies inequality (36). Therefore, the
annular flow which is seen in the region bounded by the curves B,C and D
disappears when the diameter is larger than the limiting value.

II.3. COMPARISON WITH EXISTING DATA

The newly developed flow regime criteria can be compared with
existing data for air-water flow [1,2,4-7,11,12,18] and steam-water flow
[19-21] under steady-state and fully-developed flow conditions, although
the present criteria are not limited to these conditioms.

In most cases, rather wide discrepancies will be observed in the
location of the curves for experimental transition boundaries. This is

due to the different methods of observations and definitions of the flow
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regimes. Moreover, the transition phenomena themselves develop gradual-
ly and there are some history effects of upstream conditions. Conse-
quently, some ambiguity is inevitable in determining the transitions.
Therefore, the transition boundaries should be understood as a band with
a certain width proportional to the wuncertainty in determining the
transition boundaries.

IT.3.1. Air-water Flow at Atmospheric Pressure

Figure 5 shows the comparison of the bubbly-to slug flow transition
for air-water flow at 25°C and atmospheric pressure in a 2.5cm I.D.
tube. Although there are wide discrepancies in the location of the
curves, the present criterion predicts intermediate location of the
transition boundary. The discrepancy will be attributed mainly to the
definition of the bubbly flow, that is, whether the bubbly flow includes
cap bubbles or not. For example, the curve by Duns and Ros[6] corre-
sponds to the boundary between Region I and II, following their termi-
nology. According to their definition, Region I includes part of slug
flow as defined by Govier and Aziz [2]. This may be the reason why the
curve by Duns and Ros 1is 1located at relatively high gas velocity.
Taking into account these fact, the comparison shown in Fig. 5 seems
reasonable.

Figure 6 shows the boundaries for the slug-to-churn flow transition
for air-water flow at 25°C and atmospheric pressure in a 2.5cm I.D.
tube. The agreement between the present theory and the curve by Govier
and Aziz [2] is good and the general trends of the curves which appear
in the figure is well reproduced by the theory, except that some of the
curves tend to depart from the others at high liquid superficial veloci-

ty. This discrepancy may be attributed to the difficulty in
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discriminating between the churn and slug flow at higher 1liquid
velocities.

The curves for the churn-to-annular flow transition are shown in
Fig. 7. A remarkably good agreement is observed in the figure.

Figure 8 compares the present theory with the flow regime map by
Govier and Aziz [2]. Overall agreement is reasonable. Figure 9 shows a
good agreement between the present criteria and those of Dukler and
Taitel [11]. This agreement is not surprising because the basic princi-
ples involved in defining the transition criteria are similar. Figure
10 shows the comparison between the present theory and that of Taitel et
al. [12] 1In the bubbly flow region, they proposed the transition B
above which finely dispersed bubbles exist, which the present theory
does not distinguish. The transition A and C may correspond to the
curve for the bubbly-to-slug flow transition by the present theory,
although Taitel et al. [12] postulated the void fraction at the transi-
tion to be 0.25 for transition A and 0.52 for transition C instead of
0.3 in the present theory. There is a large disagreement in the bounda-
ry between the slug and churn flow at higher liquid volumetric fluxes.
This may be attributed to the difference in the proposed basic mechanism
of the slug-to-churn flow transition. That is, Taitel et al. charac-
terized the churn flow as an entry region phenomenon associated with the
existence of slug flow further along the pipe, whereas the present
theory characterizes it as highly agitated Taylor bubbles and aerated
liquid slugs at increased void fraction. In addition to this, it is
very difficult to visually discriminate between these flow regimes at
higher liquid velocities, as pointed out by Taitel et al. [12] Finally,

the transition E corresponds to the boundary of annular flow which
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agrees very well with the present criterion.

II.3.2. Steam-water Flow at High Pressures

As most of the maps for vapor-liquid flow are drawn as a relation-
ship between the mass velocity G and the equilibrium vapor quality X,
the theoretical maps in jg - jf plane are transformed into those in X, -
G plane. In those cases, the equilibrium vapor quality and the mass

velocity are calculated by the following equations.

= o ] (38)
G ngg + Pels s

and

x, = pgjg/G . (39)

The present theory is compared to the data of Bergles et al. [19]
and Bennet et al. [20] for steam-water flow at high pressures in round
tubes. Typical comparisons are shown in Figs. 11 and 12. The data were
reproduced from the reference [19] in Fig. 11 together with the present
flow maps in terms of the mass velocity and the exit vapor quality. The
figure demonstrates fairly good agreement between the data and the
present criteria. At high mass velocities, the froth flow was observed
by Bergles et al. [19] This flow regime appears in the part of the
annular flow region where the void fraction is rather low (0.3 < a <
0.7) according to the present calculation. Here the region A on the
present flow map, where the flow may behave like a highly agitated churn
flow, may correspond to the froth flow regime.

The maps can also be plotted in terms of the superficial velocities
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of both phases as shown in Fig. 13. As the experimental data are orig-
inally plotted in terms of the mass velocity versus equilibrium vapor
quality, the superficial velécities for the data points are calculated
from those parameters by assuming thermal equilibrium. However, provid-
ed that the subcooling is not very large, the calculated superficial
velocities will be good estimates of the true values. It is interesting
to note, by comparing Fig. 12 with, say, Fig. 8, that the locus of the
curve for the bubbly-to-slug flow transition moves toward lower gas
velocities at higher pressures.

An example of the map affected by subcooled boiling is shown in
Fig. 14. The broken 1lines represent the transition boundaries
reproduced from the data of Bergles et al. [19] for 3.4 MPa steam-water
flow in a 29.9mm I.D. tube. The curves turn away from the theoretical
map as the mass velocity is increased.

The figure shows that the use of thermal equilibrium quality may
not be accurate for flow regime map when subcooled boiling occurs at
higher mass velocities. In the present theory, the criteria for the
flow regime transition are correlated in terms of the void fraction and
the volumetric fluxes. In view of this, flowing quality will be more
relevant to use in plotting the experimental data in the flow map [21]
for non-equilibrium flow. The data in Fig.l4 can be transformed to the
map shown by the broken lines in which the flowing quality was estimated
by using the Levy correlation [22] together with the Bowring correlation
[23] fo; the subcooling at the point of bubble detachment. The dotted
solid-line represents the bubbly-to-slug flow transition based on the
thermal equilibrium quality. The figure shows the relevance of the use

of the flowing quality in non-equilibrium (subcooled boiling) flow.
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The comparison of the theory with the data for high pressure
steam-water flow in a rectangular channel is presented in Figs. 15-19.
The data were reproduced from the reference [24]. 1In these figures, the
data are plotted in terms of mass velocity versus flowing quality.
Hosler used flowing quality instead of thermal equilibrium quality in
order to account for subcooled boiling and for some of the effects of
heat flux, as mentioned by himself [24]. Those figures indicate that
the general trends are very similar to those for steam-water flows in
round tubes and are predicted reasonably well by the present theory,
except that the agreement of the bubbly-to-slug flow transition is
disappointing at 1.0 MPa. However, Hosler himself limited the applica-
ble range of pressure to 2 to 14 MPa for use of his data with reasonable
confidence.

The theory can be compared to those data in terms of the superfi-
cial velocities, too. The example is presented in Fig. 20. The theo-
retical flow regime maps indicate that the slug-to-annular flow transi-
tion occurs at lower gas velocities with increasing pressure, although
the trend is less remarkable in the experimental data.

IT.4. SUMMARY AND CONCLUSIONS

New flow-regime criteria have been developed for a vertical upward
flow, using direct geometrical parameters such as the void fraction.
These new criteria can be compared to existing data under steady-state
and fully-developed flow conditions by using relative velocity corre-
lations obtained by Ishii [14].

Newly developed criteria have been compared with the conventional
criteria and experimental data for atmospheric pressure air-water flows

and high pressure steam-water flows in round tubes and a rectangular
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channel. There exist wide discrepancies among the experimental data,
not only due to the different methods of observations and definitions of
the flow regimes but also due to the transition phenomena themselves
which develop gradually. However, when these factors are considered, it
should be said that the present criteria showed satisfactory agreements
with those data.

It is also pointed out that the flowing quality is more suitable
than the thermal equilibrium quality to correlate the flow regime
transitions for a subcooled-boiling system. This is consistent with the

statement that the void fraction should be used in flow regime criteria.
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NOMENCLATURE

A § Flow area
Non-dimensional group defined by Eq. (20)
Dimensional group defined by Eq.(21)

Cf : A constant

C0 H Distribution parameter

B & Hydraulic diameter

£ : Wall friction factor

G : Mass velocity of two-phase mixture

g : Gravity

h : Distance from the nose of a slug bubble

i Volumetric flux (superficial velocity) of two-phase mixture
jk ; Superficial velocity of k phase (k=g or f)

Lz Gap between two bubbles

Lb Mean slug bubble length

m A constant
Nuf ] Viscosity number

p : Pressure

ry Mean bubble radius

Veoh Terminal film velocity in the slug-bubble section

vgS Gas velocity in the slug bubble

X : Parameter defined by Eq.(12)

X, Thermal equilibrium quality

y Dimensional group defined by Eq.(25)

Greek symbols

a Void fraction

a Mean void fraction
@y Void fraction corresponding to the terminal film velocity v
bAp Absolute value of density difference

He * Viscosity of liquid

vf 4 Kinematic viscosity of liquid

Py Density of k phase (k=g or f)

a Surface tension
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Subscripts
b : Bubble

Thermal equilibrium
Liquid phase or friction

Gas phase

8 0 +Hh

Mean
Slug bubble
sb : Tail-end of the slug bubble

n
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CHAPTER  III.

FLOODING AND FLOW REVERSAL

III.1. INTRODUCTION

In a vertical countercurrent flow, the gas flows upward and the
liquid downward. However, the range of the gas and the liquid flow
rates in which the countercurrent flow appears is limited by the phenom-
ena known as flooding or flow reversal [l], as illustrated in Fig. 1,
i.e. if the gas flow rate is increased sufficiently, it 1limits the
liquid flow rate. These phenomena have been studied extensively,
earlier in chemical engineering industries in the interests of high heat
and mass transfer rate encountered in chemical processes. Flooding and
flow reversal are also important in thermosyphons because they impose
the upper limit of heat transfer rate in such engineering equipments
[2-8]. Recently, they have attracted the attention of many researchers
in nuclear reactor applications with regards to the '"countercurrent flow
limitation (CCFL)" under loss of coolant accidents (LOCA) [9-15].

Many experimental and theoretical works have been performed on
flooding and flow reversal phenomena in tubes [1,4,14-21]. The most

widely used flooding correlation is the Wallis correlation [1] expressed

as,
. .1/2 1/2
* + ik = 1
i, m i, c, (1)
where
jk* = jkVOk/AOgD ’ (k = g or 1) (2)
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When the flow is turbulent, m is equal to unity. The value of C
depends of the geometrical conditions of the channel and the way of
mixing of the two phases. When the entrance is sharp-edged, C is 0.725
and for round-edged entrances C is between 0.88 and 1.

The flow reversal condition can be obtained by letting j*. = 0, and

1

we have
j*=0.5~nv1 (3)
which means that the flow reversal condition depends on the tube diame-
ter.
On the other hand, Pushkina and Sorokin [16] proposed for flow
reversal the following equation which does not depend on the tube
diameter;

Ku (Kutateladze number) = j (p?'/ogAp)l/4 = 3.2 . (4)
.78 8

This apparent inconsistency was interpreted successfully by Wallis

and Makkenchery [17]. Introducing the following dimensionless group:
D* = Dvghp/o . (5)

the Kutateladze number is rewritten as

K, = jg* VD* . (6)

Then they postulated that when the Kutateladze number is less than 3.2
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(i.e. for small D*), Eq.(3) holds and otherwise Eq.(4) is valid.

Therefore the flow reversal condition for small D* becomes
jg* = Ku/YD* = const. (7)

A variety of models of flooding and flow reversal have been
proposed, namely, the standing wave model [22], the viscous flow model
[23], the potential flow model [4], the entrainment model [20], and more
recently, the roll-wave model [15] and the separate flow model [21,24].
In this respect, Hewitt and Whalley [25] observed the flooding phenomena
using the laser shadowgraph technique and pointed out that the rapid
wave growth is the cause of flooding and the droplet entrainment is an
effect of flooding.

Richter [15] considered the force balance acting on the liquid film
and the roll wave. He obtained analytically the flooding and flow
reversal criteria for round tubes and annuli. The average perimeter
based on the arithmetic mean diameter was used as the characteristic
length for annuli. The model reproduced successfully both the Wallis
correlation [l], Eq.(3) and the Pushkina and Sorokin correlation [16],
Eq.(4) as well as the experimental data on annuli [12,13] in relation to
the CCFL problem in the downcomer of a pressurized water reactor.

Bharathan et al.[24] recently proposed the separate flow model
considering the force balance acting on the annular liquid film and

obtained the following relation for flcoding.

2 2
1 % ;I %
2,3, 2£ 131
572 T 7 = l-oa . W&
o (1-a)
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The limiting values for j*g and j*l can be obtained as an envelope of
curves drawn with the void fraction as a parameter, if the friction
factors fi and'fwl are given. They also derived an empirical corre-
lation for the interfacial friction factor fi in vertical annular

countercurrent flow, as follows:

£, = 0.005 + a sP , (9)
where
log,, a = -0.56 + 9—1')2—7 , (10)
b= 1.63 + 24 | (11)
§*% = 8/gbp/o . (12)

In spite of all those investigations, it appears that there still
remain several problems, such as the effect of channel 1length, the
effect of two-dimensional flow, the effects of channel inlet and outlet
conditions, the effect of condensation. As for thin rectangular chan-
nels which is similar to the coolant channels of a MTR-type research
reactor, there are no data available on flooding and flow reversal,
although they are important in relation to the minimum critical heat
flux in such channels. Therefore this chapter mainly concerned with the
flooding and flow reversal for air-water flow in thin rectangular
channels, although the basic equations are derived each for a round

tube, rectangular channel and annulus.
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IITI.2. THEORY

III.2.1. Basic Equations for Round Tubes

Assuming uniform annular liquid film as shown in Fig. 2, the rela-

tionships among the pressure drop, gravity force and the shear stresses

in the liquid film and the gas core are expressed as [26],

TP, T P
dp o _ii _ _wlwl 13
az T P18 (1-0)A (I-0)a ° (13)
P, ¢
) P i (14)
dz g aA

Eliminating the pressure drop term from Eqs.(13) and (l4), we obtain

Apg = 5?%:57(Ti//g - T .)

where the following is assumed,
P
i 28
go=l-stedn (16)
wl

The interfacial shear stress Ti and the wall shear stress Tw

] can be
written respectively as
f
_ig 2

) per ? (17)

f

1 1

, = = — 18
Y1 T 7 P1vplvel - 3 sess (18)

where \ is negative for the falling liquid film.

The relative velocity v, and the velocities for the two phases v
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and v, can be written in terms of the superficial velocities and the

void fraction as

V.=V -V s (19)

<
]
(=
~
Q

(20)

<
]

i,/ (1=a) : (21)

Substituting Egs.(17) through (21) into Eq.(l5) and rearranging, we

obtain
3f.p h| jo 2 3f _p.j.li
_;g. _g._ _l) - Wlll' ]2‘|=l_a . (22)
rogDVo % L ApgD (1-a)

Now using the dimensionless superficial velocities defined by
Eq.(2), we arrive at the following equation:
3f, 3f

1 s 2 s %)/ L 7 S L |
572 (Jg 1o 1 pg/pl> oy? 1 3l =1-0a . @23

The above equation can be rewritten as

a a2°5(l—a) 3fWl
gk = — 5 % PP, s W 8 — L A
§g* = 1og 3% ey = [l + T3 |3, |} e

Substituting j*l = 0 into Eq.(24), we obtain the following for flow

reversal condition.

2.5
; _ /a (1-a)
A . (25)
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II1I.2.2. Basic Equations for Rectangular Channels

Based upon the observations in the experiment conducted with thin
rectangular channels, it is assumed that the liquid flowing down on the
wide side walls can be neglected compared to that on the narrower side
walls, as illustrated in Fig. 3. The same procedure can be followed to
obtain the equation for the rectangular channel. Thus the balance of
force acting on the liquid film gives

d Ty Twl
Tt T s : (26)

As for the gas core, we have

dp TiPi ngng
dz * pgg T T TaAa T T oA : (27)

Eliminating the pressure drop term from Eqs.(26) and (27) we obtain

2T, 2T T
i wl wg

ipg = aw(l-a) ~ w(l-a) i s g (28)

where the void fraction o is approximated by

o=1-2 68/w (29)

Here we assumed the same equations for the interfacial shear stress and
the wall shear stress in the liquid film as given earlier, i.e. Eqgs.(17)
and (18), respectively. The wall shear stress in the gas core is given

in the same manner. Then
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f
- Eod (30)

Using Egs.(19) through (21) and substituting Eqs.(17),(18) and (30) into

Eq.(28) we obtain

} 2
. . £ TR 3f j
3£.0 (_J_& i Jl>2 3 w1P1d1 13y - (1-0)
2AOgWOL o 1-a ZAQgW(l_a)z ZAng(xz 2s (31)
= l - QO

Equation (31) can be rewritten by using the non-dimensional superficial

velocities,

jg* = ngpg/(ZAng) ; (32)
ii* = leol/(ZAogW) ) (33)

and therefore,

. s @la
303" 4 st 3w
a T 10 'f /pl - 7t g 1 * -
g (1 - a) 2sa,
(34)
=1-o0
Equation (34) can be rearranged for j*g, hence
3f w
S

2 Jg* 1 : (35)

uj * 3 _ 3f jl*‘jlkl
J'*=11/ETl+\/°‘§%°‘)[1+ it -
g o g % (1 - a) 2s0.
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For flow reversal condition, letting j*, = 0, we have

1
3 3f w
. = g’ . 2
Jg*=/a§fa)[l_ 23*] , (36)
i 2sa” 8

It should be noted here that Eqs.(35) and (36) are very similar to

those for round tubes if we use 2w as the characteristic length, except
the power of the void fraction and the additional term due to wall
friction in the gas core.

III.2.3. Basic Equations for Annuli

The same procedures can be followed to obtain the equations for
annuli in which case the following assumptions are made:
(1) The gap of the annulus is small compared to the diameters of the
inner and the outer walls.
(2) The thickness of the liquid films on the inner and the outer walls

are equal and small compared to the gap of the annulus, hence

§/D << §/s << 1 , (37)
where
D. +D
0 ———
2 4 (38)

and the following approximation holds:

1l -0 = 26/8 . (39)

(3) The interfacial shear stress in the inner and the outer liquid
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films are equal, thus

i io i (40)

(4) The wall shear stress in the liquid films are equal, thus

wli wlo wl ° (41)

Based on the above assumptions, we obtain the following equation:

3f.p j j 2 3f _p.j,1]
ig ( dg 1 ) ! 144 _ 1y . 5
2Apgsqy, o 1-a 2Apgs(l—a)2

Here we define the non-dimensional superficial velocities by

1" = ngQg/(ZAogs) , (43)
ji* = i;7/e;/(28p8s) ; (44)

From Eqs.(44) through (45), we obtain

aj,* 3 3f _j.* j.*%
. 1 a” (1-a) wll -1
* = i/ § 2y +

and for flow reversal condition, we have

3
. _ [a7(1-a)
Jg* - 3fi ¢ (46)

Therefore the similar equations to those for round tubes are obtained if
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we use the hydraulic equivalent diameter 2s.

III.2.4. Relation between Superficial velocities and Void Fraction

Having basic equations for 1liquid films, the conditions for
flooding and flow reversal can be obtained if the wall and interfacial
friction factors are given and if another relationship between the void
fraction and the superficial velocities at the occurrence of flooding is
known. However, it is difficult at the present time to obtain the
general solution of the problem because it appears that the flooding
conditions differ from one channel geometry and another and the avail-
able correlations are applicable only to a limited range of parameters.
For this reason it may be relevant at this time to derive the flooding
conditions using an appropriate phenomenological modeling which is based
upon the experimental observation.

Before solving the equation, it is interesting to look into the
relationship between the void fraction and the superficial velocities
predicted by the basic equations. For simplicity we consider here the
flow reversal condition for round tubes, i.e. Eq.(25). Richter [15] and
Bharathan et al.[24] used essentially the same basic equations as
Eq.(25). The only difference is a factor 2/3 multiplied in the root of
Eq.(25). Taitel et al.[2l] obtained a slightly different equation,

assuming a laminar flow in the film, which can be rewritten as follows:

~ Iy 48v_j.*
i /_%J[Hﬁmpg—m] . @n
1 =0

For flow reversal condition, letting j*l=0, we have

(48)
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When the void fraction is close to unity, Eq.(48) is essentially the
same as Eq.(25).
The interfacial friction factor for rough annular film was obtained

by Wallis [1], which is given by

fi = 0.005 [1 + 75(1 - o)] 2 (49)

Richter [15] used the following relation,
fi = 0.008 [1 + 75(1 - a)] - (50)

Taitel et al.[21] used the empirical correlation for interfacial fric-
tion factor of Bharathan et al. [24], i.e. Eq.(9). Using these
equations, the curve for j*g versus l-o can be drawn as given in Fig. 4.
It can be seen that the curve predicted by Eq.(25) with Eq.(49) is close
to that of Richter [15]. The prediction by Taitel et al.[21] gives
higher j*g at low 1l-a and lower j*g at higher 1l-o compared to the
others. The curve predicted by Eq.(25) with fi=0.005 is also shown in
the figure which shows that the assumption fi=0'005 gives far high j*g
at the void fractions lower than 0.98. Therefore, it can be said that
the relation between j*g and the void fraction is sensitive to the
interfacial friction factor. This indicates that it is important to use
appropriate equations under given conditions in order to derive the
flooding conditions from the basic equations.

III.3. EXPERIMENT

IIT.3.1. Test Section

In order to obtain the flooding velocities for air-water flow in

73



thin rectangular channels, an experiment has been performed. Three test
sections with thin rectangular channel were employed in the experiment.
The width of these test sections is 40 mm and the gap 1.5, 2.4 and
5.0 mm. The gap is kept close to the nominal value by sandwiching
machined aluminum spacer between two acrylic plates, resulting in the
above described thin rectangular channels. The 2.4 mm gap is the same
as that employed in the burnout experiment which will be discussed in
Chapter VI. The length of the test section is 470 mm, which has a 130
mm long, tapered entrance region in order that the disturbance to the
liquid film in introducing air into the test section is as small as
possible. Since the test section wall is transparent, the observation
of the flow regime is possible.

The top of the test section is so called sharp-edged flange which
is connected to the upper plenum which serves as the water reservoir and
the gas-liquid separator. The plenum is furnished with the water inlet
and the overflow.

The bottom of the test section is connected to the mixing chamber
and the measuring cylinder.

ITI.3.2. Test Apparatus

The test apparatus is schematically depicted in Fig. 5. Compressed
air was reserved in the reservoir and supplied to the test section
through the regulating valve. The air flow rate was measured with a
float-type flowmeter. The reference temperature and pressure were
measured in the mixing chamber with an Alumel-Chromel thermocouple and a
Bourdon-tube type pressure gauge, respectively.

Air was introduced into the test section through the tapered

entrance region at the bottom and exits at the top into the atmosphere.

74



Tap water was supplied to the upper plenum. The amount of water which
was allowed to flow downward by the countercurrent air flow was reserved
in the measuring cylinder. The remainder was drained from the overflow.
The distance from the top of the test section to the overflow can be set
either at 300, 400 or 600 mm.

IIT1.3.3. Test Procedure

First, air flow rate is regulated to a given value. After the
measuring cylinder is emptied, the drain valve closed. Then water is
supplied to the upper plenum. The measurement is made after the water
level in the upper plenum and the flow regime in the test section become
steady. The water flow rate is calculated from the measured time to
fill a known volume in the measuring cylinder with water that was
allowed to flow through the test section. In calculating the flow rate,
the correction is needed due to the air volume which is expelled by the
water entering the measuring cylinder.

ITII.4. RESULTS AND DISCUSSIONS

IIT.4.1. Visual Observations

Observed flow pattern of countercurrent flow in a thin rectangular
channel is shown in Fig. 7. Most of the liquid entering the test
section appears to flow down along the narrow side walls. The liquid
films on the narrow side walls are rather thick whereas those on the
wide side walls are so thin that unwetted patches sometimes appear on
the surface. In the case shown in Fig. 7, the most of the surface on
the wide side wall is unwetted.

Based upon the visual observations, it appears that the flooding
velocities are controlled mainly by the rapid growth of large distur-

bance waves at the top of the test section. Therefore, the liquid film
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down the top is rather smooth. Countercurrent air and water strongly
interact at the top probably due to the sudden enlargement of the flow
area. The disturbance wave grows untill its crest touches that on the
opposite side of the channel and form a liquid bridge. Then the bridge
is broken up into droplets, and again another disturbance wave grows.
This type of flooding will be referred to as top flooding from now on.

The other type of flooding was also observed by completely filling
the measuring cylinder and the mixing chamber with water so that the net
flow rate in the test section is zero. Typical flow pattern is shown in
Fig. 8. 1In this case, the liquid films on the narrow side walls are
thick and large disturbance waves are generated at the bottom. These
disturbance waves grow rapidly to form thick liquid bridges. They are
blown uﬁward by the air stream. It appears that the liquid circulates
within the test section, i.e. the liquid flows down along the narrow
side walls, reaches the bottom and then are carried upward in the
disturbance waves, the liquid bridges and the thin climbing liquid films
along the wide side walls. This type of flooding will be referred to as
bottom flooding, here. At higher air velocities, the disturbance waves
or liquid bridges are torn up into droplets, as shown in Fig. 9. In
this case, the upper portion of the wide side walls are unwetted and
only small droplets are deposited on the surface.

The above two observations indicate that it is important in analyz-
ing the flooding phenomenon and burnout due to flooding to specify which
mechanism is dominant. As will be described later in Chapter VI, a
flooding similar to the bottom flooding was observed at the complete
bottom blockage condition in the burnout experiment with thin rectangu-

lar channels. In that case, a burnout occurred when sufficient liquid
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was not supplied to the heated wall by the falling film on the narrow

side walls.

II11.4.2. Flooding Velocities

1
Since the flooding velocities are often correlated in terms of j*g/2

and j*l%, the experimental data are plotted in the same manner. As
discussed previously, j*g and j*l are defined by Eqs.(32) and (33) for
rectangular channels.

The flooding velocities for the test section with 5 mm gap are
shown in Fig. 10, in which fhe effect of the water depth above the test
section appears to be small. Therefore, the water depth was kept at
400 mm in the subsequent runs.

The data taken with three test sections are compared in Fig. 11,
together with the prediction by the Wallis correlation [1]. The
measured flooding velocities are generally lower than the Wallis
correlation. The data for the gap 2.4 mm appear to be slightly larger
than the others although no systematic dependency on the gap is evident.

ITI.4.3. Countercurrent Flow Envelope

If the friction factors are known, the basic equation for annular
film, Eq.(35) for rectangular channel generates the curves for j*g
versus j*l with the void fraction as a parameter. The envelope of
these curves corresponds to the theoretical countercurrent flow lim-
it [24]. Hence, we calculate the envelope for each test section and
compare with the experimental data. Here, we assume Eq.(49) for the

interfacial friction factor and the Blasius equation for the wall

friction factors, given by

£ = 0.0791 Re 0%

wl 1 . L)
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where
Rel = e s (52)

and

£ = 0.0791 Re 0*%° , (53)
g g

20 Vv s
Re = 888 . (54)
g Ug

The results of the calculations are shown for each test section in
Figs. 12, 13 and 14. The figures indicate that the theoretical limit is
more than two times higher than the measured flooding velocities, the
difference being larger at higher liquid velocities. The discrepancy
can be explained by the fact that the flooding velocities in this case
are limited by the onset of large disturbance waves at the top.

ITI.4.4. Comparison with Other Works

No correlation for flooding is available at the present time for
thin rectangular channels. However, one may use those for round tubes
with 2w as the characteristic length, taking account of the similarity
of the basic equations. As mentioned before, the flooding occurred due
to the onset of large disturbance waves. Hence, first, we use Richter's
theory [15] which is based on the roll wave (disturbance wave)
mechanism. The result is expressed as
6 . 42 4

. .
+E N 35+ 150 £

2
*% = 55
13 1 (35)
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where NB is the Bond number defined by

=
]

(2w)® L8 (56)
and

0.008 . (57)

Fh
]

wl

Imura et al.[4] derived the following relation between the flooding

velocities based on the potential theory:

Vg+V1=\/§—<k__RE_6) ’ (58)

The second term in the right hand side can be omitted for a rectangular

channel. The wave number k is given by
= &
k = s (59)

where the parameter { was determined empirically [4], and is given by

gD2 0.5

P
=] gt (60)

£ = 0.046 (

o}
Here, we assume that Eq.(60) can be applied to rectangular channels if
we put 2w into D. The film thickness is calculated by using the follow-

ing equations [4]:

1/3

s = ( = ) Re 1/3 (Rel < 400) (61)

=N
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2
3v1 1/3

T> Re 1/2 (Re, 2 400) (62)

1

§ = 0.369 ( 1

Figure 15 shows the comparison between these theory and the data as
well as the Wallis correlation [l]. These theories appear to
overpredict the flooding velocities. This result indicates that we may
not use the -equations for round tubes by simply replacing the
characteristic length, probably because the flow is not uniform in
circumference in rectangular channels whereas a uniform liquid film can
be expected in round tubes. At this time the present data are
approximately correlated by the Wallis equation with C = 0.6.

III.5. CONCLUSIONS
The results obtained in this chapter are summarized as follows:

(1) The basic relation between the superficial velocities in annular
flow and countercurrent flow are derived by considering the balance
of forces acting on the liquid film and the gas core, for three
basic channel geometries, i.e. round tubes, rectangular channels
and annuli. The resultant equations for each channel geometries
are similar to each other if one uses the diameter for a round
tube, 2w for a rectangular channel and 2s for an annulus as the
characteristic length.

(2) The visual observations revealed that the flooding velocities in
thin rectangular channels were controlled by the onset of large
disturbance waves at the top of the test section. Thus the liquid
film downstream appeared to be rather smooth. The most of the
liquid entering the test section is carried in the falling film
along the narrow side walls.

(3) On the other hand, at zero net liquid flow conditions, i.e. when
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(4)

the bottom condition of the channel allows no liquid flow down,
large disturbance waves are generated at the bottom. The thick
liquid films on the narrow side walls are highly agitated to form
liquid bridges which break up to generate droplet entrainment.

The flooding velocities obtained for the thin rectangular channels
are lower than predicted by the existing equations for round tubes.
The present data are tentatively correlated by the Wallis

correlation [1] with C = 0.6.
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NOMENCLATURE

A : Flow area

a Constant for the interfacial friction factor given by
Bharathan et al.[24]

b : Constant for the interfacial friction factor given by
Bharathan et al.[24]

Parameter for the flooding correlation of Wallis [1]

D : Tube diameter or characteristic length
D* : Dimensionless tube diameter
Di Inner diameter of annulus
D0 5 Outer diameter of annulus
fi : Interfacial friction factor
fg 2 Wall friction factor in gas phase
fwl : Wall friction factor in liquid phase
g : Gravity
jk : Superficial velocity or volumetric flux of the k phase (k=g or
1)
j*k 2 Dimensionless superficial velocity of the k phase (k=g or 1)
Ku : Kutateladze number
Wave number
m : Parameter used in the flooding correlation of Wallis
NB = Bond number
i Wetted perimeter of the gas-liquid interface
. 2 Wetted perimeter of the gas-wall contact
PWl = Wetted perimeter of the liquid-wall contact
dP/dz : Pressure drop
R : Radius
Re Gas phase Reynolds number
Rel - Liquid film Reynolds number
s : ' Gap of annulus or rectangular channel
Vi * Velocity of the k phase (k=g or 1)
v, Relative velocity of the two phases
w o Width of rectangular channel (wider span)
z 1 Distance along the stream

82



Greek

Symbols

T

wli :

wlo :

Void fraction

: Film thickness

Dimensionless film thickness

: Difference of the densities of the two phases

: Parameter for wave number given by Imura et al.[4]

Viscosity of the k phase (k=g or 1)

: Kinematic viscosity of liquid

Surface tension

Interfacial shear
Interfacial shear
Interfacial shear
Wall shear stress
Wall shear stress
Wall shear stress

Wall shear stress

Subscripts

g
5 (A

1 :

Gas phase

inner or interface
liquid phase

outer

wall

stress
stress
stress
at the
in the
in the

in the

Density of the k phase (k=g or 1)

in the liquid film
in the liquid film
gas-liquid contact
liquid film

liquid film on the

liquid film on the
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Figure 7 Pattern of countercurrent flow in a
thin rectangular channel, flooding

at the top.
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CHAPTER  1IV.

CRITICAL HEAT FLUX UNDER LOW FLOW CONDITIONS

IN A VERTICAL ANNULUS

IV.1l, INTRODUCTION

The occurrences of burnout in natural convection boiling can be
very important in relation to the safety of various types of liquid
cooled nuclear reactors under a number of different accident conditions.
It is noted that milder accidents which lead to the decay heat removal
by near natural convection boiling have much higher probability than
those of severe accidents extensively studied recently. Furthermore,
the break-down of natural convection boiling which results in dryout and
burnout of heated surface in these conditions can lead to very
significant consequences.

A number of works have been performed on the CHF for water flowing
in annular channels [1-10]. However, only few data are available for
the CHF at low-flow-rate and low-pressure conditions[ll], because most
of those are concerned with the CHF for high pressure systems in
relation to the core cooling of a light water reactor (LWR) [4-9] or
with the CHF for subcooled boiling at high flow conditions [1-3].

In view of the above, an experimental study has been performed on
the CHF at low flow rates typical of natural convection conditions for
water flowing in an annulus at atmospheric pressure. An internally
heated annular test section was employed in order that the observation

of the flow regimes at burnout could be made.

101



IV.2. CRITICAL HEAT FLUX EXPERIMENT

Iv.2.1. Test Loop

The test loop initially set up for Freon-ll blowdown tests [12] at
Argonne National Laboratory in the U.S. was modified for this study as
shown in Fig. 1. It consisted of a test section, upper and lower plena,
hot and cold legs, a downcomer, a bypass loop, a circulating pump, flow
control valves and a turbine flow meter. The test loop was thermally
insulated by Fiberglass material except the test section.

The test section is made of an 86 cm-long, 2.05 cm-0D, directly
heated, Type 304 stainless steel tube and a 0.9 m-long, 2.60 cm-ID
transparent Pyrex pipe. Twenty-two 0.762 mm-0D, Chromel-Alumel
thermocouples were spot-welded onto the inside wall of the stainless
steel tube as shown in Fig. 2. The detail of the test section was
already described in the literature [12].

The downcomer consisted of a 180 cm-long, 15 cm ID stainless steel
tube flanged at both ends, equipped with a cooling coil of a 12 m-lomng,
3 mm-ID copper tube, a 5 kW immersion heater, a steam release valve and
a water supply.

A 1.58 cm-ID stainless steel flexible tube was installed in the hot
and the cold leg to allow thermal expansion and to avoid the vibration
of the test section induced by the pump during forced circulation
experiments. The cold leg consisted of two parallel flow paths, one for
natural circulation and the other for forced convection. A pump capable
of delivering up to 0.5 1/min of water was installed in the latter cold
leg.

IV.2.2. Experimental Procedure

Before starting the measurements, the water in the test loop was
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heated up with the immersion heater and the test section heater. During
the heatup operation, the power to the test section was kept so low as
not to cause dryout on the surface of the heated wall. Power to the
test section was supplied by a 20-V, 1500-A, dc power supply. To
protect the test section from physical burnout, nine temperature con-
trollers were set to trip the power at a heated-wall temperature of
200°C. The detail of the controllers also appear in the literature
[12]. The power to the test section was calculated by measuring the
voltage drop across the test section and that across an on-line shunt
rated at 50 mV/2000 A.

The 1loop wés filled with ion-exchanged water to a level several
centimeters above the hot leg which was observed in the glass tube
attached to the downcomer. To avoid overpressure in the loop, the vent
valve on top of the downcomer was left open during the experiment. Thus
all the measurements were performed under atmospheric pressure.

The water flow rate into the test section was controlled by the
valves installed in the cold leg. Test condition covered natural
circulation, forced circulation and zero net flow with the inlet wvalve
fully closed. The water flow rate was measured by a turbine flowmeter.
The flowmeter was calibrated within 47.

The temperatures were recorded by a digital recorder. As dry
patches were more frequently observed in the surface near the upper end
of the heated wall, the temperature at the location of TC 22 was record-
ed also by a strip chart. A large abrupt increase in the temperature
trace was recognized as an evidence of dryout as well as the actuation
of the power trip circuit.

In order to observe flow regimes over a wider range of water flow
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rate, the flowmeter was replaced by a 1.58 cm-ID pipe in earlier runms,
thus reducing the resistance to the flow. In these runs, the flow rate
was estimated from the axial profile of the heated-wall temperature,
assuming that the single phase heat transfer coefficient was constant
over the non-boiling region. If this was true, the water flow rate
should be proportional to the reciprocal of the temperature rise along
the test section.

IV.3. EXPERIMENTAL RESULTS

IV.3.1. Flow Regimes at Burnout

At an early stage of the heatup, the initiation of boiling occurred
suddenly with a large slug bubble, followed by intermittent bubble
formation. During this period, highly agitated inlet flow was observed
as shown in Fig. 3. As the flow approached steady, smaller bubbles were
generated more frequently, resulting in a more stable flow.

No significant difference in flow regimes between natural circula-
tion and forced circulation was noticed in the test section. Observed
flow regimes are shown in Fig. 4 in comparison with the flow regime map
predicted by the ©previously obtained criteria for flow-regime
transitions. The bubbly flow was observed only at low heat flux and
large inlet subcooling. The slug flow which appeared in the figure was
characterized by the periodic slug bubble formation, although the shape
of the bubbles were disturbed by boiling. In the churn flow regime,
slug-like bubbles were entirely deformed and less periodic and 1liquid
bridging was typically observed. Dry patches appeared on the surface of
the heated wall in this flow regime, though they were quenched away
mainly by the passage of 1liquid bridges. The temperature rise due to

dry patch formation was found in the strip chart as shown in Fig. 5.
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As the steam quality increased, the liquid bridging became less
frequent. Falling liquid film as well as climbing film was observed at
low mass velocities. Those liquid film, however, did not seem thick
enough to quench dry patches, thus permanent dryout of the heated wall
followed. A typical reading of the heated-wall temperature during the
dryout is shown in Fig. 5. Some investigators pointed out that the
burnout at high steam quality was caused by a film dryout in the annular
flow [13-16]. The same mechanism of burnout was observed also in this
study, however, it occurred just after the transition from the churn to
annular flow at very low inlet mass velocity and 10& pressure. This is
exhibited also in Fig. 4.

IV.3.2. Critical Heat Flux

The critical power to the test section is plotted against mass
velocity in Fig. 6. The figure indicates that the critical heat flux
for a given test section is well correlated by the mass velocity. The
effect of inlet subcooling is not clear in the data. There are no
remarkable differences in the critical power results between natural
circulation and forced circulation conditions.

It is also suggested that there is a threshold heat flux for
burnout to occur. The visual observation confirmed that the occurrence
of burnout at zero net flow (complete bottom blockage) is closely
related to the flooding phenomenon at the upper end of the test section
[17-23]. The critical power to the test section can be estimated using
the Wallis correlation for flooding as follows [21,24],

1/2 *1/2

s L

g £ =C ’ (l)
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where

§ % =3 TG (2)
g g 8
jg* = ijof/(ApgD) . (3)

The numerical value of C is 0.725 for sharp-edged entrances and
0.88 to 1.0 for round-edged entrances. Assuming that the incoming

liquid is saturated, we obtain
= Ah j .
Q= Ahggoly “)

Equations (1) through (4) and the mass balance equation yield the

following result for the flooding limited power to the test sectiom.

2
Ch,. AV ApD
fo Ogg p

1/4]2

Q = (3)

[1+ (og/of)

From Eq.(5) the critical power to the test section is estimated to be
1.0 to 1.9 kW which agrees well with the results shown in Fig. 6.

As was mentioned in the previous section, the burnout at low mass
velocities occurred due to churn to annular flow transitionm. The
criterion for the transition has been developed previously in Chapter II
based upon the flow reversal condition within the liquid film in the

churn-flow bubble section. The criterion can be expressed as

jgvpg/(ApgD) =9 - 0.11 (o > am) o
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where

(cO - 1)j + 0.35/ApgD/of 0.75
o =1-0.813 (7)
- rop3 (1718
3 + 0.75/80gD/0_ (-549—5 )
PeVe

Here the void fraction o is given based on the drift velocity for the

churn flow regime as

a = Jg 7% . (8)
¢ 1472 ( 95%9->
0
£

The distribution parameter C0 is given for a pipe by [25]
C,=1.2 - 0.2/
0 0.2 pg/of . (9)
The energy balance in the test section is expressed by
= (h i + Ah.G) A . 10
Q= ( fgelg i (10)

Using the relationship for jg s jf and j , and from Eq.(10), the

following equations can be derived:

j_ = Q - Ahi-g— (11)
Ah h .
& £e’s  “fg Pg
_ i Ahi Ap G
I M. o0, T “h. o Jo. (12)
fg'g £ fg g f
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Now we introduce the following non-dimensional groups:

q* = Q , (13)
hnghVApggAp

Gk = —S — | (14)
Vkpgng

D* = D/A 5 (15)

where A is the Taylor-wave length scale given by

X = Vo/(ghp) . (16)

The non-dimensional group, Eq.(13) is originally derived by Zuber [26]
and Kutateladze [27] from the consideration on the hydraulic
instability. Using Eqs.’ (13) through (16), Egs. (l1) and (l12) can be

rewritten as

ig = JVAgAD/pg ; (17)
: Ap E&
5= (922 +2L0r) Samolo, (18)
o p g
f f
where
Ahi
J = q*Ah/A -5 G (19)
fg

In this study, Ahi/hfg was large enough compared to pg/Ap, then the
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second term on the right hand side of Eq.(l8) can be neglected.

_ A
j=J Eﬂ Medolo, (20)
£

Finally, from Eqs.(6) and (8) we obtain

J = /D* AJ - 0.11 . (21)
c.J22 4+ /20 /o
0 pf g £

Equation (21) can be solved with the condition a > o to give

* /
J=_l_<pf/D_ prpg
2

C.Ap  C.Ap

= 0.11/EF>
0

1 pf»’D* VZDfp 2 VZD*pfp 1/2 (22)
+ = - £ _ 0.11/D% - 0.4 ——F& :
2 COAo COAp COAp

For low pressure steam-water flow, pg/p can be neglected in Eq.(22) and

f
Ap = pf , then

T = ( = .11 ) oxE (23)

or more explicitly,

go A | ohew  f2 _guY e
¥ = — |75 © g : (24)

A | Beg o
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In terms of the critical heat flux, Eq.(24) becomes
A 1
q = & [Ahi G+ ( S 0.11) hey /pgApgD:l . (25)

Comparison of q* predicted by Eq.(24) with the experimental data can be
found in Fig. 7 which shows a reasonable agreement between them.
IV.4. DISCUSSIONS

IV.4.1. Burnout Mechanisms

Barnard et al.[28] investigated dryout at low flow rate for an
upward flow of Freon-113 in a vertical tube. They classified the
burnout mechanisms into five types. When the flow passages are
substantially filled with liquid, the burnout will occur due to the
vapor production by boiling which prevents liquid from reaching the
heated surface. This is the pool-boiling burnout. Flooding limited
burnout occurs at zero net flow through the flow passage when the vapor
flow prevents a sufficient downward flow of liquid. When the flow rate
through the flow passage is not zero but very low, all the liquid
entering the passage from the bottom will be evaporated and the vapor
flow will prevent 1liquid flowing down from the top. This type of
burnout is called a circulation and flooding limited burnout. As the
flow rate from the bottom increases, the vapor flow becomes sufficiently
high to prevent any liquid flowing down the flow passage from the top.
In this case, dryout occurs when the vapor quality approaches to unity.
This is called a circulation limited burnout which was referred to as
the high-quality CHF in Chapter I. For higher flow rates, a substantial
amount of the liquid will be entrained by the vapor flow, which causes

dryout at vapor qualities less than unity. This is called entrainment
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limited burnout. The last two types have often been referred to -as a
basic mechanism of burnout in annular two-phase flow [13-16].

However, the observation in this study indicated the possibility of
burnout caused by the flow-regime transition from churn to’annular flow
as was discussed in the previous section. This type of burnout occurred
over the same range of mass velocity as circulation limited burnout. At
the present, the boundary between these two different types of burnout
cannot be predicted with high certainty. It will be interesting to note
that film dryout did cause the burnout due to the churn-to-annular flow
transition but liquid film still remained on the unheated wall in that
case.

IV.4.2. CHF Correlations

IV.4.2.1. Pool boiling CHF

Zuber [26] and Kutateladze [27] proposed essentially the same
correlation for pool-boiling CHF, given by
o n
2 2,1/4 f
q=Kh_p (og2s0/pH)* ([ —E-) . (26)
g e g

fg g) +p

Zuber derived this equation from the consideration on the stability of
vapor-liquid interface [26]. On the other hand, Kutateladze obtained it
by correlating the experimental data using non-dimensional parameters.
Thus he found that

K=0.16 and n = 0 .

Then Eq.(26) can be rewritten by using the non-dimensional groups
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defined by Eqs.(13) through (16) as

q* — 0.16 . (27)

IV.4.2.2. Flooding CHF

The heat flux at burnout due to flooding can be calculated by

Eq.(5), which is expressed in a non-dimensional form as follows,
g* =208, (28)

where

AVD*

c = : (29)
Bl + (o fo )t %)

In terms of the CHF, this criterion becomes

Czh VpgApgD

A fg
i : (30)
o+ /ot

8, =
A reasonable agreement between Eq.(28) and the experimental data under
various conditions [17-19, 28] is shown in Fig. 8. As Block and Wallis
[21] pointed out, the CHF tends to be constant for small L/D which means
that the burnout is limited by the local heat flux. Then it may be
deduced that the pool-boiling type burnout will occur in a very short
tube. The transition from the pool-boiling type to flooding limited CHF

can be calculated from Egs.(27) and (28) as

c®z = 0.16 . (31)
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Thus the non-dimensional CHF q* for these two regimes can be given as a
function of ¢ as illustrated in Fig. 8.

In the previous section Eq. (24) was derived as the CHF caused by
churn-to-annular flow transition. The criterion for the tramnsition is
based on the assumption that liquid film flow changes the direction from
downward to upward at transition. Thus, when G* = 0 in Eq.(24), it
should give the flooding condition. Actually, when G* = 0, Eq.(24)

becomes

q*=2_<i—-o.11>/i>? : (32)

n > Co

Comparing Eqs.(28), (29) and (32), we obtain

1/4,2

c? = (- 0.11) L+ (o /o 1 (33)

Gy

For water under atmospheric pressure, the numerical value of the right
hand side in Eq.(33) is 0.97 which agrees well with that of C2 given by
Wallis [24].

Furthermore in a very rapid transient it can be said that the flow
may not develop to the flooding condition. In such a case, the
pool-boiling type CHF criterion may still be used for a short time
period.

IV.4.2.3. Circulation and flooding limited CHF

The model for this regime is illustrated in Fig. 9. Now we
postulate that all the liquid entering the heated section from the
bottom is evaporated and the liquid from the top is limited by flooding

due to high steam flow, resulting in a dryout on the heated surface.
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The heat balance can be expressed as

= h j + Ah.G) .
Q=A( rePals i (34)
and
— . + : )
Dng nggc Pels (35)
Here pfjf is the liquid mass flux from the top and pgjgc is the total

evaporated mass flux from the bottom. From the assumption that all the

liquid entering from the bottom is evaporated, we obtain

G=opj (36)
Pelgc

Using non-dimensional groups defined previously, Eqgs.(l), (35) and (36)

yield,
*
SR I I T T gy e L N € )
g g g = &

L
Equation (37) is a quadratic form of j*g2 and has real solutions if
¢® > - Top exbE (38)
Inequality (36) is met when

Jg* = (Gg* - e/ Top 20 (39)
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Equations (1)-(3) require that

g A2, c

B 1+ (og/pf)l/4 ’ (40)

when G* approaches to zero. Therefore we arrive at the solution

2
RV Y5 Tor - (= foTop) Gxlo TG

. : .
1 Vog/pf (41)

Finally, non-dimensional heat flux is derived by using Egs.(34) and (41)

together with the definition of non-dimensional groups.

7.2
. Mﬁ.( . >%1ﬂhy%/bw%hinﬂﬁgﬁgﬂm >
By 1+Lh/pg/of 1- ”Vpg/of
oy ex
hfg /D*

(42)

IV.4.2.4, Circulation limited CHF (high-quality CHF)

This type of burnout is characterized by complete evaporation of
the liquid entering from the bottom and no liquid flow from the top.

Therefore, letting
7 % = 7k - G*/ D* v / = 0 3 (43)
(Jg vVD*) o Pg

Jf

and

115



j * = C = (44)

in Eq. (39), we obtain for CHF,

A
% = — (%
q G* (1 + Ahi/hfg) . (45)

*h
It should be noted here that for the channel with an unheated wall,
it is possible that there still remains a liquid film on the unheated
wall when a burnout occurs. In such cases, the exit quality at burnout
(critical quality, xc) can be much less than unity, i.e. Eq.(45) can be

rewritten as

A
* = Ll A *
q G (xe + Ahi/hfg)

An

(46)

and Eq.(42) should be also changed accordingly.

IV.4.2.5. Entrainment limited CHF

There have been some attempts to calculate the CHF in this regime
using annular flow model [14-16]. Whalley et al.[29] obtained an
encouraging result from their analysis. However, no generalized
correlation has been presented in an explicit form. An example of
entrainment limited burnout was given by Barnard et al.[28] for
Freon-113 in round tubes. They interpreted their experimental results
using annular flow model of Whalley et al.[29] assuming a simple
empirical equation for entrainment fraction. Their data on mass
velocity versus critical quality at burnout are plotted in Fig. 10, in
comparison with the flow regime map previously obtained. The figure

shows that the most of the data of CHF fall in the annular-mist flow
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regime, which is consistent with the observation in the experiment [28].
The relationship between the CHF and the mass velocity for Freon-113 is
shown in a non-dimensional form in Fig. 11. Some existing CHF
correlations are also shown in the figure.

The Katto correlation scheme was developed from a wide variety of
experimental data for forced circulation CHF in round tubes using a
dimensional analysis [30] and later modified for annuli [10]. The

equation for the L-regime becomes

h. G 2 A

q op . 0.043 D
e CL<_> 1+ 1.16Ahi/hfg) > (47)
fg GL

where CL = 0.34 for Freon and = 0.25 otherwise, or in a non-dimensional

form used in this study

p A\ 0.043
D £ 0.914
q L L ( ng> G 1+ 1.16Ahi/hfg) .

Equation (48) is similar to Eq.(45) as the term (pf)\/pg/L)O'043 is close
to unity. This agrees with Katto's statement that the burnout in the
L-regime is caused mainly by the dryout of the liquid film on the heated

surface when the fraction of liquid entrained in the gas core is small.

Another Katto's equation is, for the H-regime,

_q—_ Bl T )0.133 <(.'np—f > 1/3 1 + KHAhi/hfg , T
Fig g "f G2L 1+ 0.0031 L/D
where
-5
1 L/D og/pf
K = 18 { 130 (50)
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for Upf/GzL < 3 x 10_6 , and

—Sog/pf

_ L/D Thie {14
= 007 (m) <‘2_>

G'L

for cpf/GzL < 3 x 1078 .

Equation (49) is expressed in an analogous form to Eq.(48) as

1/ 3 (o fo 302 1+ Ky bh /b
PelPg 1+ 0.003L L/D ° (51)

g% = 0.1 gxt/3 oyt

Katto interpreted that the burnout in the H-regime was affected by
hydrodynamic instability. However, it can be seen from the figure that
the entrainment-limited burnout data of Barnard et al.[28] are well
reproduced by these correlations.

The broken lines in Fig. 11 represent the boundaries between the
churn flow regime and the annular flow regime predicted by Eq.(24). The
equation was derived assuming that Ahi/hfg is large enough compared to
pg/Ap. The test condition of Barnard et al.[28] meets with this
condition. However, the figure shows that the measured CHF is far above
the churn-to- annular flow transition boundary. The bold line in Fig.
11 represents the onset of entrainment based on the criterion developed
by Ishii et al.[31]. According to the criterion, liquid entrainment

will occur when the following inequalities are met,

10 |
8 5757 > 11.78 N0+ 8 Re1/3 (52)
o} g £ u f ’

for Ref < 1635, and
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UfJ

g 0.8
= ";)g/pf > N ; (53)
for Ref > 1635 where Nu is a viscosity number defined by
U
N o= — : (54)
H foox
and
p3.D
Ref = £ 2 (55)
He

Inequalities (52) and (53) can be rewritten by using the definition of

non-dimensional groups, and become
J(G* - J)l/3 > 11.78 Nﬁ/lS D*_l/3 (pf/pg)l/6 (56)

for Ref < 1635, and

-0.2
J >N (57)

for Ref > 1635 where J is defined by Eq.(19). Inequality (56) can be
solved numerically by an iterative calculation. A rough estimate,

however, can be obtained from the following expression, though it gives

only a neccessary condition for Inequality (56).

3
A 1.63 x 10” .2/5 _ -1
g = 1+ Ah,/h G¥ = ——— N D* . 58
q A I:( i fg) 3 . fo/pg (58)

Inequality (57) also can be rewritten more explicitly as,
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q* > %— %h—i G* + N;O'z ’ (59)
h fg
As shown in Fig. 11, Inequalities (56) and (57) predict the onset of
entrainment to be very close to the churn-to-annular flow transition for
this case.
IV.4.3. Discussions

The experimental data obtained from this study are compared with
several CHF correlations [10, 28, 32-34] in Fig. 12. The Macbeth
correlation [32,33] and the Lowdermilk correlation [34] were originally
developed for round tubes. Hence the hydraulic equivalent diameter
which appears in the equations was replaced by the heated equivalent
diameter for this case. Their correlation consists of two equations:
One for the low velocity regime and the other for the high velocity
regime in the same manner as the Katto correlation scheme [10]. Barnett
correlated experimental data for internally heated annuli as;uming a
similar form of correlation to that of Macbeth, however, the applicable
range is limited to rather high mass velocities.

In Fig. 12, one sees that the data are well correlated by Eq.(24)
which has been derived from the criterion for churn-to-annular flow
transition. On the other hand, the conventional correlations for
high-quality CHF predict much larger CHF than the data, although the
correlations agree well with each other. As pointed out earlier, these
correlations are valid for entrainment-limited burnout. However, Fig. 12
indicates the existence of different mechanism of dryout. The criterion
to specify which mechanism should take place under a given condition is
not known at the present time. It is interesting to note that no onset

of entrainment is expected in the present case according to the
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criterion of Ishii [31] whereas the onset of entrainment is predicted to

follow immediately after the churn-to-annular flow transition in the

case shown in Fig. 10. Observations in previous works [13-16] revealed

that the entrainment and the deposition of liquid droplets could be a

controlling factor for film dryout. 1In other words, we cannot expect

droplet quenching in this case, in addition to the reduction of amount
of liquid available for cooling of heated surface due to the existence
of unheated surface.

Another factor that we should consider is the effect of system
pressure on the flow regime transition. For example, the Barnett data
for water at 7 MPa in an annulus with approximately the same hydraulic
diameter as the present study can be well correlated by the high-quality
CHF correlations [4,10] as shown in Fig. 13. It is interesting to note
that in this <case the churn-annular boundary disappears and the
slug-annular Dboundary appears instead. Therefore, such burnout
mechanism as was observed in the present study may be a phenomenon
characteristic of low pressure systems.

IV.5. CONCLUSIONS
An experiment has been performed for water flowing upward in an

annulus at low flow rates and the data were compared with existing CHF

correlations. The following conclusions can be drawn from the above
discussions;

(1) The CHF at zero net flow (complete bottom blockage) can be
predicted by flooding correlation which gives much lower CHF for
large L/D than pool-boiling CHF.

(2) Visual observation revealed that the burnout at low mass velocities

occurred due to liquid film dryout upon the flow regime transition
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from the churn to annular flow.

(3) The CHF due to churn-to-annular transition coincides with the
flooding CHF at very low mass velocities while it approaches to the
condition of zero exit quality at high mass velocities

(4) No difference is observed in the CHF between natural convection and

forced convection given the same flow rate.
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NOMENCLATURE

Flow area

Heated area

C 3 Constant which appears in the flooding correlation
CL s Constant in the Katto L-regime correlation
CO 5 Distribution parameter
D : Hydraulic diameter
Dh 3 Heated equivalent diameter
D*¥ : Non-dimensional hydraulic diameter defined by Eq.(l5)
G : Mass velocity
G* Non-dimensional mass velocity defined by Eq.(14)
g : Gravity
hfg J Latent heat of vaporization
Ahi : Inlet subcooling (enthalpy)
J B Non-dimensional parameter defined by Eq.(19)
j Volumetric flux of two-phase mixture
jk : Superficial velocity (volumetric flux) of k phase (k=g or f)
jk* Non-dimensional superficial velocity of k phase (k=g or f)
jgc Superficial velocity of vapor entering the heated section from
the bottom
K : A constant
Heated length
NU Viscosity number as defined by Eq.(54)
n A constant
Total heat input
q. Critical heat flux
q* Non-dimensional CHF defined by Eq.(13)
Ref Liquid Reynolds number defined by Egq.(55)
Z : Distance from the bottom in the flow direction
Greek symbols
a Void fraction
a Mean void fraction in a slug bubble section
Ap Difference of the densities of the two phases
z Non-dimensional parameter defined by Eq.(29)
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A Length scale of the Taylor wave
My . Viscosity of k phase
vyt Kinematic viscosity of k phase
G Density of k phase

o Surface tension

Subscripts

Critical condition

c

f : Liquid phase

g Gas or vapor phase
i

Inlet
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CHAPTER V.

CRITICAL HEAT FLUX IN ROUND TUBES

v.l. INTRODUCTION

Numerous and extensive works have been performed on burnout phenom-
enon in round tubes during two and a half decades. A number of compre-
hensive reviews on the subject also have been published so far [1-8].
Since the CHF problem has been investigated particularly in the develop-
ment of nuclear reactors in which the main concerns have been the
maximum power extractable from the reactor, much effort has been devoted
to the development of the design correlations for CHF predictions at
such high-flow-rate/high-pressure conditions as expected in light water
reactors (LWR).

On the other hand, less works have been done on CHF at low flow
rates. In 1958, Lowdermilk et al.[9] studied burnout phenomenon for
water flowing in tubes. For stable flow conditions, they obtained two
regimes of burnout, namely the low-velocity/high-exit-quality region and
the high-velocity/low-exit-quality region. Later, Macbeth [10] and
Thompson and Macbeth [1l] compiled world data for water in uniformly
heated tubes and correlated them based on the assumption that CHF is

linear with the critical quality X, at given mass velocity, i.e.
9, = Fl(G,P,D) - FZ(G,P,D) X, . (1)

Low mass velocity regime and high mass velocity regime were defined and

the coefficients given separately for each regimes. Since their
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correlations were, however, defined by several constants at each of
several pressure levels, interpolation or extrapolation is necessary to
use them at pressures other than those given.

Recently, Katto [12] developed a new dimensionless correlation
applicable to fluids other than water, in which four major CHF regimes,
i.e. L-regime, H-regime, N-regime and HP-regime, were identified. Katto
interpreted the burnout in the L-regime as almost complete evaporation
of liquid entering the heated section and that in the H-regime as
entrainment and deposition-controlled burnout [13]. 1In the former, the
burnout occurs at high exit quality, whereas in the latter the critical
quality at burnout decreases because of the reduction of film flow rate
due to liquid entrainment.

With all these investigations, it is only recent that the emphasis
is given to CHF at very low mass velocities, flow stagnation and flow
reversal conditions, of interest for steam generators with natural
convection and for nuclear reactors in accident conditions, such as a
loss-of-coolant accident (LOCA) [5,6]. Barnard et al. [14] investigated
CHF for Freon-113 flowing in tubes near atmospheric pressure and at mass
velocities from zero to 320 kg/m®s. They discussed five possible
mechanisms of burnout at zero and low mass velocities, namely pool-
boiling CHF, zero-circulation and flooding-limited CHF, circulation and
flooding-limited CHF, circulation-limited CHF and entrainment- limited
CHF. They concluded that CHF at zero inlet mass velocity occurred due
to flooding and pool—boiiing CHF. For low mass velocities, CHF occurred
due to complete evaporation or entrainment-limited mechanism.

There exists 1little literature on CHF for downflow [15-17].

Blumenkrantz and Gambill [15] observed downflow CHF several-fold lower
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than upflow CHF at very low mass velocities of water. Downflow CHF
obtained by Cumo et al.[16] for Freon-12 was about 11% lower than upflow
CHF with the conditions otherwise the same. The lower values of down-
flow CHF may be attributed to the buoyancy effects. However, there
still remains a possibility that some flow instabilities were involved
particularly in the experiment of Blumenkrantz and Gambill [15] with low
pressure water.

It is noted that the above mentioned results for upflow were
obtained under stable-flow conditions. That is, the test section was
suitably isolated from the other part of the test loop by providing, for
example, a large inlet throttling. However, it is generally known that
boiling channels are subject to various flow instabilities, which may be
the cause of premature burnout [9],[18-24]. The premature burnout
occurs due to liquid starvation caused by the temporary reduction of the
flow rate during the instability.

Lowdermilk et al. [9] conducted an experiment with water flowing
vertically in round tubes to study the effects of upstream compressi-
bility and inlet throttling on the stability of flow and CHF. They
demonstrated that the flow became unstable and consequently the CHF
decreased with larger upstream compressibility and less inlet throttl-
ing.

Maulbetsch and Griffith [21] studied experimentally and analytical-
ly both flow excursion and pressure-drop oscillationms. From these
studies, it was shown that these instabilities most likely cause burnout
at lower heat flux than stable-flow CHF. It was also shown that the
upstream compressibility worked as an energy storage mechanism in

pressure-drop oscillations and those flow instabilities could be
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effectively controlled by providing a large inlet throttling just prior
to the heated section.

Although a large number of investigators have been performed on CHF
for water flowing in round tubes as described so far, it can be said
that:

Transient conditions, particularly the LOCA characteristics of

low velocity, flow stagnation, and flow reversal, are not well

understood. Reference steady-state critical-heat-flux data

for low velocities and pressures are needed.
as stated by Bergles [5]. In view of these, experiments have been
performed with water flowing in a round tube at low-flow-rate and
low-pressure conditions to study the effects on CHF., of buoyancy (i.e.
upflow and downflow), upstream compressibility (upper and lower plena)
and inlet valve throttling. Critical heat flux at complete bottom
blockage also has been measured. Furthermore, CHF versus mass-velocity
curves are compared with observed flow-stability boundaries at given
inlet water temperatures.

V.2. EXPERIMENT

V.2.1. Test Section

Test section is made of a 6 mm-ID, 1 mm-thick stainless steel tube
as shown in Fig. 1. A copper electrode is silver-soldered to each end
of the test section. The length of the heated section is 344 mm. The
test section is mounted in the loop with suitable fittings and Tefron
bushing as electrical insulator. Ten Chromel-Alumel thermocouples are
spot-welded onto the outside wall of the stainless steel tube. The
thermocouple locations are shown in Fig. 1. These thermocouples are
conneéted to bu;nout detectors which actuate the relay to switch off the
power to the test section when any of the wall temperatures rise beyond

the preset value. The stainless steel tube is heated electrically by a

145



d.c. power supply and water flows inside. The whole test section is
thermally insulated with asbestos ribbon.
V.2.2. Test Loop

Test loop consists of a test section, an upper and a lower plenum,
a downcomer (water tank), a bypass, a circulating pump, flow control
valves, three turbine flowmeters and a pipeline connecting these compo-
nents as shown in Fig. 2. The loop is filled with ion-exchanged water,
which was degassed by boiling prior to the experiment. Water is cir-
culated by a centrifugal pump whose characteristic is known. The flow
orientation in the test section can be set either upward or downward
with four stop valves in the loop.

Three geometrical arrangements for the test section were employed.
In the first series of experiment, the test section was mounted in the
loop simply using standard tube fittings and joints in order that there
remained as small compressible volume as possible. A throttle valve was
installed at the bottom of the test section. The second series of
experiment was conducted with a plenum at the top and the bottom of the
test section. The volume of the plenum is 1077cm3. In the third
series, a surge tank was connected to the loop upstream of the test
section. The volume of the surge tank was about 300cm3®, but the volume
of air in it was changeable.

V.2.3. Instrumentation

The flow rate to the test section was measured with two turbine
flowmeters installed parallel to each other in the loop. The electrical
outputs from these turbine flowmeters were recorded on a strip chart
which enabled us to read the average flow rate as well as to observe the

fluctuations.
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The water temperatures were measured at the inlet and outlet of the
test section, downstream of the flowmeters and in the downcomer with
Chromel-Alumel thermocouples. The heated-wall temperatures were measur-
ed with ten Chromel-Alumel thermocouples spot-welded onto the heater as
mentioned before. All these temperatures were also recorded on a strip
chart or with a digital printer.

The pressure in the loop was measured with a Bourdon-tube type
gauge installed in the upstream of the test section.

V.2.4, Test Procedure

Prior to the experiment, the water in the loop was circulated and
boiled for about half an hour for degassing, since the existence of
non-condensible gas reduces the CHF considerably. Then the valves were
set to obtain the desired flow orientation.

The flow rate was regulated in two ways, namely, either by inlet-
valve throttling with all the bypass closed or by throttling the valve
downstream of the flowmeters with the inlet valve and the bypass valve
open. The former case corresponds to a "stiff" gsystem though not
completely stiff, whereas the latter case corresponds to a 'soft"
system.

Critical heat flux was measured at given flow rates and inlet water
temperatures. The inlet water temperature was kept constant by using
the cooling pipe in the downcomer and the heat input to the test sec-
tion. The exit pressure was always kept near atmospheric by keeping the
relief valve open on top of the downcomer during the experiment. At
each given flow rates, the power to the test section was gradually
increased by small steps until a burnout occurred.

The determination of the occurrence of burnout is based on the
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actuation of any one of the burnout detectors, which actuate a relay to
switch off the power to the test section as soon as the wall tempera-
tures rise beyond a preset value due to the occurrence of burnout. The
preset levels of the detectors were so changed in each run as to trip
the circuit right due to burnout. Since the wall temperatures were
recorded on a strip chart, the occurrence of burnout was observed also
from the abrupt increase in the temperature traces.

The heat flux was calculated from the voltage drops across the test
section and the calibrated on-line shunt of the power supply assuming a
uniform heat flux. The critical heat flux is defined by the heat flux
just before the occurrence of rapid temperature excursion.

As will be described later various flow instabilities were encoun-
tered. In such cases as the instability directly resulted in burnout,
the flow rate corresponding to the CHF was determined by the readings
just before the occurrence of the instability. However, there were
other case in which the flow rate decreased to another meta-stable point
and held at that level for a while before burnout resulted. 1In those
cases, both the initial and the last flow rates were used as a reference
in correlating the CHF.

V.3. RESULTS AND DISCUSSIONS

V.3.1. Overall Behavior of CHF

The overall behavior of CHF as a function of mass velocity is shown
in Fig. 3 for the test section without plenum under "stiff" conditionms,
i.e. with large inlet throttling. Here, the positive and the negative
mass velocities denote upflow and downflow, respectively, while =zero
inlet mass velocity means the complete blockage of the test channel at

the bottom.
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It can be seen from the figure that the curves are almost symmet-
rical about the line with zero mass velocity, which indicates that the
effects of buoyancy is small for a stiff system. In both upflow and
downflow, CHF increases linearly as the mass velocity increases at very
low mass velocities. There is a minimum in CHF (ranging from 0.06 to
0.08 MW/m?) at zero inlet mass velocity. The effect of inlet water
temperature is small in this range of parameters. However, at high mass
velocities (namely, larger than 200 kg/m%s), the gradient of the curves
decreases remarkably and the effect of inlet water temperature becomes
obvious. At the highest mass velocities, there are some indications
that the gradient of the curves increase again with increasing mass
velocity.

It has been recognized that in a "soft" system, flow instabilities
may cause the CHF to decrease substantially. Figure 4 and 5 exemplify
the premature burnout due to flow instabilities when the system is
operated with less inlet restriction. The reduction in the CHF is
larger at lower mass velocities. However, at the lowest mass veloc-
ities, two curves appear to merge. This may be attributed mainly to the
large pressure drop across the turbine flowmeter compared to the pres-
sure drop in the heated section for very low flow measurement. The
figures also show that the curve for the soft system is not symmetrical
but the CHF is lower for downflow, which indicates that the effect of
buoyancy becomes important at very low flow rates.

The flow instabilities prior to burnout were observed in flow rate
traces. A typical flow rate trace of unstable flow which resulted in a
burnout is shown in Fig. 6(a). A flow rate trace of stable burnout is

also presented in Fig. 6(b). The amplitude of the fluctuation in the
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flow rate is much larger in the former case in which the burnout oc-
curred due to unstable flow. The amplitude of the flow rate trace
increases with increasing power to the test section. Figure 7 shows the
variation of root-mean-square (r.m.s.) amplitude of the output from the
flowmeter with increasing heat flux at given mass velocities. The
effect of inlet throttling is also shown there. The r.m.s. amplitude of
the flow rate increases sharply just before the occurrence of burnout
and the sharp increase in the amplitude occurs at lower heat flux in a
soft system.

The effect of buoyancy on the CHF can be remarkable in the test
section with upper and lower plena, as illustrated in Fig. 8. 1In
upflow, the curves for CHF versus mass velocity are almost unchanged.
However, the curves for downflow appears to be entirely different. The
critical heat flux remains low up to the mass velocity of about 200
kg/m%s, beyond which the gradient of the curves increases. At high mass
velocities, however, the gradient of the curves decreases again. From
the wvisual observation in the experiment conducted with rectangular
channels which will be described in Chapter VI, Low CHF at very low
downflow is attributed to the bubble stagnation in the heated section.
The critical mass velocity to stagnate bubbles is estimated from the
bubble drift wvelocity in the churn flow regime [25], as will be

discussed in the subsequent chapter. Thus the equation becomes

6, = =72 (logao) e, )

where the negative sign represents downflow and the distribution parame-

ter C0 for a round tube is given by [25]
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C0 =1.2 - 0.2 Vpg/pl . (3)

Using Eq.(2) the critical mass velocity to stagnate bubbles in the
present system becomes -179 kg/m?s, which roughly agrees with the mass
velocity at which the curves change their gradient as shown in Fig. 8.
In addition to this, the shape of the curves is very similar to those
which will be presented for rectangular channels in Chapter VI, in which
case the visual observation revealed that such CHF curve was caused by
the bubble stagnation.

From these figures, it can be said that the CHF decreases substan-
tially due to unstable flow and the effect of buoyancy destabilizes the
flow markedly, leading to further decrease in CHF. The effect of plenum
is not evident in upflow, whereas it appears to be dramatic in downflow.
The critical heat flux dropped as much as one fifth of that for the
stiff system. This may be explained by the destabilizing effect of
buoyancy in downflow and the upstream compressibility. 1In fact, there
possibly remained a certain amount of gas in the upper plenum which
served as an upstream compressibility in the downflow experiment.

It is known that an upstream compressibility works as an energy
storage mechanism to excite pressure-drop oscillations [21]. 1In order
to observe this phenomenon, a compressible volume (about 140cc of air in
the surge tank) was connected to the loop immediately upstream of the
test section and the CHF measured. In some cases, sustained flow osci-
llations with large amplitudes arose with a small increase in the heat
input, and the flow rate dropped to another level gradually as the heat
input was increased, keeping the inlet throttling constant. An example

is illustrated in Fig. 9. This phenomenon is different from that

151



shown in Fig. 6(a) in which a burnout initiated directly after the
occurrence of flow excursion. The period of the sustained flow oscil-
lations is estimated to be a few seconds and the exit quality is not
very high but positive. This type of flow instability will be discussed
later.

The results of CHF in the test section with the compressible volume
are shown in Figs. 10, 11 and 12. The triangles in the figures are the
data plotted in terms of the initial mass velocity and the solid trian-
gles in terms of the mass velocity just before the burnout when the
above mentioned flow instabilities are encountered. It is clearly shown
that the upstream compressibility causes a burnout at much lower heat
flux than the stable CHF in view of initial mass velocity, however, the
data approaches to the stable CHF in terms of the mass velocity just
before the burnout.

V.3.2. Minimum CHF due to Flooding

In Figs. 3 through 6, a minimum CHF is observed at zero inlet mass
velocity, i.e. at the complete bottom blockage condition. This flow
condition is similar to those encountered in those systems as closed-end
thermosyphon reboilers. Critical heat flux in such systems has been
already studied by many authors. From these studies, it has been
recognized that burnout occurs due to flooding. Critical heat flux due
to flooding can be calculated from the Wallis correlation [26] for
flooding velocities, hence

2 s
Ch. A ApD
fo ogg Y

1/4]2 (4)

q
cF
I}H[l =+ (pg/pl)

where the constant C takes the value between 0.725 and 1 depending on
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the entrance geometry. If we assume that C=l1 and use it in Eq.(4), CHF
becomes 0.043 MW/m? which is about a half of the experimental data.

In stead of Eq.(4), CHF due to flooding can be calculated using
previously obtained relation between the gas and the liquid superficial
velocities in the annular liquid-film flow. From the force balance
acting on the liquid film and postulating an uniform film, the relation-

ship can be expressed as

ik = = g,% Vo Joo + - 1+ Ef-l———-j JERd (5)
g I-a 717 "Pg’f1 3 /e (13 "1 71

where the non-dimensional superficial velocities for the two phases are

defined by
j.*=13_ Vo /(spgd) , (6)
g g g
jl* = jl Vol/(AogD) . (7)

The interfacial friction factor fi and the wall friction factor for the

liquid film are defined by [25]

fi 2
T, = 3—-pg(vg-vl , (8)
T .a = fl v2 - iﬂ $
wl ~ 2 P1V1 7 3°P8° - (9)
In Eq.(5), the superficial velocities are positive for upflow. At

flooding-limited burnout, all the liquid flowing down may be almost

dried out, therefore the following conditions can be assumed:
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jl* << jg* s Tl e Ty and o = 1. . (10)

Thus one can approximate Eq.(5) by

1 % = ﬂ-
Ig 3, ° (11)

The interfacial friction factor fi at flooding has been obtained for

round tubes by Bharathan et al.[27], as given by

fi = 0.005 + a G*b s (12)
where
log,, a = =0.56 + 9.07/D% (13)
b = 1.63 + 4.74/D% (14)
8% = §/gho/c , (15)
D* =DVghp/oc . (16)
The void fraction can be approximated for thin liquid film by
1 - o = 48%/Dx (17)
From Eqs.(1l1l), (12) and (17), we arrive at the equation:
5 =\/ L S*/D* .
& Y 0.015 (1 + 200 a 6+°) (18}
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The non-dimensional film thickness 6* can be eliminated from Eq.(18) by
using the following relationship for falling film obtained by Wallis

[26]:

§*/D* = 0.063 |j *12/3.

3, (19)
At flooding burnout conditions, it may be assumed that all the liquid
flowing down from the top is evaporated in the heated section so that

the mass fluxes for two phases are equal. therefore,
Pelg = - Py (20)
or alternatively

PR O (21)
With Eqs.(l19) and (21), Eq.(l8) can be solved numerically. Thus we
obtain for the present test section, j*g = 1.23 (jg = 30.8 m/s). When
6* is small. the term 200a<S*b can be neglected compared to unity, which
implies that the interfacial friction factor takes a constant value
0.005. Then Eq.(l8) can be approximated by

1/4
jg* = 8(pg/ol) / . (22)

For the present case, Eq.(22) gives the value of j*g to be 1.3 which
agrees with the numerical solution of Eq.(l18), therefore Eq.(22) is a

reasonable approximation of Eq.(18). It should be noted, however, that
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Eq.(22) may not be applicable when the viscosity is not small because it

assumes a turbulent film in Eq. (19).

Having the value of j*g’ one may calculate CHF due to flooding as

follows. Assuming saturated liquid entering the heated section, the

heat balance gives the following equation.

AHqCF = Ahfgogjg (23)
Equation (23) can be rewritten in a non-dimensional form as
dep” = ﬁ—ig*ﬁ’; = — ] T (24)
H 4L 8
where
qcF* = qcF/(hfg/XE;EZ;) 2 (25
X = Yo/ (ghp) (26)

It is interesting to note here that the right hand side of Eq.(24)

can be expressed in terms of the Kutateladze number defined by

Ku = jg*/ﬁg 5

hence,

(27)

(28)
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Pushkina and Sorokin [28] obtained the criterion for flow reversal in

terms of the Kutateladze number which is given by

Ku = 3.2 . (29)

It was pointed out earlier [29] that Eq.(29) is valid when D* is large.
Since Eq.(29) gives limiting condition for liquid penetration into
the test section, it may be considered that the upper limit of flooding

CHF is given by

A
* = =
Qp* = 325 (30)

=3 B
8.33 x 10 or q p =

From Eq.(24), we finally find that q*cF
0.071 MW/m?, which agrees satisfactorily with the experimental results.
If we use Eq.(22) instead of the numerical solution, the approximate

equation for flooding CHF becomes

1/4-
2D i%> %
q * = —< D* ’ 1
cF LH pl (31)
3

which gives q*CF = 8.5 x 10 ~.

It should be noted here that the discrepancy between Eq.(4) and the
experimental data can not be interpreted satisfactorily at present.
However, it may be attributed to the effects of various parameters such
as the tube diameter, length, inlet and outlet geometries, properties of
the liquid and the gas and even the material of the tube wall. Further

studies are needed on this point.
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V.3.3. CHF Correlations

v.3.3.1. Correlation of the present data

In order to correlate CHF, it will be convenient to use the follow-

ing non-dimensional groups which were introduced previously.

q* = q/(hfg/xpggAp) 8 (32)
G* = G/VnggAp . (33)

Following these definitions, the pool-boiling CHF correlation [30,31]
which has been chosen as the reference CHF in this study is expressed

simply by
qc* = 0.16 . (34)

For stable upflow CHF, the Katto correlation [l2] appears to be
applicable. In the Katto correlation scheme, four CHF regimes are
identified, namely, L-regime, H-regime, N-regime and HP-regime. Since
the HP-regime appears only in high pressure systems, it may be excluded
here. For each regime, a correlation is given in terms of the following

non-dimensional groups:
: 2
qc/hng, pl/pg, opl/G L, and LH/D .
The first one is called the Boiling number. In the L-regime, CHF occurs

due to complete evaporation of liquid film on the heated surface and is

correlated by
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. op, \ 0.043
<L 0.25 %?_<._§_l.> (1 + 1l.l6sh /b ) b

which can be rewritten as

D
R N

q..* p,A y 0.043
cL < 1 ) qx~0-086
C* H\ g H

1+ 1.16Ahi/hfg) . (36)

In the H-regime, the CHF is limited by liquid entrainment and is cor-

related by

q op\1/3 1+ KHAh,/h
cH _ 0.133 1 i’ fg
g = .10 (pg/pl) <—3;——> " (37)

fg 6Ly 1+ 0.0031 LH/D

or using Eqs.(32) and (33),

Qg™ 1/3 1 + K. Ah,/h
H . .
—-=0.10 (/0 )° 2( - 2) i (38)
G* *
LG 1+ 0.0031 LH/D
Here KH is given by
L_/D\-
K - 1.8 u’ SDg/p1
130
when op,/G%L,, < 3 x 10—6 and
1 H ?
L./D\-50 /p op -1/4
= i S 5 L 1
Ka 0'075<130 > , < 2 > > (39)
G LH

when opl/GzLH 2 3 x 10_6.

The CHF correlation in the N-regime is given by
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0.27
SCNG = 0.098 (o_/p >°°133< N L e (40)
fg g 1 GZLH 1+ 0.0031 L,/D °
or alternatively,
* 0.27
4y 0.2 x 0.433 (LH/D)
= 0.098 (p /pl) == . (41)
G* 4 LHG* 1+ 0.0031 LH/D

The effect of inlet subcooling Ahi/hfg was not specified by Katto
because of insufficient experimental data.

The present experimental data are plotted in terms of the Boiling
number q*/G* and the non-dimensional mass velocity G* in Fig. 13 through
16 in comparison with the Katto correlation. In those figures, the

flooding line is expressed by

* = & 83 42
4.5 0.00 (42)
which was obtained previously. The lines for zero exit quality (xe = 0)
and the exit quality equal to unity (xe = 1) are calculated assuming

thermal equilibrium and given by

%
¢
i

G*

= + h . 43
(xe Ahi/ fg) (43)
It can be seen from these figures that the data of the Boiling
number versus the non-dimensional mass velocity fall along two curves:
The curve at lower mass velocities agrees well with the Katto L-regime
correlation, while the one at higher mass velocities is roughly parallel

to the curve for the pool-boiling CHF. No difference is obvious between
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the data obtained by using the test section with and without plena in
upflow. In Figs. 13 and 15, the data under the soft condition are also
plotted. The data for this case are again correlated by two curves,
though the locus of the line at higher mass velocities is shifted toward
lower heat flux.

There appears to be a small dependency on the inlet subcooling.
The CHF data which fall along the curve parallel to the curve for
pool-boiling CHF are plotted against the inlet subcooling in Fig. 17.
Then the CHF in this region may be correlated tentatively by the follow-
ing equation:

2

qc* = qco* [1 + 12 (Ahi/hfg) 1 . (44)

The value of q*C depends on how the system is stable, and is 0.155 and

0
0.061 for the present stiff and soft systems, respectively.

Since the CHF, even for the present "stiff" system, is as much as
three-fold lower than the stable~flow CHF predicted by the Katto corre-
lation, it is probable that the present test loop has been totally
affected by the flow instabilities. It is also pointed out that the
gradient of the line at high mass velocity and high heat flux is close
to that of the Katto N-regime line. 1In the region where the N-regime
CHF appears, the heat flux is so high that once a small disturbance in
the flow rate would cause vapor-blanketing, the heated surface could not
be quenched any more and DNB-type burnout would result.

At the highest mass velocities concerned, there are some indica-

tions that the CHF tends to fall along the line for zero exit quality or

slightly below (see, for example, the data for the soft system in
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Figs. 13 and 15). This turned out to be closely related to the onset of
flow instability which will be discussed later.

Similar figures are obtained for downflow as shown in Figs. 18
through 21. The critical heat flux at low mass velocities are roughly
reproduced by the Katto L-regime correlation but they are as much as 307
lower than the prediction. The difference becomes smaller as the mass
velocity increases. This is because the effect of buoyancy is more
significant at lower mass velocities. When the mass velocity becomes
still higher, the data reach the point at which they transfer to another
line, which is parallel to that for the pool-boiling CHF and is given by
Eq.(44). The constant q*Co is 0.0153 and 0.046 for the soft system with
and without plenum, respectively. As the data points further proceed
along the line given by Eq.(44) with increasing mass velocity, they
encounter a turning point again after which the CHF takes the value
close to the line for zero exit quality.

In Figs. 19 and 20, the dotted solid-line represents the transition
boundary from the churn to the annular flow regime, which is previously

obtained and approximately given by

ey AN
B g (45)

9* = q
cF AH hfg

In this case, the flooding term q*c is given by Eq.(42). The data

F
denoted by circles indicate that burnout occurs in the annular flow
regime or on its boundary at lower mass velocities. However, at higher
mass velocities, burnout may occur in the churn or slug flow regime. A

similar figure can be drawn based on the data for a round tube (2.44 mm

-ID, LH/D = 100) obtained by Lowdermilk a et al.[9] as given in Fig. 22.
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The stable-flow CHF agrees well with the Katto L-regime correlation at
lower mass velocities but at higher mass velocities, it is rather higher
than the H-regime correlation. The effects of compressible volume, as
also shown there, is the same as observed in the present experiment.

V.3.3.2. Comparison with other correlations

The present data are compared with three high-quality CHF corre-
lations, i.e. the Lowdermilk correlation [9], the Macbeth correlation
[10] and the Katto correlation [12], and one subcooled-boiling CHF
correlation by Zenkevich [32]. The results are plotted in terms of the
non-dimensional CHF q* and the non-dimensional mass velocity G*.
Figures 23 through 25 give the comparisons for the upflow at the inlet
temperatures 30, 40 and 60°C, respectively. Figure 26 presents the
results for the inlet temperature 85°C. The results for the downflow
will be found in Figs. 27 through 29. The legend for the numbers to
identify the curves is given in Fig. 23 and is common to Figs. 23
through 29.

For the upflow CHF, it can be said that the data which fall in the
lower mass velocity regime (for example, the Katto L-regime) agree well
with the corresponding high-quality CHF correlations. On the other
hand, the location of the data in the higher mass velocity regime is
shifted from those toward lower heat flux and mass velocity. The extent
of the shift depends on the system characteristics such as inlet
throttling and upstream compressibility, as was already discussed. The
data at high mass velocity and low exit quality seem to agree with or
slightly lower than the Zenkevich correlation [32]. This point will be
discussed again later in relation to flow instabilities.

The line numbered 6 in Fig. 23 represents the natural circulation
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CHF predicted by the Katto and Kawamura correlation [33]. The predicted
value is much higher than the flooding CHF. Therefore a natural con-
vection test was conducted in the present series of the experiment with
all the valves on line open except the bypass valves. The results are
marked with dotted circles. As the flow was unstable, the range of the
flow rate at burnout is shown by a bar. It can be seen that the natural
convection CHF agrees reasonably well with the Katto L-regime corre-
lation. Therefore, in Katto-Kawamura's experiment, the CHF may not have
been caused by flooding but by complete evaporation in low flow boiling.

As regards to the downflow, Figs. 27 through 28 indicate that the
CHF in low mass velocity regime can be reproduced by the high-quality
~ CHF correlations, although the predicted values are as much as 30%
higher than the experimental data at very low mass velocities because of
the buoyancy effect. However, in a soft system, the transition to the
high mass velocity regime is likely to occur at low mass velocity.
Particularly, in the test section with an upper plenum, the downflow CHF
is kept low until the mass velocity increases to the transition boundary
from the churn to annular flow regime or the line for zero exit quality
is encountered. After the transition, the CHF increases along the line
representing zero exit quality and it seems that the CHF may increase
along the curve predicted by Zenkevich correlation [32] at much higher
velocities.

V.3.4. Relation between the CHF and Flow Instabilities

V.3.4.1. Observed flow instabilities

The CHF observed in the present experiment appears to be consid-
erably affected by various flow instabilities. In that case, the

temporary reduction of the flow rate due to instability causes total
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liquid starvation which may lead to a premature burnout as a conse-
quence.

Two types of flow instabilities were recognized. One is the flow
excursion in which a small increase in heat flux at constant valve-
throttling causes a sudden non-recurrent reduction of the inlet flow
rate and, as a consequence, a burnout. Typical traces illustrating
burnout due to the flow excursion have been shown in Fig. 6(a). The
others are oscillating instabilities. The most common among them will
be the density-wave oscillation and the pressure-drop oscillation
[33-35]. These oscillatory instabilities do not always cause burnout,
but the amplitude is so large that it may cause the vibrations of the
components in the system.

The flow excursion was first analyzed by Ledinegg [36] and the

criterion for the instability was given by

o4p d4p
(ac >int < <ac >ext . (46)

This means that the flow excursion occurs when the slope of the internal
pressure-drop versus flow-rate curve becomes smaller (more negative)
than the external pressure-drop versus flow-rate curve (or pump charac-
teristic). This is illustrated in Fig. 30. In order to identify the
flow excursion, a case shown in Fig. 31 has been analyzed, in which case
the bypass valves were closed and the flow rate was adjusted with the
inlet wvalve. As the pressure drops across the test section and the
inlet valve were not measured, they were estimated from the known pump
characteristic and measured single-phase flow rate after shutting down

the power to the test section due to burnout. Since the resistance
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coefficient of the flowmeters were-known, the resistance coefficient of

the inlet valve can be calculated assuming the following form.

:2 flG2 o2
= =K, —+ =— + + K — .
Apext (&) Apint (©) Ki Py T 2Dpl (LH LU) e py (47)

Here the first term on the right hand side represents the inlet pressure
loss which includes the resistances at the flowmeter and the inlet
valve. The second term is the frictional pressure loss in the heated
and upper unheated sections, and the third term the exit pressure loss.

The exit resistance coefficient Ke is chosen as 0.5 and the inlet

resistance coefficient Ki determined from the experiment. The single
phase friction factor f1 is obtained from

fl = 0.3164 Re10'25 " (48)
where

Rel = GD/ul . (49)

Two-phase pressure drop is given by

2
2
G £16 Ly

Ap, = K, + + .
p1nt i pli 2Dpli ApTPF = ApG “ APe = ApA (50)

The exit pressure loss Ape can be calculated by [8]
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_ dp 1.5 .2
Ape B Ke ( L pg Xe ) & /pli 2 (51)

where the exit quality is

4Lq Ay
X "h.DC  h . (52)
fg fg

The gravity term ApG is roughly estimated from

8pg = P18 (LH+ LU) - Legay (LH+ LU - LB) (53)

where oy is the average void fraction in the boiling region. It is

assumed that the average void fraction oy is calculated using the

average quality in the heated section and from the homogeneous flow

model, hence,

1

- 4

%4 1-0.5x%x p ' (%)
1+ 0.9 x pl

The above simplification turned out to produce no significant errors in
the final results for the present case. Another simplification is to
assume that the acceleration term ApA can be neglected because it is
canceled out due to condensation in the downstream of the loop, as
stated by Ishii et al.[37]. Approximate equation for the two-phase
friction terms was also given by Ishii et al.[37] based on the

homogeneous-flow model and is expressed as
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ag xe Ap
fle <l + 5—2— w, - LB) <l + p— Xe>LU

u

_ 55

APrpr 200, X _\0.25 . 0.25 (53)
(on ey )

A sample calculation has been performed for the case shown in Fig.
31. The result of the calculation is given in Fig. 32. Since the pump
used in the experiment is capable of large flow rate, the external
pressure-drop versus flow-rate curve becomes flat in the range of flow
rate concerned. The curves for the external pressure drop have a
negative slope region, thus the flow excursion is predicted to occur at
the heat flux of 1.5 MW/m®? and the mass velocity of 1750 kg/mzs, which
are in good agreement with the measured CHF and mass velocity, 1.47
MW/m? and 1749 kg/m?s, respectively.

Another example is for the density-wave oscillations. Typical
traces for this instability are presented in Fig. 33, and the predicted
internal pressure-drop curves are shown in Fig. 34. The internal pres-
sure-drop curves has a positive slope in this case because of large
inlet throttling, thus no flow excursion is expected. The burnout locus
marked with cross-in-circle is at the mass velocity 477 kg/m%s on the
curve for the CHF 1.44 MW/m?, whereas the predicted operating point at
that heat flux is at the mass velocity 440 kg/m®s. The stability
boundary of the density wave oscillation can be obtained from the simple

criterion of Ishii and Zuber [38], as given by

me
2 (K, +-— +K ) o
% @ i 2D e/ g
e ~ 1 me Ap (56)
1 +5(——2D + 2Ke>
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where the two-phase friction factor fm can be calculated from Eq.(55)
and the following equation:

E:p_l A
D T 2 Prpp - (57)

Equations (56) and (57) predict for the case given in Fig. 34 that the
density wave oscillations occurs when the exit quality is larger than
0.025 at heat flux l.44 MW/m?. Since the exit quality at burnout is
0.94, the density-wave oscillations are likely to occur in the case
shown in Fig. 34.

Somewhat more complex flow oscillations, as shown in Fig. 35, were
observed in the test section with an upstream compressibility and with
the bypass fully open. According to the analysis on the pressure-drop
oscillations by Maulbetsch and Griffith [21], the pressure drop in the
portion downstream of the compressible volume is considered in this
case., The resultant pressure-drop versus flow-rate curves are as shown
in Fig. 36. Maulbetsch and Griffith [21] pointed out that when the
compressible volume was significantly large, the CHF always occurred at
the minimum in the pressure-drop versus flow-rate curve. Therefore, it
is expected in this case that the flow instability occurs at the point
marked with cross-in-circle in Fig. 36, at which point the mass velocity
is 1990 kg/m?s and the heat flux 1.38 MW/m?. These values are rea-
sonably close to the measured heat flux, 1.23 MW/m? at the onset of
instability, the CHF 1.67 MW/m? and the initial mass velocity 1924
kg/m?s. The stability boundary for the density wave oscillations
predicted by Eq.(56) is also shown in Fig. 35. It is indicated that the

operating point is likely to enter the region where the density-wave
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oscillations are possible, after the onset of flow excursion. It
appears that the stored energy in the compressible volume worked to
retard the flow excursion. Therefore, it may be concluded that the
instability is the pressure-drop oscillations followed by the density
wave oscillations.

In the downflow experiment conducted with the upper plenum, period-
ic, low frequency oscillations were encountered, as depicted in Fig. 37.
The period of the oscillations varied from several seconds to a few
minutes which decreased with increasing mass velocity. In this case,
the upper plenum may have served as an energy storage mechanism for the
sustained oscillation. Predicted pressure-drop versus flow-rate curves
are given in Fig. 38. The external pressure drop was calculated as the
pump head minus the pressure loss from the outlet of the pump to the
inlet of the upper plenum. The operating point marked with cross-in-
circle which is close to the condition observed at the occurrence of
burnout is in the negative slope region on the pressure-drop versus
flow-rate curve. Therefore, this may be a pressure-drop oscillation,
though it is considerably affected by the buoyancy acting on the bubbles
particularly at low mass velocities.

V.3.4.2. Relation between the CHF and the stability boundaries

In this section, observed stability boundaries are compared to the
CHF data in order to provide better understanding of burnout mechanisms.
In Figs. 39 and 40, the stability boundaries both for upflow and down-
flow under stiff conditions are plotted in terms of the non-dimensional
heat flux versus mass velocity. At low mass velocities, the flow is
stable or the onset of flow instability is not obvious, and the CHF is

well correlated by the stable-flow CHF correlations. Typical traces
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under such conditions are shown in Fig. 6(b). At high mass velocities,
however, the density-wave oscillations with large amplitudes, as given
in Fig. 7, are encountered and the CHF decreases considerably from the
stable-flow CHF. The traces for this case are shown in Fig. 33. As the
mass velocity further increases, the density-wave oscillations are
followed by the flow excursion which directly leads to burnout. At the
highest mass velocities where the exit quality is near zero or slightly
negative, the flow excursion occurs with no obvious preceding density-
wave oscillations.

Similar stability map is obtained for upflow in the soft system and
in the test section with upstream compressibility, although the bound-
aries are moved toward lower heat flux and mass velocity, as is shown in
Figs. 41 through 44. 1In upflow with upstream compressibility, the
pressure-drop oscillations followed by the density-wave oscillations
appear at high mass velocities, as shown in Fig. 34. The stability
boundaries for downflow in the soft system is shown in Fig. 45, which is
very similar to that for corresponding upflow case, although the down-
flow appears to be less stable than the upflow.

When the upper plenum serves as a large upstream compressibility in

downflow, a different stability map is obtained, as illustrated in Figs.

46 and 47. The pressure-drop oscillations, sometimes mixed with the
density-wave oscillations, are observed prior to the burnout. The
stability boundary is close to the line for zero exit quality. The

critical heat flux is also close to the same line at higher mass veloci-
ty, which is consistent with the observation by Maulbetsch and Griffith

[21].

171



V.4. CONCLUSIONS
As has been described so far, the CHF at atmospheric pressure is

significantly affected by the effects of buoyancy and various flow

instabilities. These effects on the CHF are summarized as follows:

(1) The stable-flow CHF at low mass velocities can be well correlated
by the conventional high-quality correlations, such as the Katto
correlation [12]. In downflow, however, the CHF is as much as 30%
lower than the upflow CHF at very low mass velocities due to the
effect of buoyancy.

(2) The flow becomes unstable at lower mass velocity and heat flux by
providing upstream compressibility, less inlet throttling and
bypass, which cause the substantial reduction of CHF. The de-
creased CHF falls roughly around the line for constant heat flux,
which is also approximately parallel to the lines predicted by the
Katto H-regime and N-regime correlations. The locus of the line,
however, is shifted toward lower heat flux and mass velocity
depending on how the system is unstable. The CHF in this regime
appears to be affected significantly by the density-wave oscil-
lations.

(3) Due to the buoyancy effect the downflow is less stable than the
upflow. Particularly when the test section has an upper plenum,
the latter works as an effective upstream compressibility to induce
the pressure-drop oscillations. The CHF in this case is kept
almost constant at very low heat flux until the mass velocity
exceeds the critical value to stagnate bubbles or the exit quality
approaches to zero.

(4) At higher mass velocities, the lines for the above mentioned
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unstable CHF intersect the zero-exit-quality line around which the
minimum in the internal pressure-drop versus flow-rate curve
occurs. Beyond this mass velocity, the CHF increases along the
line for zero exit quality, irrespective of the flow orientation.
In this regime, CHF occurs mainly due to flow excursion.

(5) There appears to be a minimum CHF as a function of mass velocity,
which can be calculated from the flooding or flow reversal con-
ditions. It turned out that all the data which suffered flow
instabilities fall in the region which was bounded by the stable-
flow CHF lines, the flooding or flow reversal line, and the line
corresponding to the minimum in the internal pressure-drop versus

flow-rate curve.

From these results, it may be concluded that the CHF at low flow
rate and low pressure conditions is largely affected by various flow
instabilities. At lower heat flux, the basic mechanism of the burnout
will be the dryout or breakdown of the liquid film on the heated sur-
face, which is caused by the deficiency of the liquid in the heated
section and may be controlled by such hydrodynamical phenomena as
flooding or flow reversal, entrainment and deposition of liquid drop-
lets. Such flow instabilities as the density-wave oscillations, the
pressure-drop oscillations and the flow excursion can reduce the effec-
tive film flow rate, thus leading to premature burnout.

When both the mass velocity and the heat flux are high, and the
exit quality is near zero, the flow excursion appears to be the dominant
phenomenon to cause burnout. The flow excursion leads to total liquid

starvation and causes dryout over the wide area of the heated surface.
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The Zenkevich correlation [32] for subcooled forced-convection CHF
appears to reproduce the CHF well in this region. When the heat flux is
sufficiently high, say, higher than the pool-boiling CHF, a temporary
reduction of flow rate due to flow instability would initiate vapor-
blanketing which can not be quenched by the subsequent increase of the

flow rate. In that case, a DNB-type burnout will result.
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QB =

NOMENCLATURE

Flow area

Heated area

A constant which appears in the equation for the friction

factor by Bharathan et al.[27]

Constant used in the equation for interfacial friction factor

by Bharathan et al.[27]

Constant for flooding correlation by Wallis [26]
Distribution parameter

Tube diameter

Non-dimensional tube diameter defined by Eq.(l6)
Functions of G, p and D in the Macbeth correlation
Interfacial friction factor

Liquid phase friction factor

Two-phase friction factor

Mass velocity

Non-dimensional mass velocity defined by Eq. (33)
Critical mass velocity to cause bubble stagnation
Gravity

Enthalpy

Latent heat of vaporization

Inlet subcooling (enthalpy)

Superficial velocity (volumetric flux) of k phase (k=g or 1)

Non-dimensional superficial velocity of k phase (k=g or 1)

Exit resistance coefficient

Non-dimensional parameter for the effect of inlet subcooling

in the Katto H-regime correlation
Inlet resistance coefficient
Kutateladze number

Length

Length of the non-boiling region
Heated length

Length of unheated region
Pressure

Pressure drop
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ApA : Pressure loss due to acceleration
Ape ¢ Pressure loss at the exit
Apext ¢ External pressure drop (supply pressure drop)

ApG : Pressure drop due to gravity

Apint : Internal pressure drop (system-demand pressure drop)
APTPF : Frictional pressure loss of two-phase flow
Slope of the internal pressure-drop versus mass velocity curve
Slope of the external pressure-drop versus mass velocity curve
q : Heat flux
q. ¢ Critical heat flux
4p Critical heat flux due to flooding
9.y Critical heat flux in the Katto H-regime
9, Critical heat flux in the Katto L-regime
9y Critical heat flux in the Katto N-regime

g* : Non-dimensional heat flux defined by Eq. (32)

q*CO Non-dimensional CHF at saturated condition
Re1 : Liquid Reynolds number

Tin : Inlet water temperature

vy d Velocity of k phase (k=g or 1)

X, ¢ Critical quality at burnout

X, ¢ Exit quality

Greek symbols

a : Void fraction
4y i Average void fraction in the heated section
§ : Liquid film thickness

8% : Non-dimensional liquid film thickness

Py Density of k phase (k=g or 1)
Pri ° Density of the liquid at the inlet

Ap : Difference of the density between two phases

uk : Viscosity of k phase (k=g or 1)

Ay : Difference of the viscosity between the two phases

A : Length scale of the Taylor wave defined by Eq.(26)
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g ¢ Surface tension
T, ¢+ Interfacial shear stress
wl ® Wall shear stress for liquid phase

Subscripts

A : Acceleration

B : Non-boiling region
¢ : Critical
e @ Exit

ext : External

F : Flooding
fg : Difference between the liquid and the gas

G : Gravity
g : Gas phase
H : Heated region or the Katto H~-regime
i Inlet
in : Inlet
int : Internal
L : The Katto L-regime
1 : Liquid phase
m : Two-phase mixture
N : The Katto N-regime
u Unheated region
Wall
0 : Zero inlet subcooling
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Figure 10 Effect of compressible volume on CHF for

upflow at inlet temperature 30°C.
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Effect of compressible volume on CHF for

upflow at inlet temperature 40°C.
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Effect of compressible volume on CHF for

upflow at inlet temperature 60°C.
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Figure

associated with the density-wave

oscillations.
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Example of the flow-rate traces for the
with the density-wave oscillations.
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CHAPTER  VI.

CRITICAL HEAT FLUX AT LOW-FLOW-RATE AND

LOW-PRESSURE CONDITIONS IN THIN RECTANGULAR CHANNELS

VI.1l. INTRODUCTION

In designing a nuclear reactor system, critical heat flux (CHF)
under various conditions must be known to avoid the occurrence of
burnout. Critical heat flux for water flowing in a vertical rectangular
channel is important in MTR-type research reactors. Most of the CHF
correlations developed so far for rectangular channels [1-6] are
applicable only to systems at high flow rate and positive subcooling at
the burnout position as shown in Table 1. This is because the main
emphasis in reactor safety has been directed to more drastic accident
conditions.

However, it is noted that accidents which lead to the decay heat
removal by natural convection have much higher probability of occurrence
than those of severe accidents extensively studied so far. The decay
heat removal by natural convection can become important under a number
of accident conditions such as loss-of-heat sink (LOHS), loss-of-flow
(LOF) and loss-of-coolant accidents (LOCA) in liquid cooled nuclear
reactors. Regardless of the initial stages of these accidents, similar
conditions, which are basically decay heat removal by natural convection
boiling, can develop. Under such conditions, burnout may occur even at
a low heat flux..

In addition, flow reversal occurs in many MIR-type research

reactors during transient after normal shutdown, at which time the
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coolant flow rate becomes so low that if it is mismatched with the decay
heat removal a CHF may occur.

Among the CHF correlations for vertical rectangular channels, the
Macbeth correlation [7] and the Katto correlation [8] are applicable to
both high and 1low flow rates. They are, however, based on the
experimental data at higher opressures than expected under such
conditions mentioned above. The data on the CHF for low-flow-rate/
low-pressure conditions are lacking, and no correlation is available at
present. This is partly because various flow instabilities due to
boiling may have significant effects on the CHF at low pressure [9-11],
and hence the CHF may become system dependent.

In view of the above, an experimental study has been performed for
water flowing in thin rectangular channels at low-flow-rate/low-pressure
conditions. The effects of flow orientation, i.e. upflow and downflow,
on the CHF were also observed in the experiment. This chapter provides
the results obtained from the experiment and some considerations on the
CHF correlations in relation to the safety of research reactors.

VI.2. PREVIOUS WORKS

As mentioned above, the CHF correlations [1-4] widely used for
research reactors are applicable when the flow rate is high and the
subcooling at the burnout position is positive. They have been used
equally for both upflow and downflow, because it has been assumed that
the effects of flow orientation is small at very high flow rates. It is
noted that under such conditions, burnout occurs due to vapor-blanketing
on the heated wall, and the resulting CHF depends only on local
conditions. We may call this burnout mechanism DNB-type. The guide-

book [12] published by the International Atomic Energy Agency (IAEA)
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in 1980, however, extrapolated the CHF at low velocities based on such
high flow correlations as the Mirshak correlation [1] and the Labuntsov
correlation [4] suggesting that the CHF approaches to the pool-boiling
CHF at very low coolant velocities.

On the other hand, the CHF at low flow rate may be deduced also from
the Macbeth correlation [7] and the Katto correlation [8], although they
are applicable only to upflow and higher pressure conditions. As
pointed out by Katto, their correlations at low flow rate predict the
CHF caused by the permanent dryout of the liquid film on the heated
wall. Therefore, the CHF occurs at high quality by this mechanism.
According to these correlations, the CHF at a very low flow rate is
roughly proportional to the mass velocity, contrary to the suggestion by
the IAEA guidebook [12].

Recently, Monde et al.[13] obtained the CHF correlation for natural
convection boiling in vertical rectangular channels submerged in

saturated liquid and heated from one side:

2.5
0.16h_ p (oghp
Fale g /og )

q = (1)
¢ l+6.7XIO_4(pl/pg)o'6(LH/s)

Equation (1) suggests that the CHF at very low flow rates becomes
independent of the flow rate and approaches to a certain value which is
generally much smaller than the pool-boiling CHF.

For a vertical channel with a complete bottom blockage, CHF occurs
due to flooding [14-19]. In this case, liquid flows down from the top
and the vapor generated in the heated section flows upward. When the
heat flux becomes sufficiently high, the high vapor flow remarkably

reduces the liquid penetration into the heated section, thus causing a
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dryout. The CHF can be calculated by using the flooding correlation of

Wallis [20] given by

jg +j1 =Cc , (2)

jg* = ngO / (ApgD) , (3)
g

5% = 3)/e T hegD) )

where constant C is 0.725 to 1 depending on the entrance geometry. From

the heat and mass balance in the heated section and Eq.(2), one obtains

C2Ah_ Yp ghpD
£g'PgBLP

L . (5)
AH[1+(pg/ol)

der 12

In addition to these, as discussed in Chapter IV, it was observed
in the experiment conducted with an annular test section that the CHF at
low mass velocity occurred due to the flow regime transition from churn

to annular flow. Based on the criterion for the flow regime transition,

the CHF was calculated by

4, = (A/AH)hfg[cAhi/hfg+(1/co-o.11)/pggApD] , (6)

where C0 is the distribution parameter [21] given by

Cy = 1.2 = O-ZVDg/Dl for round tubes, and (7)
CO =1.35 - 0.35VOg/pl for rectangular channels. (8)
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The second term in Eq.(6) is almost equal to the flooding CHF
predicted by Eq.(5) at low pressures, thus Eq.(6) approaches to Eq.(5)
at very low mass velocities. On the other hand, when the mass velocity
and the inlet subcooling is high, the second term can be neglected.
This indicates that the exit quality at burnout is very low in contrast
to the high-quality CHF correlations [7,8] and that the CHF given by
Eq.(6) can be much lower than predicted by those correlations.

The predictions by the above correlations are compared for the IAEA
I0MW research reactor conditions [12] in Fig. 1. Here the
non-dimensional critical heat flux and mass velocity, q* and G* are

defined by the following equations respectively:

= = qc/(hfgﬂoggt\o) s (9)
G* = G/#ApggAp . (10)

The non-dimensional group Eq.(9) was originally derived by Zuber [22]
and Kutateladze [23] from the consideration of the hydraulic instability
which causes the departure from nucleate boiling (DNB). The length

scale A is the Taylor wave length scale given by the following equation,

A = /57 (gbo) . ()

Using Eq.(9) the pool-boiling CHF correlation [22],([23] can be written

in a simple form,

g* = 0.16 . (12)
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It can be seen from Fig. 1 that at low pressure with typical
geometrical conditions for research reactors, the flooding CHF is much
lower than the pool-boiling CHF and the high-quality CHF [7],[8].

VI.3.  EXPERIMENT

VI.3.1. Test Section

Two types of rectangular test sections were fabricated for the
experiment. The cross section of the first test section is shown in
Fig. 2. The nominal dimension of the flow channel are 2.4 mm in
clearance and 40 mm in width. A stainless steel heater is mounted flush
with a Tefron sheet on one wall, while the opposite wall consists of a
transparent Pyrex plate which enables us to observe the flow regimes.
The heater is 1 mm-thick, 30 mm-wide and 350 mm in effective length, and
has copper electrodes silver—solderéd at its upper and lower ends.
These copper electrodes penetrates the upper and lower plena with
electrical insulation and are connected to the cables from the power
supply. Ten Chromel-Alumel thermocouples are spot-welded onto the
inside wall of the heater at an interval of 35 mm along the centerline.
These thermocouples are led out of the test section through the hole
drilled in the copper electrodes and connected to burnout detectors
which actuate a relay to switch off the power to the test section.

The flow channel of the second test section has the same nominal
dimension as the first one but is heated with a pair of parallel heaters
on the two opposite sides of the channel as shown in Fig. 3. The
heaters are fabricated in the same manner as described above. It is
noted here, however, that two parallel copper bars for two heaters run
through each plenum of this test section. Thus the coolant flows

through the slit between the copper bars at the inlet and outlet of the
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test section. This means that the inlet and outlet restrictions are
larger in the second test section than in the first one.

The power to the test section was supplied by a 20 V, 1200 A, dc
power supply. The heat input to the test section was calculated from
the voltage drop across the test-section heater and that across the
on-line shunt rated at 15 V/1500 A.

VI.3.2. Test Loop

The test loop is basically the same as that used in the experiment
with round tubes, which is shown schematically in Fig. 4. The test
section was mounted vertically between the upper and lower plena in the
loop. The loop was filled with ion-exchanged water, which was degassed
by boiling prior to the experiment. The steam relief valve on top of
the water tank was left open during the test so that the exit pressure
was always near atmospheric pressure.

The flow orientation in the test section can be set either upward
or downward by the valves. The inlet water flow rate was regulated with
the valves just behind the flow meters and the bypassvvalve. The other
valves were kept fully-open or fully-closed according to the flow
orientation. The flow rate to the test section was measured with three
turbine flowmeters.

The details have been already described in the previous chapter.

VI.3.3. Experimental Procedure

The same procedure was followed as in the ‘experiment with round
tube test section. First, the water in the loop was degassed by
boiling. Then, the valves were set to obtain the desired flow
orientation. The inlet water temperature was kept constant by using the

cooling pipe in the downcomer and the heat input to the test section.
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At each given flow rate, the power to the test section was gradually
increased by small steps untill a burnout occurred. The determination
of the occurrence of burnout is based on the actuation of any one of the
burnout detectors, which actuate a relay to switch off the power to the
test section as soon as the heater temperatures rise beyond a preset
value due to the occurrence of burnout. Since the wall temperatures
were recorded on a strip chart, the occurrence of burnout was observed
also from the abrupt increase in the temperature traces.

The heat flux was calculated from the power to the test section and
known heated area assuming a uniform heat flux. The critical heat flux
is defined by the heat flux just before the occurrence of rapid
temperature excursion. In some runs, a violent flow oscillation was
encountered prior to the burnout. In those cases, the equilibrium
(mean) flow rate read from the flow-rate trace on the strip chart was
used to correlate the critical heat flux. The pattern of the flow
oscillation was also observed from the flow-rate traces.

The ranges of the variables tested in the experiment are given in
Table 2.

VI.4. RESULTS AND DISCUSSIONS

VI.4.1. Flow Regimes at Burnout

The flow regimes at low-flow-rates/low-pressure conditions are
significantly affected by the large density ratio pl/pg and the gravity.
Due to these effects, various flow instabilities are encountered.
Particularly the effects of gravity reveals itself in the differences of
flow regimes between upflow and downflow at low flow rates. This may
have significant impacts on core cooling if the difference of flow

regimes causes the reduction of critical heat flux. In view of the
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above, flow regimes were observed in both upflow and downflow with the
test section heated from one side.
Vi.4.1.1. Downflow

At the lowest mass velocities in the downflow, burnout occurs due
to countercurrent-flow limitation which resembles flooding. When the
heat flux is not high enough to cause burnout, the flow appears to be
slug flow or churn-turbulent flow; the lower boundary of the boiling
region moves up and down with a large amplitude causing the inlet flow
rate and the wall temperatures to oscillate as shown in Fig. 5.

When the mass velocity is just as high (150 - 200 kg/mzs, downward)
as to stagnate the bubbles, the vapor accumulates in the heated section,
and as a consequence dryout occurs over a wide area of the heated
surface. When the inlet subcooling is small (about 15°C) in addition to
the above condition, this type of burnout occurs at the lowest heat
flux. It is also noted that at this range of flow rate the existence of
non-condensible gas reduces the CHF as much as 20% because it
accumulates in the heated section and blocks the channel.

The critical mass velocity GC which causes the bubble stagnation
can be estimated from the bubble drift velocity. Assuming churn flow

regime, the drift velocity can be calculated by [21]

1
Vs = (gD + /2(ogte/ey)" . (13)

Using the following relations

(14)
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G = pgjg + pljl s (15)

= s 16
e Jg/a . (16)

and with the condition that vg = 0, we obtain

1
G, = - Y2(p 20g80) /C, , 17)

where the distribution parameter CO is given by Eq.(8) and the negative
mass velocity means downflow. With Eq.(l7), the critical mass velocity
becomes —159kg/mzs which agrees reasonably with the observation.

When the mass velocity becomes relatively high, i.e. 200 - 610
kg/mzs, highly agitated steam column is formed and expels the liquid
column from the heated section at heat fluxes close to the CHF. The
flow appears to be in the churn or annular flow regimes. However, the
upper boundary of the steam column moves rapidly with large amplitude,
and the inlet flow rate oscillates violently as shown in Fig. 6. Dry
patches are formed during the expulsion of the liquid column. They are,
however, rewetted during the re-entry of the liquid column following the
collapse of the bubble due to rapid condensation. Thus a permanent
dryout occurs as soon as the exit equilibrium quality becomes zero,
which retards the condensation. The flow may be characterized by the
flow-regime instability and the burnout may be considered as a secondary
phenomenon of the instability [9,24]. It is also noted that the
compressible volume in the upper plenum may have worked as an energy

storage mechanism in the flow oscillation.
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VI.4.1.2. Upflow and complete bottom blockage

In the complete-bottom-blockage experiment, the (bottom) inlet
valve immediately upstream of the test section was closed and the
downstream valves were fully-open. Thus the condition of the test
section is similar to that of a thermosiphon. In this case, burnout
occurs due to flooding as mentioned before. However, the flooding
phenomenon in such a thin rectangular channel as the present test
section exhibits somewhat different characteristics from that in round
tubes. That is, the falling liquid film is not uniform around the
channel. The majority of the liquid flows down along the narrow side
walls, not along the heated wall. The liquid films on the side walls
are so thick (several milli-meters) that large disturbance waves are
generated on the film. Sometimes the wave crests touch the liquid film
on the opposite side to form liquid bridges, which are blown up and
broken up into liquid droplets by the upward flow of steam. These
disturbance waves, liquid bridges and droplets appear to contribute to
wet the heated surface as long as the CHF is not exceeded. Dryout
occurs when sufficient amount of liquid is not supplied to the heated
section due to flooding.

In the upflow, the flooding’burnout is also observed at very low
flow rates. This means that even when all the liquid entering from the
bottom is completely evaporated before it reaches the exit of the heated
section, dry patches can be rewetted by the liquid falling from the top
if the flooding condition is not reached.

As the flow rate is increased the contribution of the falling film
gradually diminishes. The flow regime appears to be the annular flow,

and hence the complete evaporation of the film on the heated surface
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leads to burnout. Since in that case liquid film still remains on the
unheated surface, the exit quality is rather low at the occurrence of
burnout.

Flow instabilities are encountered also in the upward annular flow
when the exit water temperature is below the saturation point. An
example of the flow-rate trace during the instability is shown in Fig.
7. The figure indicates that the flow oscillation is damped soon after
the exit water temperature reaches the saturation point. Therefore,
this instability may have been caused by the rapid growth and
condensation of the steam core which touches the subcooled liquid at its
both ends.

Observed flow regimeé at burnout for upflow are plotted in Fig. 8
in terms of the mass velocity and the exit equilibrium quality. The
flow regime map denoted by solid lines is calculated by the following
criteria obtained in Chapter II.

The transition criterion from the slug to churn-flow regime is

given by
. 0.75
(Co—l)J + O.35VApgD/pl
a 21 - 0.813 >
: 3 2,,1/18
J+O.75VApgD/pl[ApgD /(pyvyT)] (18)
where
a = jg/[coj+0.35»’ApgD/pl] . S

The transition criterion for the churn to annular flow has been
developed postulating flow reversal in the liquid film along large

bubbles and is expressed as
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jg 2 VApgD/pl(a—O.ll) ; (20)

with the following equation for void fraction;

1
2.%

a = jg/[COj+/5(0ng/pl 41 .

(21)

Figure 8 indicates that for the present test section, better
agreement is obtained with the channel width w than with the hydraulic
equivalent diameter D in Eq.(20). The transition criterion for the

annular-mist flow is

. 2.k -0.2
2 A “ : 22
Jg (og o/pg ) Nul s (22)
where
1
Nul = ul/[plm/o/(gAp)]2 . (23)

The slug-annular transition boundary derived by Jones et al.[25]
for rectangular ducts is also compared in the figure. The criterion is

given by

J = 3g/4 - (0.23+0.13s/w)/dogulp

(24)

It appears that Eq.(24) corresponds to the slug-to-churn flow transition
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predicted by the present criterion.

VI.4.2. Critical Heat Flux

VI.4.2.1. CHF for the test section heated from one side

The critical heat flux measured in the test section heated from one
side is shown in Fig. 9. The abscissa represents the mass velocity,
which is positive for upflow and negative for downflow. The figure
shows that there is a minimum in the CHF at complete bottom blockage or
low downflow. This minimum CHF occurred due to flooding and/or bubble
stagnation, as noted previously. The minimum CHF in downflow appears at
mass velocities up to the critical mass velocity (-150 to =200 kg/mzs)
at which the bubbles stagnate in the heated section. Beyond the
critical mass velocity, the vapor bubbles are forced downward and the
flow regime becomes churn or annular flow accompanied with a violent
oscillation of boiling boundary. 1In this region, the CHF increases as
the mass velocity increases (downward).

In the upflow the CHF approaches to the minimum due to flooding at
the lowest mass velocities, while it increases almost linearly with
increasing mass velocity. At very high mass velocities, there is some
tendency that the rate of increase in CHF decreases. It 1s apparent
that the CHF in upflow is generally higher than that in downflow. These
flow characteristics described so far clearly indicate that the effects
of gravity is significant at such low flow rates as tested in this
experiment.

The effects of inlet subcooling on CHF also can be seen in Fig. 9.
In the downflow, the CHF increases with increasing inlet subcooling

while in upward flow, the effect is not obvious.



VI.4.2.2. CHF for the test section heated from two opposite sides

The CHF measured in the test section heated with two heaters is
shown in Fig. 10. General tendencies of the curves are similar to those
observed in the first test section, although the range of the tested
flow rate is narrower. It appears that the effects of bubble stagnation
are rather obscure in this case, but the minimum CHF occurs at the
complete bottom blockage or at very low downflow. The effects of inlet
subcooling are also the same as the test section heated from one side.
With Figs. 9 and 10, it can be said that the CHF in the test section
heated from two opposite sides is about a half of that in the other test
section. This may be roughly explained by the factor A/AH which appears
in Eqs.(5) and (6), with the conditions otherwise the same. This means
that the CHF depends mainly on the total power input to the test section
rather than the local heat flux at such low flow rates.

VI.4.3. Correlations

VI.4.3.1. Minimum CHF due to flooding

As has been discussed previously, there is a minimum CHF which
occurs due to flooding. This minimum CHF may have a significant impact
on the core cooling after the shutdown or in the post accident
conditions of nuclear reactors. Based upon the observations described
before, we assume that the flooding condition can be determined from the
balance in the hydrodynamic forces acting on the falling films along the
narrower side walls. Furthermore, we assume that the flooding condition
can be expressed in the same form as Eq.(2). Then for simplicity, we
consider the condition to let the liquid film hung up on the wall. This
is equivalent to the condition jl*=0.

Figure 11 depicts the model of the hanging liquid film. The



relationship among the interfacial shear, wall shear and the gravity is

given by

T, s Aogs . (25)

As the average velocity in the liquid film is very low, we may neglect
the wall shear compared to the interfacial shear in Eq.(25).
The interfacial shear force can be written in terms of friction

factor as

_ 2
T, = Cfipgvg /2 . (26)
Wallis [26] obtained the friction factor for rough annular film given by

the following equation;

Cfi = 0.005(1+3008/D) i (27)

It is assumed that Eq.(27) can be used with some modification for thin
rectangular channels. As the term §/D measures the relative roughness
of the liquid film, we should replace the hydraulic diameter D by the
channel width w because we consider the force balance only on the plane
parallel to the channel width. Moreover, we may neglect the first term
in Eq.(27) because the observed film is rather thick and the wave
roughness is large. Therefore we assume the following form for the

interfacial friction factor.

C.. = ké/w . (28)
fi
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where k can be determined empirically, although Eq.(27) gives the value

of 1.5.

Using Eqs.(25),(26) and (28) we obtain

v = vY2A ki
. Y20pgw/( og) s (29)
and the superficial vapor velocity becomes

j = av_ = av2A k .

Jg . V2hpgw/( pg) (30)

Here we introduce the following non-dimensional superficial vapor
velocity

j * =3 Yo /(28pgw

| 1g7P, pgw)

> (31)

which is equivalent to Eq.(3) for round tubes if D = 2w. With Egs.(30)

and (31), the condition for hanging liquid film becomes
jg* = a/'k . (32)

From the similarity between Eq.(32) and Eq.(2) with jl* = 0 we obtain

1,2
C = (a/Vk)2% , (33)

where for thin rectangular channels, the non-dimensional superficial

velocities are defined by Eq.(31) and
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iy * = 3;7p,/ (20pgw) . (34)

Therefore we finally arrive at the following equation for flooding CHF

for thin rectangular channels

C2Ahfg\/ 2p ggpr

qCF = (35)

4.2
AH[1+(pg/ol) ]

Comparing Eq.(35) to the experimental data, the value of C can be

determined. Then we have

(@}
1}

0.73 for the test section heated from one side and

0.63 for the test section heated from two opposite sides. (36)

It is noted here that the above values are obtained based upon the
measured clearances of the channel at the upper end of the heated
section, i.e. 2.2 mm for the former test section and 2.15 mm for the
latter. The value of C can be estimated theoretically from Eq.(33)
postulating that o = 0.8, and thus we obtain 0.81 which is 11 to 29%
higher than the empirical values.

It is also pointed out that the value of C is lower in the test
section heated from two opposite sides. This may be attributed to the
fact that the inlet restriction at the upper end is larger in the latter
test section. In a research reactor, however, the geometrical condition
at the upper end of the coolant channel is more like that in the test
section heated from one side. Hence the value of C = 0.73 will be

preferable.
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VIi.4.3.2. CHF for downflow

The minimum CHF in the downflow appears at mass velocities up to
about 200kg/mzs. Since the mechanism of burnout resembles flooding, the
CHF may be basically correlated by Eq.(35). For a downflow, however, we
need to take account of the effects of inlet subcooling as indicated in
Fig. 9 and 10. 1In order to find the effects of inlet subcooling on the
CHF, the data at those mass velocities are plotted in terms of qc/qCF
and the inlet subcooling as shown in Fig. 12, where 9ep is given by
Eq.(35). The figure indicates that the effects of inlet subcooling are
negligible when the inlet water temperature is higher than about 70°C,
while qc/qcF can be correlated by the following equation at higher inlet
subcooling:

6.5
q /q.p =1+ 2.9x105(Ahi/hfg) . (37)

At higher mass velocities, the inlet flow oscillates due to rapid
evaporation and condensation, and the CHF occurs when the exit water
temperature reaches saturation. Therefore, the CHF correlation can be

derived from the condition xe = 0 and becomes
q, = AAhiG/AH ; (38)

The experimental data for downflow in the first test section are
correlated in terms of the boiling number defined by qc/(hng) or q*/G*
and non-dimensional mass velocity G* using Eq.(37) and (38) as shown in
Fig. 13. The non-dimensional mass velocity for bubble stagnation is

calculated from Eqs.(l10) and (17). It can be seen from the figure that
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the transition from the flooding to zero-exit-quality CHF is smooth at
low inlet subcooling while it occurs rather abruptly at the critical
mass velocity for bubble stagnation at high inlet subcooling because the
intersection of Eqs.(37) and (38) appears at lower mass velocity than
the critical mass velocity in the latter case.

The experimental data for the test section heated from two opposite
sides can be correlated in the same manner and the result is shown in
Fig. l4. The figure indicates that the data are close to the flooding
line with C = 0.63 at the lowest mass velocities while they approach to
the flooding line with C = 0.73 as the mass velocity increases.

VI.4.3.3. CHF for upflow

As pointed out earlier, the CHF for upflow depends little on the
inlet subcooling, which is also shown in Fig. 15 for the test section
heated from one side. Hence the CHF may be assumed to be a function of
the mass velocity alone if the geometrical conditions remain unchanged.
This function of the mass velocity should have an asymptotic value at
very low flow rates which is calculated from the flooding condition.
Thus the following equation is assumed for the upflow CHF;

9. = 9. * £(G) , (39)
where q.p is given by Eq.(35) together with Eq.(36). Plotting the
experimental data in terms of the boiling number q*/G*. against the

non-dimensional mass velocity, it turned out that the CHF could be

correlated by the following equation;

-3
qc = qcF + 1.46x%10 hng S (40)
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for the test section heated from one side and

_ -3
q, = q.p * 1.7x10"h

c ng ’ (41)

for the test section heated from two opposite sides.

Non-dimensional plot of the CHF data and the comparison to Egs. (40)
and (41) are shown in Fig. 16.

It should be noted here that Eqs.(40) and (41) may be valid only
for the present test sections because the second term on those equations
may include the geometrical parameters implicitly. Therefore further
studies are needed before any general correlation is established. It is
also interesting to note that the lower boundary of the general

correlations may be given by

9. = 9.p + AAhiG/AH . (42)
which is essentially the same as Eq.(6) and thus corresponds to the
churn to annular flow transition at low pressures.
VI.4.4., Discussions

The experimental results described above are compared to the
conventional correlations. The comparisons are made in terms of the
non-dimensional CHF and mass velocity, gq* and G*, respectively.
Figures 17 and 18 give the non-dimensional plots of the CHF data obtain-
ed at fixed inlet subcooling for the test section heated from one side
in comparison with the conventional correlations. The Kutateladze
correlation [27] for high flow CHF at low pressure is also included.

The Mirshak correlation [1] and the Labuntsov correlation [4] are used
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beyond their applicable ranges, postulating that when exit equilibrium
quality is positive, the subcooling at the burnout position is zero.
The bold lines in the figures represent the transition boundary from the
churn to annular flow regime. The criterion for the transition in a
rectangular channel is calculated by Eq. (42).

It can be seen from these figures that neither pool-boiling CHF
correlations [23,24] nor high-quality CHF correlations [7,8] can
reproduce the CHF at low mass velocity which is much lower than
predicted by those correlations.

In the upflow, the CHF is close to the transition boundary from the
churn to annular flow regime at high inlet subcooling, while it is
between the high-quality CHF and the transition boundary at low inlet
subcooling. At very low flow rate, the CHF approaches to the flooding
CHF, Eq.(35). The Monde correlation [13] for natural convection boiling
CHF also agrees well with the flooding CHF. At high mass velocities,
the CHF curve appears to merge with the Labuntsov correlation[4]. The
Mirshak correlation [1] should be properly used for downflow because it
is obtained from the downflow experiment.

In the downflow, the CHF at low mass velocities can be correlated
by two lines calculated by Eqs.(37) and (38), representing the flooding
CHF and the condition that the exit equilibrium quality is zero,
respectively. At high mass velocities, the Mirshak correlation [l] is
valid.

The same discussion can be followed for the CHF with two heaters as
shown in Fig. 19. The reason for the discrepancy between the
experimental data and the high quality CHF correlations [7,8] is not

known at present. However, it is pointed out that the CHF at low flow
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rate 1is very sensitive to various parameters such as the system
pressure, the geometry of the channel, inlet valve throttling, the pump
characteristics and wupstream compressibility. Particularly at low
pressures, the flow easily becomes unstable due to boiling, which may
result in a premature burnout. Therefore, further studies are needed to
obtain the general criteria to identify which mechanism causes a burnout
at a given condition.

VI.5. SUMMARY AND CONCLUSIONS

The CHF obtained from the experiment with thin rectangular channels
under low-flow-rate/low-pressure conditions appeared to be much lower
than predicted by conventional correlations. The minimum CHF occurred
at a complete bottom blockage and at mass velocities less than GC giveq
by Eq.(l17) in downward flow which causes a bubble stagnation in the
heated section. Attention should be paid to this fact because a similar
condition may develop in a research reactor prior to the flow reversal
after a normal shutdown of the reactor.

Furthermore, it is noted that a complete top blockage has not been
studied in this experiment, although it is more likely to occur in a
research reactor and may lead to more pessimistic consequences than the
bottom blockage.

Based on the above discussions, the following recommendations are
made for the CHF correlations for thin rectangular channels at low
pressure.

In a downflow,

(1) the Mirshak correlation [1] is relevant at high flow rate,
(2) the CHF at intermediate flow rate can be determined by the

condition that the exit equilibrium quality is zero, resulting in
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Eq. (38),
(3) the CHF at low mass velocities less than Gc given by Eq.(17) occurs

due to flooding and is correlated by Eq.(37).

In an upflow,

(1) the Labuntsov correlation [4] or the Kutateladze correlation [27]
can be used at high flow rate,

(2) the CHF at low flow rate is tentatively correlated by Egs.(40) and
(41), which may be modified depending on the geometry. The lower
boundary may be given by Eq.(42) corresponding to the churn-annular

flow transition.

It should be noted here that these results are obtained for steady
inlet-flow condition and may be wvalid also for a slow transient.
However, under rapid transient conditions, it is more likely that a
burnout will not occur even if the steady-flow CHF condition 1is

exceeded.
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NOMENCLATURE

Flow area

Heated area

A constant which appears in the flooding correlation
Distribution parameter

Characteristic length or hydraulic equivalent diameter
Heated equivalent diameter

A function of mass velocity G

Interfacial friction factor

Mass velocity

Non-dimensional mass velocity

Critical mass velocity to stagnate bubbles
Gravity

Latent heat of evaporation

Inlet subcooling in terms of enthalpy

Volumetric flux of two-phase mixture

Volumetric flux of gas (superficial gas velocity)
Volumetric flux of liquid (superficial liquid velocity)
Non-dimensional superficial gas velocity
Non-dimensional superficial liquid velocity

A constant for interfacial friction factor
Heated length

Viscosity number defined by Eq.(23)

Heat flux

Critical heat flux

Critical heat flux due to flooding
Non-dimensional heat flux

Clearance of the channel

Inlet water temperature

Exit water temperature

Drift velocity

Velocity of the gas (vapor)

Width of the channel
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Greek symbols

a : Void fraction
§ : Roughness of surface wave
Ap Difference of the densities of two phases
A Length scale of the Taylor wave
My f Viscosity of liquid
vy ¢ Kinematic viscosity of liquid
p_ Gas (vapor) density
CIE Liquid density
g Surface tension
T Interfacial shear stress
Tt Wall shear stress
Subscripts
Critical
F: Flooding
fg : Evaporation
g Gas phase
Heated
i Interfacial or inlet
in : Inlet
L s Liquid phase
out : Outlet or exit
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CHAPTER  VII.

DISCUSSIONS AND RECOMMENDATIONS

VII.1. INTRODUCTION

The purpose of this chapter is to compare the results obtained in
the previous chapters with each other as well as with the results from
various sources in order to provide some more generic understanding of
the burnout mechanisms. In view of this, the results for each geometry
of the test section, i.e. the annulus, the rectangular channels and the
round tube are first compared to the existing data separately and the
effects of several parameters are discussed. Then comparisons between
the results for each channel geometries are made to discuss their
effects on the burnout mechanisms.

VII.2. BURNOUT IN ANNULUS

VII.2.1. CHF at Higher Mass Velocities

The following major conclusions were extracted from the burnout

experiment conducted with the annular test channel in Chapter IV:

(1) Critical heat flux at zero inlet flow (complete bottom blockage)
can be predicted by flooding correlation, which gives lower CHF for
larger L/D than those predicted by pool-boiling CHF correlation.

(2) Burnout at.low mass velocities occurred due to liquid film dryout

upon the flow regime transition from the churn to annular flow.

However, the tested range of the parameters are limited, it is

necessary to see how the CHF behaves in more expanded range of

parameters. For this purpose, several available data on CHF in annuli
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are plotted in terms of the non-dimensional heat flux and mass velocity

defined by
q* = q/(hfg/KSQEZE) ,
Gx = G//TE;EZE ,
where
X = Yo/ (gbo)

(1)

(2)

(3)

The data are compared to the following equations and some of the

existing CHF correlations [1-4].

(1) Exit quality equal to unity (xe =1)

A
% = I + *

Ay

(2) Zero exit quality (xe = 0)

(3) Pool-boiling CHF [3,4]

* =
9.p 0.16

(4) Flooding CHF
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q k= A c2/ox -
F ’
F M4 )42
g 1
where
D* = D/ . (8)
(5) Churn-annular transition
Ah
K .
q* = — h—lc*+<%--o.11>/n—* , 9)
Ay | Beg 0

where the distribution parameter C0 is given by [6]
CO = 1.2 - O.2Vpg/pl g (10)

(6) The Katto correlation scheme for annulus [1]

L-regime (High-quality CHF correlation)

g D.. /op 0.043
Zel _ 595 _H B (1 +1.16 bh_/h_ ) . (11)
h. G L 2 i fe
H-regime
ZeH | g1z (o /o013 (.fﬁl..) 3L Ry dhyfheg (12)
= . 4
I g'P1 GZLH 1 + 0.008L L, /D,
where
_ e 143
e % Lk Opg/pl Py
K, = 0.057 ( 775 2 ' (13)
a/ Py 6Ly
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N-regime

0.171

q ' op 0.433  (L._/D.)
cN_ _ 0.22 (pg/pl)o.133 ( 1 > H H (14)

G .
hfg GZLH 1 + 0.0081 LH/DH

(7) The Zenkevich correlation [2] for subcooled forced-convection CHF

at low pressure.

- ogG -5
4. hfg / - (2.5 + 184 Ahsub/hfg) x 10 . (15)

Figures 1 through 4 show the Rogers et al.[5] data for 0.156 MPa
water 1in internally heated annuli in comparison with the above
equations. It can be seen that the CHF is close to the line for the
churn to annular flow transition at lower mass velocities whereas at
higher mass velocities, the CHF appears to increase along the curve for
subcooled boiling CHF predicted by the Zenkevich correlation [2].

Figure 4 shows the data for small LH/DH, in which case all the
curves come close to each other because the flooding CHF approaches to
the pool-boiling CHF. At high mass velocities, the Zenkevich
correlation [2] appears to reproduce the experimental data very well.
It should be noted that as most of the data are in the region below the
annular-flow boundary, burnout may have occurred in the churn or slug
flow region, which coincides with the observation reported in Reference
[5]. On the other hand, at low mass velocities, the figures indicate
that a burnout occurs at the annular flow boundary which coincides with
the observation described in Chapter IV. Therefore, it is deduced that
some change in the burnout mechanism may have occurred at intermediate

mass velocities and the exit qualities near zero. Since rapid bubble
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formation or collapse can be caused by a small change in flow rate, heat
flux, subcooling, etc. at exit qualities near zero, the flow pattern
(two-phase flow regimes and the stability of the flow) may be easily
changed. |

The other set of CHF data is available from the report on the
burnout mechanisms prepared by the Japanese Society of Mechanical
Engineers (JSME) [6]. Burnout experiments were performed with
internally heated annuli of same design (Di = 10 mm, DO =19 mm, L = 300
mm) independently at several universities and institutions. The data
are plotted in terms of q* and G* at inlet water temperatures 95, 85 and
70°C in Figs. 5, 6 and 7, respectively. Figure 5 shows the CHF data in
intermediate region between low flow CHF and high-flow subcooled-boiling
CHF. 1In this case, the annular flow boundary defined by three curves,
namely the churn-to-annular, slug-to-annular and slug-to-annular-mist
flow transitions which are predicted by the criteria previously
obtained. 1In the preceding chapters, the last two transition boundaries
were omitted because the annular flow boundary was important only at low
mass velocities where the boundary was defined only by the churn-annular
transition. The churn-annular transition is given by Eq.(9). The
second and the third transitions are given by the following criteria:

(1) Slug-to-annular flow transition

0.75
(Co—l)j + 0.35 /AogD/ol

o >1- 0.813 3 1/18 > (16)

D / ApgD
j +0.75 [Le8 < °g2>
pl Vv

PV

and

283



h|
a = g

Col +0.35 Vhogdlo, e

(2) Annular-mist flow transition

5 & <05Ap)l/4N—0.2

g p2 ul > (18)
g
where
u
1
1
E (010V07gAp)l/2 ’
and
* 7 4 gho~ 1/4
; aghp
COJ + /5 ( > > (20)
P1

These criteria can be expressed in terms of q* and G* using the

following relations:

G = Pl +o3; (21)
q= 2% h, G (x_ +4ah,/h.) (22)
Ay fs e i’ fg ’
x, = pj /G . (23)
e ng

The data were obtained under apparently the same conditions,
nevertheless, they are divided into two groups, i.e. higher CHF data and

lower CHF data at a given range of flow rate. It was pointed out [6]
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that some flow instability had been probably involved in the lower CHF
data. The figure indicates, however, that these data are fairly along
the annular-flow boundary, that is the CHF may have occurred due to the
annular-flow transition. The other group of data are in the annular-
mist flow regime. The discrepancy between these two groups was not
completely interpreted but it should be noted here that the loop
characteristics may be changed, for example, by inlet throttling even in
a given test loop, as has been observed in Chapter V.

Figure 6 shows the CHF data in the intermediate region between the
regime of CHF due to annular flow transition and the subcooled-boiling
CHF regime. Figure 7 shows the CHF data in the subcooled-boiling
regime, which are well reproduced by the Zenkevich correlation [2].

VII.2.2. CHF at Higher Pressures

It was pointed out in Chapter IV (Fig.l13) that the region where the
annular flow regime appears shrinks toward higher quality as the
pressure increases, thus the CHF due to the transition to annular flow
approaches to high-quality CHF. Since the flow becomes more stable at
higher pressures, it can be said that the CHF at high pressure and low
flow rate is well correlated by such high-quality CHF correlations as
the Katto correlation [1].

The CHF data at high flow rates and high pressure conditions
reported by JSME [6] are shown in Figs. 8 and 9. The same test sections
as used in the low pressure experiment were employed for this case, too.
It can be seen that the boundary of the annular flow regime moves toward
higher quality and approaches to the Katto CHF curve at high pressure.
The CHF data appear to be correlated by the high-quality CHF correlation

satisfactorily. It is also noted that since the data are below the
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annular-flow boundary. burnout may have occurred in the slug or bubbly
flow regime at high flow rate. Moreover, as the CHF is above the
pool-boiling CHF, the DNB-type burnout may have occurred in this region.

VII.3. BURNOUT IN ROUND TUBES

VII.3.1l. Upflow
In chapter V, the following conclusions were made for the CHF for

upflow in round tubes:

(1) There is a minimum in CHF at the complete bottom blockage
condition, at which burnout occurs due to countercurrent flow
limitation.

(2) Low flow CHF is well correlated by the conventional high-quality
CHF correlations [7]-[9] which indicates that the mechanism of
burnout is the liquid-film dryout. As the mass velocity increases,
the critical quality at burnout decreases because the 1liquid
entrainment increases and in turn the flow rate in the liquid film
decreases.

(3) At higher flow rates, the flow appears to be largely affected by
the density wave oscillations which cause premature burnout. The
premature burnout may be a result of the liquid deficiency caused
by the temporary reduction of the flow rate during the instability.

(4) At sufficiently high flow rate and heat flux, and at exit quality
near zero, burnout occurs immediately after the onset of flow
excursion. 1In that case, the total liquid starvation in the heated

section causes the dryout over wide area of the heated surface.

In view of the flow-regime map obtained in Chapter II, the flow

regime at burnout appears to be mostly the annular or annular-mist flow.
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The predicted annular flow boundaries at high pressures are shown in
Figs. 12 through 17, together with the CHF data for a round tube (10 mm
1D, LH = 800 mm) taken from Reference [10]. It can be seen that the
annular-flow boundary gradually moves toward higher quality as the
pressure increases. The churn-to-annular flow boundary disappears at
very high pressure and instead, the slug-to-annular and the
slug-to-annular-mist flow boundaries become dominant.

Since the density ratio pl/pg is smaller at higher pressures, the
void fraction decreases at a given quality and thus the two-phase
friction factor is reduced. For this reason, the flow is generally more
stable at higher pressures. Therefore, it 1is expected that the
stable-flow CHF will be more likely to occur in a high pressure system,
and hence the CHF could be correlated well by the conventional
high-quality CHF correlations [7]-[9].

VII.3.2. Downflow
The conclusions for the CHF in downflow are as follows:

(1) The downflow CHF is as much as 30% lower than the upflow CHF which
is well reproduced by the conventional high-quality CHF
correlations [7]-[9] at very low flow rates in a stiff system.
This may be attributed to the effects of buoyancy which becomes
more important at lower flow rates. The mechanism of burnout at
low flow rates will be the liquid-film dryout.

(2) 1In a stiff system at high flow rates, the downflow CHF is as high
as the upflow CHF. The density-wave oscillations appear to
predominate in this region.

(3) Such destabilizing effects as reducing inlet restriction and

providing upstream compressibility appear to be enlarged by the
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buoyancy effects which decreases the CHF substantially.

(4) At sufficiently high mass velocity and heat flux, and exit quality
near zero, burnout occurs due to flow excursion, as is the case in
upflow. When the test section has a plenum at the top, the

pressure drop oscillations are encountered before burnout occurs.

These observations were made at the exit pressure near atmospheric.
Since the flow becomes more stable at higher pressures, it is expected
that the difference in CHF between the soft system and the stiff system
becomes smaller. However, further studies are needed to draw definite
conclusions for higher pressure systems.

VII.4. BURNOUT IN RECTANGULAR CHANNELS

VII.4.1. Upflow
From the experiment conducted for upflow in rectangular channels,

the following results are obtained for burnout mechanisms and the CHF.

(1) The minimum CHF is obtained at complete bottom blockage (zero inlet
flow) condition, where burnout occurred due to countercurrent flow
limitation.

(2) The CHF at intermediate flow rates increases along the line for
approximately constant exit quality. This critical exit quality
lies somewhere between the high-quality CHF curve and the
annular-flow boundary which limit the lower boundary of the CHF.
Both visual observation and the CHF data indicate that burnout
occurs in the annular flow regime at intermediate mass velocities.

(3) It is known that subcooled-boiling CHF such as the Labuntsov
correlation [l1l1], the Kutateladze correlation [12] and the

Zenkevich correlation [2] can be used at high mass velocities,
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where DNB-type burnout occurs. From this fact and the results
obtained for low mass velocities, it is deduced that the CHF curve
at intermediate mass velocity merge with those curves at higher
mass velocities.

(4) It is known that the conventional high-quality CHF correlations
[7,13] have been obtained mainly based on high pressure data. The

behavior of the CHF at high pressures for rectangular channels will

be the same as for annuli.

VII.4.2. Downflow
As regards to the mechanisms of burnout and the CHF for downflow in

rectangular channels, the results are summarized again as follows:

(1) Burnout occurs due to countercurrent flow limitation at low mass
velocities less than the critical value to stagnate steam bubbles
in the heated channel. The resultant CHF is the minimum and much
lower than the pool-boiling CHF.

(2) At intermediate mass velocities beyond the critical mass velocity
for bubble stagnation, burnout occurs at about zero exit quality.
In this region, vigorous flow oscillations arise, which amplitude
increases with increasing mass velocity and heat flux. Due to this
instability, the CHF is decreased substantially.

(3) It is known that at high mass velocities, subcooled-boiling CHF
correlations such as the Mirshak correlation [14] are relevant. In

this region, DNB-type burnout will take place.
Visual observation revealed that the flow regime at burnout was

basically the churn or slug flow at intermediate and high mass

velocities. However, it appears to be flow regime instability, because
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the flow regime varies between the slug or churn flow and the annular
flow during a cycle of large bubble formation and collapse. The flow
rate traces are very similar to those observed for the pressure-drop
oscillations in the round tube experiment. The upper plenum may have
worked as an energy storage mechanism to excite flow oscillations in
this case, too. Therefore, the flow-regime instability may be
considered as an secondary phenomenon of the pressure drop oscillations.

VII.4.3. Flow Instabilities

The observation of flow rate traces indicated that the flow is
largely affected by the flow instabilities both in upflow and downflow
and that the downflow is generally less stable than the upflow. This
may be because of the buoyancy effects. The significance of flow
instabilities in a boiling system has been pinted out earlier by many
investigators in relation to the core cooling of MTR-type research
reactors [15~18] in which the coolant channels are rectangular.

Redpath and Whittle [18] conducted an experiment with single
rectangular channel, in which the flow rate was gradually reduced until
the onset of flow instability keeping the heat flux constant
(constant-power experiment). They found that parallel-channel flow
instabilities would occur at a reactor power larger than the normal
maximum of 15 MWt (at that time), at a level (V32 MWt) which exceeds
that accepted for subcooled burnout.

Waters [15] performed heat transfer experiments with rectangular
channels for the Advanced Test Reactor (ATR) in order to investigate the
upper-limit heat flux for the ATR. A chopped cosine axial heat flux
pattern was used in the tests and in one test section a lateral flux

peaking factor of 1.36 peak/average was also used. Both constant-power
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experiment (stiff system) and constant-head experiment (soft system)
were conducted. In the latter, the heat flux was gradually increased
until the onset of flow instability keeping the valve throttling
constant. It was found that flow instabilities, not boiling burnout,
would limit heat fluxes in the ATR. The flow instabilities occurred at
the minimum in the internal (system-demand) pressure-drop versus
flow-rate curve, corresponding with beginning of bulk boiling.

A simple criterion for estimating the locus of the minima in the
internal pressure-drop versus flow-rate curves for rectangular ducts and
round tubes was proposed by Forgan and Whittle [16]. The criterion is

expressed as

ATc 1
= > (24)
ATi 1+ n/(LH/DH)

where ATc is the bulk water temperature rise at the condition of minimum
pressure drop and ATi is the difference between the exit saturation
temperature and the inlet water temperature. The value of the parameter
n was determined empirically to be 25. It was pointed out that the
minimum pressure drop correspond to detachment of steam bubbles from the
heater surface.

Equation (24) is applicable to the present rectangular channels.
Predicted stability boundary is shown in Figs. 10 and 11, together with
the present CHF data. The subcooled-boiling CHF curves [2, lé] appear
to be close to the predicted stability boundary. Therefore, it is
probable that some instabilities have been involved in obtaining the CHF
data on which those correlations are based. However, this speculation

needs to be verified. On the other hand, the Mirshak correlation [14]

291



predicts lower CHF than the stability boundary. This agrees with the
observation by Redpath and Whittle [18].

Since the CHF data fall above the minima in the internal
pressure-drop versus flow-rate curves, as given in Figs. 10 and 11, and
in addition to this, ©because of the existence of upstream
compressibility (upper plenum), the instability observed in the downflow
may be pressure-drop oscillations. On the other hand, neither flow
excursion nor pressure-drop oscillations were observed in the upflow.
Instead, the flow rate traces indicated that the density-wave type
oscillations were encountered at high flow rate and high heat flux
conditions. In those cases, the flow appeared to be in the annular flow
or annular-mist flow regime in which the boiling boundary oscillated
violently.

VII.5. EFFECT OF GEOMETRY ON BURNOUT MECHANISMS

VII.5.1. Burnout due to Countercurrent Flow Limitation

At complete bottom blockage or very low flow conditions, burnout
due to countercurrent flow limitation (CCFL) appears to be common to all
the basic geometries. This type of burnout is important because it
results in the minimum CHF which can be much lower than the pool-boiling
CHF in ordinary systems.

The relation between the CHF due to CCFL and the pool-boiling CHF
was discussed in Chapter IV. It was pointed out there that the CHF due
to flooding increases with increasing diameter and decreasing heated
length until it reaches the pool-boiling CHF. In other words, the
pool-boiling burnout can be considered as an extreme case of burnout due

to CCFL.

Observed mechanisms of burnout due to CCFL are somewhat different
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between channel geometries. In the annulus, falling film is formed on
both the heated and unheated walls almost equally, and burnout occurs
when the liquid film on the heated surface dries out due to CCFL. The
CHF is well reproduced by Eq.(7) with C = 1 and by using the hydraulic
equivalent diameter, i.e. 2s as the characteristic length. As regards
to the characteristic length, there is some inconsistency among
investigators. Richter [19] used the average circumference of the
annulus, 1i.e. (Di + Do)/2, whereas Ueda and Suzuki [20] used the
hydraulic equivalent diameter. Theoretically, the hydraulic equivalent
diameter is derived as the characteristic length if we assume uniform
liquid film equally on the inner and the outer walls. However, further
studies are needed on this point.

In rectangular channels, the falling film is not uniform around the
channel. The majority of the liquid flows down along the narrow side
walls, not along the heated wall. This may be due to large aspect ratio
of the channel. The wider walls (one of which is heated) easily dry out
but are drenched by the passage of large disturbance waves and liquid
bridges generated from the 1liquid film on the narrow side walls.
Permanent dryout of the heated surface occurs when sufficient amount of
liquid is not supplied to the heated section due to CCFL. The CHF in
this case is correlated by Eq.(7), using 2w (two times of the channel
width) as the characteristic length, with ¢ = 0.73 and 0.63 for the test
section heated from one side and that heated from two opposite sides,
respectively.

In round tubes, the flow was not observed visually but the CHF due

to CCFL is correlated by the following equation:
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A
q.p* = . jg* VD* (25)
H

where the non-dimensional superficial velocity of the vapor is

approximated at the CCFL condition by

sk L 1/4
Jg* = 8 (pg/pl)

(26)

when the liquid film is thin and can be considered smooth. TFor a tube

with a large diameter, the CHF due to CCFL can be given by
A
% = 2
3.2 A 5 (27)

Equations (25) and (27) are compared with some existing data [21,22]

plotted in terms of q*C and the parameter Z given by

F

. = A/D*
- 1/4,2 : (28)
AH[l + (pg/ol) ]

Using Eq.(28), Equation (7) can be rewritten as

*=C¢ . (29) .

The results are shown in Fig. 18 in comparison with several
existing data [21-23]. Equation (26) appears to give rather high CHF.
This will be attributed to the simplification in deriving Eq.(26) based
on the assumption that the liquid film can be considered smooth and the

wall shear stress neglected in comparison with the interfacial shear
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stress. However, the predicted CHF is still within the scatter of the
experimental data. As for the other geometries, the data of Kusuda et
al.[22] for externally heated annuli and those from the present
experiment also shown in Fig. 18. It appears that the CHF is lower in
annuli and rectangular channels than in round tubes at given z.

VII.5.2. Burnout at Low Mass Velocities

It turned out that the behavior of the CHF at low and intermediate
mass velocities was different between round tubes and the other
geometries. In round tubes, the boiling number behaves as a function of
G* as shown in Fig. 19, whereas the curve becomes concave for annulus
and rectangular channels as shown in Figs. 20 and 21, respectively. In
round tubes, burnout occurs due to almost complete evaporation of the
liquid entering the heated section, thus the critical quality being
close to unity when the liquid entrainment is not much. On the other
hand, in the annulus and the rectangular channels, substantial amount of
liquid remains on the unheated surface at the occurrence of burnout,
thus the critical quality being low. It should be noted, however, that
the mechanism of burnout itself was the same for all the channel
geometries, i.e. burnout occurred when the liquid film on the heated
surface dried out completely.

Therefore it may be assumed that the critical quality is , as
stated by Ishii et al.[24], approximately equal to

e, (30)

X = x g

ec eR °h

if the 1liquid film is uniform in circumference. Here xR is the

critical quality in round tubes and can be calculated from the Katto
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L-regime correlations [1,9,13], as given by

cpl 0.043
X = .
eR ( G2L > (31)

H

If we use the critical quality, the Katto L-regime correlations can be

rewritten as

(32)

There are some data [25] for annulus which agree reasonably well with
Eq.(32), as presented in Fig. 22.

From the above discussions, it is deduced that the CHF for annulus
lies somewhere between the curve given by the reduced critical quality
and the annular-flow boundary. However, this should be limited to a low
pressure system, because at high pressures, it is recognized that the
Katto L-regime correlation [l1] reproduced the CHF data well. These
results do not appear to be fully consistent at present. In order to
solve the problem, a burnout experiment at intermediate pressures must
be performed, which is out of the scope of this investigation.

The same argument can be followed for rectangular channels.
Comparisons between the CHF data for rectangular channels and Eq.(30)
are given in Figs. 23 and 24. In that case, however, the reduction of
the critical quality may not be given only by the geometrical
consideration because the liquid film on the unheated walls (narrower
side walls) is much thicker than that on the heated wall. Therefore, a
certain parameter would be needed to take account of the effect of

non-uniform distribution of film flow rate, if one would calculate the



critical quality more accurately.

From the above discussions, it may be concluded that the difference
in the behavior of the CHF curve between the different geometries is
attributed to the amount of liquid flowing along the unheated wall at
the occurrence of burnout. However, in any case at low mass velocities,
the mechanism of burnout appears to be the dryout or breakdown of the
liquid film on the heated surface. Therefore, if the film flow rate and
the criteria for the dryout or breakdown of liquid film are known in
detail, the CHF can be predicted theoretically. For example, the
entrainment-limited burnout has been already explained by the
entrainment and deposition rate by several authors. However, it is also
probable that those criteria are met consequently if such hydrodynamical
phenomena as countercurrent flow limitation, flow-regime transition and
flow excursion cause the 1liquid deficiency in the heated channel.
Therefore, in such cases, the CHF can be calculated by using the
criteria for such hydrodynamical phenomena.

VII.5.3. Burnout at High Mass Velocities

At high mass velocities, burnout occurs when the exit quality is
near zero or slightly negative. The flow is more or less unstable in
this region because a small variation in heat flux or flow rate yields a
large change in void fraction, particularly at low pressures. Under
such conditions, the difference in the channel geometry itself may not
have a significant effect on the mechanisms of burnout but such factor
as the hydraulic characteristics of the channel, inlet throttling,
upstream compressibility, the pump characteristic, the bypass and the
flow orientation may have.

The mechanisms of burnout in this region will be two fold, namely
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the total liquid starvation and the DNB-type burnout. When the heat
flux is not so high as to cause DNB-type burnout, burnout occurs due to
the temporary reduction of the flow rate caused by the flow instability.
Particularly the flow excursion directly leads to burnout due to total
liquid starvation, in which case the CHF can be obtained from the
criterion for the flow excursion. When the heat flux is sufficiently
high, the DNB-type burnout may occur due to the vapor-blanketing over
the heated surface even if the hydrodynamical condition is such that
sufficient amount of liquid can be supplied to the heated section.

VII.6. CONCLUSIONS
The results from this chapter are summarized as follows:

(1) There is a minimum in CHF which occurs due to countercurrent flow
limitation at the complete bottom blockage condition. The CHF due
to CCFL in a round tube appears to be a little higher than that in
an annulus and a rectangular channel. The CHF can be calculated
from an appropriate model for the CCFL.

(2) The behavior of CHF as a function of mass velocity differs between
round tubes and the other channel geometries with unheated wall at
low and intermediate mass velocities. The overall trends of CHF
are illustrated in Figs. 25 and 26. 1In a round tube, the region
where the CHF curve appears is bounded by the following four
curves: the high-quality CHF curve, the annular-flow boundary,
subcooled-boiling CHF curve and the flooding (or CCFL) line. Omn
the other hand, in an annulus and a rectangular channel, the
high-quality CHF curve should be replaced by the curve determined
by the reduced critical quality due to the remaining liquid film on

the unheated wall. This argument may be valid only for low
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(3)

(4)

(5)

(6)

pressure systems, because there are some evidents that the
high-quality CHF correlation reproduces the CHF data well at high
pressures.

The effect of buoyancy (or flow orientation) is such that moves the
CHF curve to more unstable region in downflow.

The effect of pressure on the CHF curve is depicted in Figs. 27 for
a round tube. The annular-flow boundary moves toward higher
quality as the pressure increases. In addition to this, the flow
becomes more stable at higher pressures. This will be the reason
why the CHF at high pressures are well correlated by the
stable-flow high-quality CHF correlations. In an annulus and a
rectangular channel, the anﬁular—flow boundary moves to the region
above the curve for reduced critical quality. Therefore, it may be
deduced that the region where the CHF curves appear is the same as
in a round tube at high pressures. However, it is still subject to
further studies on this point.

In any case at low mass velocities, the mechanism of burnout
appears to be the dryout or breakdown of the liquid film on the
heated surface. Therefore, if the film flow rate and the criteria
for the dryout or breakdown of liquid film are known in detail, the
CHF can be predicted theoretically. However, it is also probable
that those criteria are met consequently if such hydrodynamical
phenomena as countercurrent flow limitation, flow-regime transition
and flow excursion cause the 1liquid deficiency in the heated
channel. Therefore, in such cases, the CHF can be calculated by
using the criteria for such hydrodynamical phenomena.

In the subcooled-boiling CHF region at high mass velocities, the
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CHF may be correlated well by the conventional CHF correlations.
The CHF in this region appears to be more or less affected by the
flow instabilities. In a round tube, the data clearly indicated
that burnout occurred due to flow excursion at high mass velocity
and heat flux, in which case the wide area of the heated surface
dried out due to total liquid starvation. When the heat flux is

sufficiently high, DNB-type  burnout will occur due to

vapor-blanketing over the heated surface.
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NOMENCLATURE

Flow area

Heated area

Constant in the Wallis correlation for flooding

Distribution parameter

Tube diameter or characteristic length

Non-dimensional tube diameter

Diameter of the inner wall
Diameter of the outer wall
Heated equivalent diameter

Mass velocity

Non-dimensional mass velocity

Gravity
Latent heat of vaporization

Inlet subcooling

Subcooling at the burnout location
Volumetric flux of the two-phase mixture
Superficial velocity (volumetric flux) of k phase (k = g or 1)

Parameter for the effect of inlet subcooling in the Katto

H-regime CHF correlation
Length

Heated length

Viscosity number

Heat flux

Non-dimensional heat flux
Critical heat flux

CHF due to flooding

CHF in the Katto H-regime
CHF in the Katto L-regime
Pool-boiling CHF

Gap of annulus or rectangular channel
Temperature rise in the heated section

Inlet temperature subcooling

Exit equilibrium quality

Critical quality
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X.p ¢ Critical quality obtained from the Katto L-regime correlation

Greek symbols

o ¢ Void fraction

Ap : Difference of the density between two phases
¢ : Parameter for flooding CHF correlation
Parameter used in the Forgan and Whittle equation
Length scale of the Taylor wave
My © Viscosity of k phase (k = g or 1)
vy Kinematic viscosity of k phase (k = g or 1)
£ : Wetted perimeter
EH : Heated perimeter
G Density of k phase (k = g or 1)
0 : Surface tension

Subscripts

¢ : Critical or coolant

Exit

F : Flooding
fg : Difference between the two phases

g : Gas phase

H : Heated region or the Katto H-regime
i : 1Inlet or inner

L : The Katto L-regime

1 : Liquid phase

o Outer

P Pool-boiling

R : Round tube
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Chapter VIII

SUMMARY AND CONCLUSIONS

VIII.l. FLOW REGIME TRANSITIONS

New flow regime transition criteria for upward gas-liquid flow in
vertical tubes have been developed considering the mechanisms of flow
regime transitions. These new criteria can be compared to existing
criteria and experimental data under steady-state and fully developed
flow conditions by using relative velocity correlationms.

The criteria showed reasonable agreements with the existing data
for atmospheric air-water flows. Further comparisons with data for
steam-water in round tubes and a rectangular channel at relatively high
system pressures have been made. The results confirmed that the present
flow regime transition criteria could be applied over wide ranges of
parameters as well as to boiling flow.

VIII.2. FLOODING AND FLOW REVERSAL

Basic equations which describe the film flow in round tubes,
rectangular ducts and annuli have been derived from the balance of
forces acting on the liquid film and the gas core. Those equations are
essentially the same as the previously obtained equations.

Using the basic equations and with appropriate friction factors,
the countercurrent flow limit has been calculated. However, it turned
out that the theoretical 1limit were much higher than the observed
flooding velocities obtained from the experiment with thin rectangular
channels. The discrepancy was explained by the observation that the

flooding velocities were controlled by the onset of large disturbance
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waves at the top, not by the film flow in the channel. The majority of
the liquid appeared to flow down along the narrow side walls, which flow
pattern was peculiar to thin rectangular channels.

The observed flooding velocities were compared to the existing
flooding theories for round tubes by using two-fold of the width (wider
span) as the characteristic length. The predictions appeared to be much
higher than the data, which were instead tentatively correlated empiri-
cally.

VIII.3. BURNOUT IN ANNULI

An experimental study has been performed on the critical heat flux
at low flow rates typical of natural-convection conditions, with an
annular test section. The data indicated that a premature burnout
occurred due to flow-regime transition from the churn to annular flow.
It has been shown that the burnout observed in the experiment is similar
to a flooding-limited burnout, although the loop circulation has been
maintained at low flow rates. The data can well be correlated by the
newly developed CHF criterion derived from the churn~to-annular flow
transition criterion.

Since the outer tube of the test section was a Pyrex glass tube, a
detailed visual observation on the dryout and rewetting processes have
been made. Dry patches appeared on the surface of the heated wall in
the churn flow regime. However, they were repeatedly rewetted mainly by
the passages of liquid slugs or bridges. In this experiment, permanent
dryout of the heated wall occurred when these liquid bridges disappeared
at the churn to annular flow transition. Falling liquid as well as
climbing film was observed at this point, however, those liquid film did

not appear to be thick enough to quench dry patches.
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Due to the above mechanism of burnout, the observed CHF are much
smaller than the standard pool-boiling or high-quality CHF criteria.
There are some indications that the presently observed premature burnout
may be limited to a low pressure system. However, at present, the
boundaries between different CHF mechanisms are not well established.
Further studies are needed on this point particularly at intermediate
pressures.

VIII.4. BURNOUT IN ROUND TUBES

An experiment has been conducted with a round tube test section in
order to investigate the relation between burnout phenomenon and flow
instabilities at atmospheric pressure.

There was observed a minimum in the CHF at the complete bottom
blockage in which burnout occurred due to flooding. The CHF at low mass
velocities appeared to be well correlated by the high-quality CHF
correlations, although in downflow the CHF was as much as 30% lower than
the prediction at very low mass velocities due to the effect of
buoyancy. The CHF at intermediate mass velocities appeared to be
significantly affected by the density wave oscillations. The less
stable was the system, the more reduction of CHF encountered.

In downflow, the effect of buoyancy enlarged such destabilizing
effects as small inlet throttling and upstream compressibility.A Partic-
ularly at very low downflow, the CHF reduced as low as close to the
flooding CHF. Under such conditions, the pressure-drop oscillations
were observed.

At high mass velocities, burnout occurred near zero exit quality.

When the heat flux is sufficiently high, the flow excursion was observed

which directly lead to a burnout.

335



The above observations were made at atmospheric pressures. There
are some indications that at high pressures, the flow is generally
stable, which may be the reason why the most of the CHF data at high
pressures are well correlated by the conventional CHF correlations.
However. in order to establish the boundary of the occurrence of stable-
flow CHF, further studies will be necessary.

VIII.5. BURNOUT IN RECTANGULAR CHANNELS

The critical heat flux at low-flow-rate and low-pressure conditions
has been studied for water flowing in thin rectangular channels in
relation to the core cooling of MTIR-type research reactors. The experi-
ment has been performed with two types of rectangular channels, i.e. the
one heated from one side and the other heated from two opposite sides.
Critical heat flux was measured both in upflow and downflow. The CHF at
complete bottom blockage was also studied.

The results indicated that the burnout could occur at much lower
heat flux than pool-boiling CHF or than the conventional high-quality
CHF correlations. There was observed a minimum CHF at complete bottom
blockage and at very low downflow. The low values of CHF at very low
downflow appeared to be due to the stagnation of the bubble in the
heated section. This fact indicates that a special care should be taken
in analyzing the boiling phenomenon which occurs when the coolant flow
is very low in a low pressure system.

Visual observation revealed that the burnout in upflow mainly
occurred in annular flow regime, while that in downflow occurred due to
countercurrent flow limitation and/or flow instability. The instability
appeared to be the pressure-drop oscillations, in which the upper plenum

worked as an energy storage mechanism to excite the oscillations.
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VIII.6. CONCLUSIONS
Experimental study has been conducted with three basic channel

geometries, i.e. annulus, rectangular duct and round tube, in order to

investigate the burnout mechanism focussed on low-flow-rate and
low-pressure conditions. The following conclusions are extracted from
the results of the experiment:

(1) In any case at low mass velocities, burnout appears to occur due to
the dryout or breakdown of the liquid film on the heated surface as
has been recognized by many investigators. Therefore, if the film
flow rate and the criteria for the dryout or breakdown of liquid
film are known in detail, the CHF can be predicted theoretically.
On the other hand, it is also probable that those criteria are met
consequently if such hydrodynamical phenomena as countercurrent
flow limitation, flow regime transition and flow excursion cause
the liquid deficiency in the heated channel. Therefore, in such
cases, the CHF can be calculated by using the criteria for such
hydrodynamical phenomena.

(2) There is a minimum in CHF which occurs due to countercurrent flow
limitation at the complete bottom blockage. Thus the minimum CHF
can be calculated from an appropriate CCFL criterion.

(3) In a boiling system at low pressures, the flow is more or less
unstable. Large amplitude flow instability may cause the total
liquid deficiency in the heated channel due to temporary flow
reduction, thus reducing the CHF substantially. The effects of
buoyancy on the flow appeared to be destabilizing in downflow. The
destabilizing effects of less inlet throttling, upstream

compressibility and bypassing have been also observed.
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(4)

It turned out that the critical exit quality at burnout consid-
erably reduced in annuli and rectangular channels because of
remaining liquid film on the unheated surface. On the other hand,
there are some indications that at high pressures, the critical
quality is near unity even in the other channel geometries than
round tubes. It may be explained by the location of the
annular-flow boundary which moves toward higher quality at high

pressures. However, this needs to be verified in future studies.
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