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Preface

This book is intended for both undergraduate and graduate course in two-
phase flow and boiling heat transfer, especially for that involved bilingual
teaching. Since most materials in terms of two-phase flow and boiling heat
transfer is far more complicated for Chinese students, the autors are intended
to extract fundamental and important parts from typical literatures and present
in a simple way to the students, meanwhile, try to preserve the primary fea-
tures of the selected contents. In addition, on the basis of the experience in bi-
lingual teaching, the book is a framework about the issue rather than a detailed
textbook. It is expectant that students can master the very basic phenomena as
well as corresponding analysis methods by using of this book in a short time.

The authors are indebted to the graduate students at School of Nuclear
Science and Technology, HEU, without their support this book would not

have been possible.

Harbin, Heilongjiang



Chapter 1

1
1.2
1.3

Chapter 2

21
2.2

2.3

2.4

2.5
Chapter 3

3.1
3.2
3.3
3.4

Contents

IOErOAUCEHIOIL =+ v vvveeeesrrreensemsneatensetittaeteieananiatnnesansesase 1
NWhiat is Tivo-Phase Flow: < semrssessirmsnetansssises avdussisios sosiosbns 1
Methods of Analysis —-«weesseseennerersssmmmeimmmuiieiniies 2
BT v5 < his 5 S Swidg s e s S N S i Sx b o i bis b Ty oo 5
Flow Pattern and Flow Pattern Map «-----esseseresersecasanninninn 6
B BB BT e mibt 5 Ao B 7o s B g P moronio § Bt oS alin 6
Flow Patterns in Vertical Flows  seereesersserriiiiiiiiiiiiiiiiiin, 6
2.2.1 Flow patterns in vertical co-current flow +eeeresereeenees 6
2.2.2 Flow patterns in vertical heated channels -+s-seeereeeeeeens 8
Flow Patterns in Horizontal Flows rereecerererimimiiiiiiiiiiininnn, 10
2.3.1 Flow patterns in horizontal co-current flow «+++eeeeeeees 10
2.3.2 Flow patterns in horizontal heated channel -«-++eeveeeeee 12
Flow Pattern Maps and Transitions —««tesesesesesrenmereeeeesnannnns 12
2.4.1 Typical flow pattern maps ««-----eeeeesserenreessssuneeesanas 13
2.4.2 Criteria for flow pattern transitions «+s=srseeseseeseeeesens 15
Flow Patterns in Other Applications ««+«=++s=sssssssrerererssasasnans 17
BASICINVIGHRIE o5 ¢ colsmiissivn samns s baied 8 abiins o sales sin smn wooflomigein 18
RO AADEIOH s anmses soones sobiion sonbais Sesbias suiets antinre vorewnbasadism s 18
D s Bladie] - v ssvns viturie suesmiammren wbsicas suevansssesivneysmsmrssas 19
Toro-Fluit Miodel s veeons seanavineenuspsans sascsnonnnss sswsnes ssompassing 20
Homogeneous Model ««««+ssssssssesseserariermmmmumiasissasiiseennannnans 22
3. 4,1 COnServation of Mass «ss++ssssssssssrassonsesseranssnssmsssasns 23
3‘ 4_' 2 COnSerVatiOn Of MOMENTUINL  *++ssssrererrscnscranrnrasssnnes 24
3.4.3 Conservation Of energy «+++=sssssssssssssrssssonisninsnuenns 25



3.5
3.6

Chapter 4

4.1
4.2
4.3

4.4

4.5
4.6

4.7
Chapter 5

5. 1
5.2
5.3
5.4
9.5

Chapter 6

6.1
6. 2
6.3

Separated Flow Model sssessesessestsmmimmmmmiinnnnnnssssrnseennes 27

OVEIVIEW =++++rmnesssessasssnsiosmssessrossssssnnssnstasassssassssntenensenses 27
Empirical Methods for Pressure Drop «----sssstesssreresssnsneses 28
Totroduction  :5Reestssesisaieisadsbiineus jaies sasieeysonesssss s asassdsessss 28
Correlations Based on the Homogeneous Model =~ -««sexeeseeeese 28
Correlations Based on the Separated Flow Model «:-=+seeseeeeerees 31
4.3.1 Correlations from momentum balance «+:=s-sseeeeeeeereese 31
4.3.2 Use of model to evaluate pressure loss «=seeseeeeeeereesees 33
4.3.3 Determination of the two-phase multiplier «+:sseoseeeeees 33
Pressure Losses Through Enlargements, Contractions,

Orifices; Betids, and Valves | ssssesseussssevsaesrstbssessnsosizavosasssos 40
4.4.1 Sudden enlargement +-+-ss-essssssesssssssisssinisnsuonsnnsinane 41
4. 4.2 Sudden CONtraction ==ssssssssssssesssstrteitiiniisiansenaasmanes 43
A4 OpEeRs - ivbesais sdenbincisarnsnasy st synemimnbea vassuasns s esse shs 43
T ISl o /o EUPURPEROSt RN Y, IRRE, J s U < BUNSRERNL SSNNC P 45
N Ot FLAGTIG «v»5suerssvéor onbiiahis sainsonsviohass sdamisshos yaimesbasorposonse 46
4.6.1 Homogeneous model ~«+++sesressssesessemiminnnunineeiiniinns 47
4. 6.2 Drift-flux model cerreererrenrimiiiiiiiiiiiiiiiiiiiiiiiiiii, 47
4. 6.3 The Bankoff variable density model «:«sreerererrenieranees 49
4.6.4 The Hughmark correlation «+---sssssesssessssssssasunsssenes 50
COTIClURIONS 555555 svsssrsrrinssrnssssisssndissnab ot shasswtssssswasssounss s 51
Two-Phase Critical FIOW ««c-ceceecrceeencarersertureneienensencssences 52
IneEoRUCEDNT - = -stabrswsssonvenesihubforhesgantoniqutsseds ssheesvassasnesve 52
Theoretical Foundations ssresesssessssscscsassasssssasenasaassnncascsass 53
Critical Flow in Long Pipes ............................................. 55
Critical Flow in Short Pipes, Nozzles and Orifices — +++ssteeereeees 59
Propagation of Pressure Pulses and Waves — +ereeeeeeerneaninianan. 63
Introduction to Hydrodynamic Instability —««-+ceeeeeeeiiiiniininn, 64
Introduction == evseenvasassetieswiesdassvddncionsesasancsscoosapbessssssosssn 64
Classifications of Two-Phase Flow Instabilities «=+«+«+sssseseeseens 65
Physical Mechanisms of Static Instabilities «=seseeseecraceneiuanne. 67



6.4

6.5

6. 6
6.7
6.8

Chapter 7

(A

72

7:3

6.3.1 Fundamental static instability — cceeserresereeenmanianaianien 67

6. 3.2 Fundamental relaxation instability — scerseereesreenaiaecees 7 il
6.3.3 Compound relaxationinstability «:-ssseeeeseseeresracenennaes 71
Physical Mechanisms of Dynamic Instabilities =+eereseseeseneeees 73
6.4.1 Fundamental dynamic instability s-eseseeereseesesneeeenees 73
6.4.2 Acoustic instability «-+-ssessssssssssssrassasissiisiisnsasnnesnns 74
6.4.3 Density-wave oscillations —«-ssssesseeassneesesmirnieanannas 75
6.4.4 Pressure-drop oscillations «+-seeesssecsssinnersineiiiiiini 76
6.4.5 Condensing instability SPICTTR « CoI S S e e, 78
6. 476 v Iherssal et lEbTns e Syt e iR 1Al ntEE ¢ v 35 svos oo samniase 78
6. 4.7 Boiling water reactor instability s=reocereeeeereeiiiiiiia 79
6.4.8 Parallel channel instability «s«sceessessssarmmmenneerseninnnnns 80
Approaches in Two-Phase Flow Stability Analysis «+=ceeeeeeeeees 80
6.5.1 Direct numerical analysis «-ss++sessserssssreereneesssasnnnns 81
6.5.2 Frequency-domain analysis «««+««tsssessessrsrumseeieranaannnns 81
Situations Where Instability Arise »eesssssssssssssseusnsurunnsmannenne 82
The Designer’s Requirements «--ss+sssssssssssasssssnssmsssnsussnnenes 83
Problems Arising in the Application of Models and

Teits - torDests 11o5555s sisssianbabgiy s tierfsgaunans sesunsonsansan 84
Intrw“ction to Nuc]mtion in Boiling ................................. 86
Vapor-Liquid Equilibrium: «s«sssssssessrecssesssnssassassassasnssnstansons 86
7.1.1 Equilibrium criterion «-++s+sessssssnssarserarerereeaniniennns 86
To1. 2. PoyyT Hagram sesssssscssirsasnnnsonnarnsnsassansiss sasbessensis 86
7 108 Equation of State - cws s sssspmssssvasissnvasssasssures fossmonguoas 87
7. Lok I letaniables SEALE - - ssaessassnitissnsaseamniassssnsangiosndiveesuens 88
7.1.5 Clausius-Clapeyron equation =++++-+s=sssessssesasaeeesassnns 89
7.1.6 Thermodynamic equilibrium at a curved interface -++--- 90
Homogeneous NUCleation «+«+++++sssssssssessrniseeesrrmnsosssremnssnens 92
7.2.1 Equilibrium condition for a embryo bubble «+«+csesueenees 93
7.9, 2 Merhatistry Of TICICALION f4=ssvbesanisnsassscsonbonsnsssasonsots 94
Heterogeneous Nucleation — +++sessereresereiiiiiiniiiiiieniiianiiiin.. 95
7.3.1 Contact angle and wettability «+++<ssssssessivesssesriessrennn 95
7-3.2 . Nucleation at solid suifaces.: | ssssssssssiirssessoilionssnspoons 97



7.4

Chapter 8

8.1
8.2
8.3

8.4

8.5
8.6

Chapter 9

9.1
9.2
9.3

9.4

7.3.3 Nucleation from entrapped gas or vapor in cavities -+ 99

7.3.4 Size Range of Active Nucleation Sites = =er=seeseseeseres 101
Bubble Dynamics «esssssssssssssnssesesmummmnmmimunmmniinen 102
7.4.1 Bubble growth in an extensive liquid pool =+«ssseessreses 103
7.4.2 Bubble growth near heated surfaces ««+sseererreensesiess 107
7. 4.3 Diameter and frequency of Bubble departure «+«+-+=+---+ 110
POOI BOIINE «++vvveeereeesssnmmmmmnmnmaiitsiist et et 114
Nukiyama Boiling Curve «««:=sssseerssmremssnaerisieniinnensinneenns 114
Regimes of Pool Boiling ««++-sssereeersrsnremsssiuuieenininneienanne, 116
Nucleate Boiling -««+t«ssessessessnrensesassmisniiinmseeseessssisnnneans 120
8.3.1 Inception of boiling (Onset of Nucleate Boiling) «+-+-- 120
8. 3.2 Heat transfer mechanisms in nucleate boiling «==-=:++ 123
8. 3.3 Nucleate Pool Boiling Correlations «eeeeeeersseeeecieiees 125
Departure From Nucleate Pool Boiling =«:eecereeeeeeerecenianiacnnns 128
8.4.1 Transitional boiling regime and Taylor instability -+ 128
8.4.2 Helmholtz instability of vapor jets «-:-cesrereseecacacens 130
8.4.3 Prediction of critical heat flux «ceseeerrerrcreieciiinne. 131
Film Boiling -:+seseeeeesseessssssonnennasssssosssansnssesessssssssansnsnes 133
Misimum B eat Flham -« svessssomsasninessnsemmnissssnnssmsssgshosss 134
Flow BoIling «+++++eesevsevsesssnussioniontonsorsosaesssionssesansssnnsnnaes 135
Regimes of Convective Boiling in Tubes «++seesereeeeineiiiniie. 135
Onset of Boiling in Internal Flows «--seeeseeessesesserssnessunes 140
Subcooled Flow Boiling ................................................ 143
9.3.1 Regimes of subcooled flow boiling «+=sseeeserermencanas 143
9.3.2 Methods of predicting partial subcooled flow

boiling heat transfer s-essssessssactsscasascssssscsnsssessnnsss 144
9.3.3 Void fraction and pressure drop in

subcooled boiling «++ssssssresesssssresrsressurnmmsiisesecsans 147
Saturated Flow Boiling «++++++ssssesssssssssusssssunsesscsesseenneeenns 152
9.4.1 Regimes of saturated flow boiling «+++-esereeeeeecnincnns 152

9.4.2 Heat transfer correlations for saturated
flow boiling ««ssvsessvvsancusonnsasesioraresnrasesessnsanansoves 153



9.5

References

Critical Heat Flux in Flow Boiling «++++ssssssessreeereseerannannns
T R 7 o e R B PR N S RGN LR S,
9.5.2 Prediction of CHF in flow boiling «re«seceeeerernerennas

.................................................................................



Chapter 1 Introduction

1.1 What is Two-Phase Flow

A phase refers to the solid, liquid, or vapor state of matter. A multiphase
flow is the flow of a mixture of phases such as gases (bubbles) in a liquid, or
liquid (droplets) in gases, or solid in liquid, and so on. Two-phase flow is the
simplest case of multiphase flow.

The term two-component is sometimes used to describe flows in which the
phases are different chemical substance. For instance, steam-water flow is of
one-component two-phase flow, while air-water flow is of two-component two-
phase flow. Some two-component flows (mostly liquid-liquid) consist of a sin-
gle-phase but are often called two-phase flows due to that the phases are identi-
fied as the continuous or discontinuous components.

There are many common examples of two-phase flows. Some occur in na-
ture, such as fog, smog, smoke, rain, clouds, snow, icebergs, quick sands,
dust storms, and mud. Several everyday processes involve a sequence of differ-
ent two-phase flow configurations. When beer is poured from a bottle, the dis-
charging rate is limited by the rise of slug bubbles in the neck; subsequently
bubbles nucleating from defects in the walls of the glass rise to form a foam at
the surface.

Examples are profuse in the industrial field. Over half of all chemical engi-
neering is concerned with multiphase flows. Many industrial processes such as
power generation, refrigeration, and distillation depend on evaporation and
condensation cycles. The performance of desalination plants is limited by the
‘state of the art” in two-phase technology. Steelmaking, paper manufacturing,
and food processing all contain critical steps which depend on the proper func-
tioning of multiphase devices. Many problems of air and water pollution are
due to unwanted two-phase flows.

As a kind of typical two-phase flow, gas - liquid flow occurs in many ap-
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plications. The motions of bubbles in a liquid as well as droplets in a conveying
gas stream are examples of gas - liquid flows. Bubble columns are commonly
used in several process industries. Atomization to generate small droplets for
combustion is important in power generation systems. Steam-water flows in
pipes and heat exchangers are very common in power systems such as fossil fu-
el plants and nuclear reactors. Gas - liquid flows in pipes can assume several
different configurations ranging from bubbly flow to annular flow, in which

there is a liquid layer on the wall and a droplet laden gaseous core flow.

1.2 Methods of Analysis

Two-phase flows obey all of the basic laws of fluid mechanics. The situa-
tions for two-phase flow are more complicated, however. The solution of the
rigorous differential conservation equations is impractical, and a set of tracta-
ble conservation equations is needed instead, and to seek to solve these equa-
tions by the use of various simplifying assumptions. Following are the three
typical assumptions:

1. the ‘homogeneous’ flow models

It is a simplest approach to the problem, where the two-phase flow is as-
sumed to be a single-phase flow having pseudo properties arrived at by suitably
weighting the properties of the individual phases.

2. the ‘separated’ flow models

In this approach the two-phases of the flow are considered to be artificially
segregated. Two sets of basic equations can now be written, one for each
phase. Alternatively, the equations can be combined. In either case informa-
tion must be forthcoming about the area of the channel occupied by each phase
(or alternatively, about the velocities of each phase) and about the frictional
interactions with the channel wall. In the former case additional information
concerning the frictional interaction between the phases is also required. This
information is inserted into the basic equations, either from separate empirical
relationships in which the void fraction and the wall shear stress are related to
the primary variables, or on the basis of simplified models of the flow.

3. the ‘flow pattern’ models

In this more sophisticated approach the two phases are considered to be ar-



ranged in one of three or four definite prescribed geometries. These geometries
are based on the various configurations or flow patterns found when a gas and a
liquid flow together in a channel. The basic equations are solved within the
framework of each of these idealized representations. In order to apply these
models it is necessary to know when each should be used and be able to predict

the transition from one pattern to another.

1.3 Notation

Before proceeding with the analysis of two-phase flow it will be necessary
to define some of the relevant terminology. This section introduces the primary
variables throughout the book and derives some simple relationships between
them for one-dimensional flow. A certain familiarity with the simple relation-
ships among some of the parameters will enable the analysis to be understood
more rapidly.

The total mass flow rate is represented by the symbol M (kg/s). The total

flow is the sum of individual flow rates. Thus,

M=M,+M, 1—1D
The mass flow rate divided by the flow area is give the name ‘mass velocity’ or
‘mass flux’. The total mass velocity (kg/m’s) across an area A and that of

each phase is defined by

G=% a—2)
G, =2 (1—3)
G[z% (1—4)

The volumetric flow rate is represented by the symbol Q (m®/s). The total

volumetric rate of flow is obvious:

Q=Q+Q, (a—s)
Where
Q=% 1—6)
0Ot



a2V A=
Pz
The mass quality is defined as the ratio of the gas flow rate to the total

mass flow rate,

M, M,
v M,+M, M 4

For a heated pipe, the so-called equilibrium quality or thermodynamic quality

can be calculated by the heat balance

x=%’14& i(;‘)—zg—m) (1—9)

Where hy, is the latent heat of vaporization and Ah; is the enthalpy of inlet sub-

cooling.
In some cases it is convenient to express fluid flows in terms of a superfi-
cial velocity (or sometimes ‘volumetric flux’), i. e. the volume flow rate of

the phase divided by the total cross-sectional area. The superficial velocity of

the gas is
. _Q _ M, i
Vel e pA 1—10
And similarly, the superficial velocity of the liquid is
_QQ_ M ol

The mixture superficial velocity is defined as the sum of the superficial velocity
of each phase,

]'=J'g+]'t=Qx;\|_—Ql a-12)

The volumetric quality is defined as the ratio of the gas volumetric flow rate to
the total volumetric flow rate,
=% % Gl 13)
Q:+Q Q
The ratio of the cross-sectional of the gas to the total cross-sectional area is
known as the void fraction or voidage, which is a very important parameter in
two-phase flow and is denoted by a,

—A A _
0'—‘;45"1 a—A (1 14)



It is not difficult to deduce the relationship between quality = and void fraction

as
= . = . €1~ 115
1_|_1;T2&‘ix 1+1_1£&S

Y 5 pr Uy il Pt

a

Where u, and «, represent the mean velocity of gas and liquid, respectively,

“gz%zp%g:% ' (1—16)
M- 1—17)

and S is the slip ratio which is defined as

S=% (1—18)

u;
Drift velocity is defined as the difference between the mean velocity of gas or
liquid and the superficial velocity,
U = Uy — ] (1—19)
uy =u1—j (1—20)



Chapter 2 Flow Pattern and Flow
Pattern Map

2.1 Introduction

The main complicating feature of two-phase flow arises from that there ex-
ist interfaces between two phases. The interfacial distribution varies with wide
possibility depending on the flow condition. The types of interfacial distribu-
tion are conveniently classified into several categories, which are referred to as
‘flow regime’ or ‘flow pattern’. The hydrodynamic behavior of two-phase
flows is far more complicated than that of single-phase flow. The pressure
drop, void fraction, or velocity distribution, etc. for instance, varies system-
atically with the observed flow pattern (or regime), just as in the case of a sin-
gle-phase flow, whose behavior depends on whether the flow is in the laminar
or turbulent regime.

The flow regime is the most important attribute of any two-phase flow
problem. The behavior of a gas-liquid mixture, including many of the constitu-
tive relations that are needed for the solution of two-phase conservation equa-
tions, depends strongly on the flow regimes. Methods for predicting the ran-
ges of occurrence of the major two-phase flow regimes are thus useful, and of-

ten required, for the modeling and analysis of two-phase flow systems.

2.2 Flow Patterns in Vertical Flows

2.2.1 Flow patterns in vertical co-current flow

Consider a steady-state flow in a long tube with a constant low or moder-
ate liquid flow rate, as shown in Fig. 2. 1, where the flow may experience bub-
bly flow, slug flow, churn flow, wispy-annular flow and annular flow with the
gas volumetric flow rate increasing gradually.

6



Fig. 2.1 Flow patterns in vertical flow

(a) Bubbly flow. In bubbly flow the gas or vapor phase is distributed as
discrete bubbles in a continuous liquid phase. At one extreme the bubbles may
be small and spherical and at the other extreme the bubbles may be large with
a spherical cap and a flat tail. In this latter state although the size of bubbles
does not approach the diameter of the pipe, there may be some confusion with
slug flow.

(b) Slug flow. In slug flow regime, bullet-shaped bubbles (Taylor bub-
bles) have approximately hemispherical caps and are separated from another by
liquid slugs. These liquid slugs may or may not contain smaller entrained gas
bubbles carried in the wake of the large bubble. A Taylor bubble nearly occu-
pies the entire cross section and is separated from the wall by a thin liquid
film. The length of the Taylor bubble may vary considerably.

(¢) Churn flow. Sometimes referred to as semi-annular or slug-annular
flow, churn flow is formed by the breakdown of the large vapor bubbles in slug
flow. The gas or vapor flows in a more or less chaotic manner. The vapor
shear on the liquid-vapor interface may approximate a value that just can bal-
ance the combined effects of the imposed pressure gradient and the downward
gravitational force of the liquid film. Although the mean velocity of the liquid
film is upward, the liquid experiences intermittent upward and downward mo-

tion, resulting in a highly agitated flow and irregular interface.



(d) Wispy-annular flow. Wispy-annular flow was identified as a distinct
flow pattern primarily as a result of the work of Hewitt and co-workers, At in-
termediate qualities, if the flow rates of the liquid and vapor are high, the flow
often takes the form of a relatively thick liquid film on the pipe wall with heavy
‘wisps’ of liquid entrained in the vapor core. This region occurs at high mass
velocities and because of the aerated nature of the liquid film, could be confus-
ed with high velocity bubbly flow.

(e) Annular flow. Annular flow generally occurs at much higher quality
levels, with most of the liquid flowing at the pipe wall and a continuous vapor
core. Large amplitude coherent waves are usually present on the surface of the
film and the continuous break up of these waves forms a source for droplet en-
trainment which occurs in varying amounts in the central gas core. In this
case, as distinct from the wispy-annular pattern, the droplets are separate
rather than agglomerated.

No satisfactory general method has yet been developed to allow the correct
flow pattern to be designated for a specified local flow condition. There are a
variety of reasons for this deficiency. One reason is that the flow pattern is
more a subjective judgment than an objective measurement. A second primary
reason is that although the flow pattern is a strong function of the local param-
eters such as the volumetric quality, other less easily defined variables such as
the method of forming the two-phase flow, the amount of the departure from
local hydrodynamic equilibrium, and the presence of trace contaminants in the

system all considerably influence the particular pattern,
2.2.2 Flow patterns in vertical heated channels

When a phase change occurs as the two-phase mixture flows along the
channel, different flow regimes are generally observed at different positions
along its length. Fig. 2. 2 shows a schematic representation of a vertical tubular
channel heated by a uniform low heat flux and fed at its base with liquid just
below the saturation temperature. Boiling may be initiated before the bulk lig-
uid reaches the saturation temperature. At this initial stage of the boiling
process, the void fraction is low and bubbly flow results.

As the vaporization process continues, with the production of more vapor

the bubble population increases with length and coalescence takes place to form
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