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The slug flow transitions and related phenomena for horizontal two-phase

flows were studied for a better prediction of two-phase flows that typically

appear during the reactor loss-of-coolant accidents (LOCAs). For better

representation of the flow conditions experimentally, two large-scaled

facility: TPTF for high-pressure steam/water two-phase flows and large duct test

facility for air/water two-phase flows, were used. The visual observation of

the flow using a video-probe was performed in the TPTF experiments Vor good

understanding of the phenomena. The currently-used models and correlations based

mostly on the small-scale low-pressure experiments were reviewed and improved

based on these experimental results. The modified Taitel-Dukler model for

prediction of transition into slug flow from wavy flow and the modified Steen-

Wallis correlation for prediction of onset of liquid entrainment from the

interfacial waves were obtained. An empirical correlation for the gas-liquid

interfacial friction factor was obtained further for prediction of liquid levels

at wavy flow. The region of slug flow regime that is generally under influences

of the channel height and system pressure was predicted well when these models

and correlations were applied together.

Keywords: Slug Flow, Wavy-dispersed Flow, Wavy Flow, Flow Regime Transition,

High-pressure Steam/Water Two-phase Flow, Flow Visualization,
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Nomenclature
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A Pipe cross section = AG + AL (m2)
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AG Cross section of gas phase at wave crest (m2)

a Average void fraction (1 - a = Liquid holdup) (-)
c Celerity of interfacial waves on stationary liquid surface (m/s)
cw Velocity of wave crest (m/s)
C Coefficient of Equation (1-1)
Cd Coefficient to account for non-uniformity of velocity distribution

(-)
D Pipe diameter, or channel height for rectangular duct (m)

d

8

Au

fi
fk
F

Fr

8
hk

*G

T]

Ik

Jk*

JGL*

Hydraulic diameter of phase k
DL = AAL/SL ,DG = 4AG/{SG + Si)

Hydraulic depth

Droplet diameter

Film thickness
Average gas-liquid relative velocity = uG -ui

Gas/liquid interfacial friction factor
Wall friction factor of phase k
Function

Froude number Fr = uL/<Jg DL

Gravity acceleration
Height of phase k

Gas phase height at wave crest

Displacement of interface from average liquid level
Superficial velocity of phase k
Density-modified Froude number,
Non-dimensional superficial velocity of phase k

h = h\J Pkl ^PL ~ PG)8D \

Non-dimensional gas-liquid relative velocity

(m)

(m)

(m)

(m)

(m/s)

(-)

(-)

(-)

(m/s2)

(m)

(m)

(m)
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Sk

a

T

T«
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Energy loss coefficient
Kutateladze number
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Length of pipe, Scale of length

Wave length

Dynamic viscosity

Exponent for coefficient of Equation (3-16)

Kinematic viscosity (= \ilp)

Pressure

Volumetric flow rate

Inclination from horizontal

vk

Density of phase k

Width of gas/liquid interface

Perimeter on the pipe wall of phase k

Standard deviation

Surface tension

Gas/liquid interfacial shear stress

Wall shear stress of phase k

Average velocity of phase k

(-)

(-)

(1/m)

(m)

(m)

(Ns/m2)

(-)

(m2/s)

(Pa)

(m3/s)

(degree)
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(m)
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Suffixes

c Wave crest
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1. General Introduction

1.1 Backgrounds

In horizontal gas/liquid two-phase flows, various flow patterns appear

depending on gas and liquid flow rates, channel geometry and fluid physical

properties. The flow patterns with similar spatial and temporal phase distribution

are usually classified into a single flow regime. Figure 1-1 illustrates typical flow

patterns that were observed in the flow regimes to be dealt with in this study.

Appendix-1 describes characteristics of these flow regimes. Primary flow

characteristics of horizontal gas/liquid two-phase flow, such as the interfacial

mass and heat transfer, the wall and interfacial friction, the wall heat transfer and

the pressure drop along the channel, all depend on flow regime.

The prediction of flow regime to appear has been of major interest to many

engineering applications, because the thermo-hydraulic performance of a two-

phase flow system depends on the flow regime. The causes for the transition

among flow regimes should be grasped for full-understanding of characteristics of

two-phase flow [Wallis 1969, Akagawa 1974, Ueda 1981, Dukler et al. 1986] *>. Of

particular interest has been the transition into slug (SL) flow regime because it

causes a significant increase in pressure drop along the channel and in interphase

heat exchange. The slug flow causes large fluctuation in the flow rates and

system pressure around the channel. Such flow intermittency is undesirable.

Many experimental studies have been performed to find the flow

conditions for the flow regime transition. As a general approach, flow regime

maps indicating the location of transition boundaries have been prepared to

1' Some early investigators tried to develop general correlations that would fit all flow regimes.
Lockhart-Martinelli (1949), for example, achieved a great success in predicting pressure drop along
channels in terms of simple parameters.

i
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Fig. 1-1 Schematics of Flow Patterns
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judge a flow regime to appear for a given combination of the flow parameters.

Baker (1954) first obtained such a map for gas/oil (petroleum) two-phase flows, in

a two-dimensional plot with coordinates presented as a function of flow rates,

densities, viscosities and surface tension. Mandhane et al. (1974) presented their

map simply taking gas and liquid superficial velocities as the coordinates for

air/water two-phase flows. Figure 1-2 presents a Mandhane-type map2) for

steam/water two-phase flows (Anoda et al. 1989) with the illustration of flow

patterns presented in Fig. 1-1. Slug flow regime is bounded by stratified-wavy

(SW) and wavy-dispersed (WD) flow regimes. The flow regime maps, however,

apparently depend on the local flow conditions such as channel geometry and

fluid properties specific to the experiments. Therefore, it is preferable to obtain

models and correlations that cover a wide range of the two-phase flow

conditions.

The flow regime transitions in horizontal legs of a pressurized water

reactor (PWR) have an impact on the core cooling performance during a loss-of-

coolant accident (LOCA) [Kukita et al. 1988]. In the PWR hot legs that connect the

reactor vessel upper-plenum to the steam generator, for example, various flow

regimes would appear depending on primary coolant inventory and steaming

rate in the core. The occurrence of slug flow in particular is an important issue to

reactor safety, because it would cause a significant decrease in the core coolant.

Liquid slugs would convey reactor coolant away from the core through the hot

legs. The correct prediction of the slug flow transition is thus indispensable for

the nuclear safety analysis.

Current LOCA-analysis computer codes such as RELAP5/MOD3 and

TRAC-PF1 [Ranson et al. 1987, Safety Code Development Group 1984] are

furnished with models and correlations to represent flow regimes and transitions

2' The flow regime boundaries shown as lines in Fig. 1-2 are, in reality, rather broad transition
zones. The flow regime transition is invariably accompanied by some extent of fluctuation.

- 3 -
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among various flow regimes. These models and correlations, including those to

predict slug flow transition, however, are based mostly on near-atmospheric-

pressure experiments conducted in pipes with diameter much smaller than that

of PWR hot legs. The high-pressure steam/water two-phase flows enclosed by

opaque thick-metal wall of the facility are accompanied by considerable experi-

mental difficulties in observing and measuring details of the flow. Absence of

the experimental data taken under the conditions representative of a LOCA have

resulted in the limitation in the current models and correlations. Therefore,

there is a significant need for models and correlations applicable to high-pressure

steam/water two-phase flows in a large-diameter pipe which are typical of PWR

LOCAs and transients.

The present thesis describes a basic study on the mechanisms of the flow

regime transition into slug (SL) flow and on the related phenomena. Efforts are

made to extend the applicability of the current-available models and correlations

to the reactor conditions. The influences of channel height (pipe diameter) and

system pressure (that controls fluid physical properties) are taken into account.

High-pressure (up to 12 MPa) steam/water two-phase flow experiments were

conducted using the Two-Phase Flow Test Facility (TPTF) [Nakamura et al. 1983,

Kawaji et al. 1987] to represent a prototypical pressure. Air/water two-phase flow

experiments were also conducted using a large-height (0.7 m) duct test section

[Nakamura et al. 1994] to represent a channel height that is prototypical to the

PWR hot legs.

In the following, previous studies relating to the slug flow transition

mechanisms are briefly reviewed in conjunction with the scope of the present

study. The objectives and the structure of the present thesis are then

summarized.

- 5 -
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1.1.1 Models and Methods to Predict Flow Regime Transition from Stratified-

Wavy to Slug Flow Regime

The transition from stratified-wavy (SW) to slug (SL) flow regime in a

horizontal channel takes place when the growth of interfacial waves into a liquid

slug comes to occur steadily. This wave growth process is termed "slugging".

Liquid slugs are formed intermittently at a frequency depending on several

parameters such as gas and liquid flow rates, and channel geometry. The

instability of interfacial waves triggers slugging.

Many models have been proposed to predict the SW-to-SL flow regime

transition by attributing the main mechanism of slugging to the classical Kelvin-

Helmholtz (K-H) instability [Kordyban 1990, Andritsos et al. 1992]. As indicated in

Appendix-2, the transition criterion based on the K-H instability for infinitesimal-

amplitude long waves is presented by an equation

(1-1)

with a coefficient of C = 1.0 for two-dimensional flow condition. This criterion,
however, overpredicts gas-liquid relative velocity Au = uG - uL by a factor of about

two. Kordyban and Ranov (1970) first discussed that the instability is considerably

enhanced by the decreased gas phase static pressure when the wave crest comes

close to the channel upper wall. This destabilizing effect is often termed

"Bernoulli" effect.

Many investigators have agreed this idea and proposed the various

coefficient C experimentally and/or theoretically to apply the simple

Equation (1-1) to the prediction of the SW-to-SL flow regime transition. Note

that Equation (1-1) is in terms only of gas channel height of hG as a local variable

for given flow rates and system pressure.

6 -
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Taitel and Dukler (1976) obtained C = fl - hJD) assuming that slugging

takes place when the lift force by the gas-phase pressure drop at the wave crest

overcomes the stabilizing force due to gravity. The expression ll - hL/D J was

finally obtained through an experimental observation for pipe flows [Taitel et al.

1977]. This model originally neglected the contribution of liquid velocity in l.h.s.

of Equation (1-1). Asaka et al. (1991) and Anoda et al. (1989), however, found that

this model predicts the TPTF high-pressure steam/water two-phase flow data

well, when the l.h.s. of Equation (1-1) is presented by the gas-liquid relative

velocity Au. This modified model has been used in the LOCA analysis code

RELAP5/MOD2 and MOD3.

Mishima and Ishii (1980) obtained C = 0.487 by extending the stability

theory of finite-amplitude interfacial waves by Kordyban and Ranov (1970) with

an assumption that the wave with the largest growth rate develops into a slug.

The Mishima-Ishii model predicts the transition to slug flow in a rectangular

duct well, since this model is based on two-dimensional growth of waves. The

value 0.487 of C is close to the empirical value of 0.5 obtained by Wallis and

Dobson (1973) for a rectangular duct. The difference in C values between Taitel-

Dukler and Mishima-Ishii models suggests that the wave growth process depends

on the channel cross-sectional geometry. These models are discussed further in

Chapter 3, in comparison with the experimental data obtained in this study.

Many other investigators have proposed models to predict the SW-to-SL

flow regime transition as follows.

Hihara and Saito (1984) introduced a "pressure difference" term as a

corrective in the balance between the gas lift force and the gravity restoring force

for a slugging wave. The authors did not explain the physical meaning of this

"pressure difference" term. However, they found that the "pressure difference"

- 7 -
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term has a magnitude of the order of the water head corresponding to the wave

height based on their air/water experiments.

Gardner (1979) assumed the "energy flux" of inviscid gas and liquid flows,

and proposed that the transition takes place when the maximum difference in

the "energy fluxes" is achieved between high and low liquid level sections in the

flow. The high and low liquid levels correspond to the wave crest and trough

shown in Fig. 1-1. This model therefore can predict the wave height when

slugging takes place. However, the mass conservation law for a one-dimensional

flow results in a significant decrease in the liquid velocity at the section for the

wave crest. This flow condition does not represent the velocity profile of

interfacial waves. Minato et al. (1986) proposed a mechanistic model, similar to

Gardner's approach, assuming that change in the liquid kinematic energy due to

the level change along interfacial waves contributes to wave growth.

Lin and Hanratty (1986) conducted linear stability analyses for both viscous

and inviscid flows, by extending a method to predict the onset of roll waves in

thin liquid film flows [Hanratty 1983] to low void fraction flows. The analysis

expects that the instability occurs when the derived celerity for small interfacial

disturbances becomes imaginary. The results showed that the liquid viscosity has

an effect to enhance interfacial instability, and that the interfacial friction causes a

decrease in the gas-liquid relative velocity for the slug flow transition. However,

the same analysis showed that the inertia effects at large liquid viscosities become

negligible. Consequently, both viscous and inviscid flows were controlled by the

same stability criterion. Barnea et al. (1993) confirmed this results and found

further that the wave amplification factors based on the viscous and inviscid flow

analyses are almost the same.

Ferschneider et al. (1985) and Wu et al. (1987) incorporated a criterion into

the above linear stability analyses that the instability occurs when the celerity of
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continuity (kinematic) wave becomes larger than that of dynamic wave. These

wave celerities are based on the one-dimensional wave theory [Wallis 1969].

Fukano et al. (1985) applied this criterion to predict generation of disturbance

waves (roll waves) in horizontal duct liquid film flows, and Crowley et al. (1992)

performed transient analyses for interaction of waves.

Ahmad and Banerjee (1985) performed a computational analysis on the

instability of non-linear (finite-amplitude) Stokes waves for inviscid flows, using

a perturbation technique based on the method of multiple scales. The stability of

interfacial waves was shown to be determined by the derived non-linear

Schrodinger equation that describes the modulation of the wave amplitude in

terms of several parameters such as wave number. The instability is predicted to

occur at a lower gas velocity with the consideration of non-linear effects than that

obtained by the linear stability theory typically represented by Equation (1-1).

In a brief review above, majority of investigators attributed the main

mechanism to trigger slugging to the Kelvin-Helmholtz instability. The

application of the variations of Equation (1-1), such as the Taitel-Dukler model,

requires to know the liquid level that depends on interfacial friction and

gas/liquid velocities. The transitional conditions would depend on the wave

height of interfacial waves, relative to the channel height. Equation (1-1) suggests

further the influence of fluid properties that depend on system pressure for

steam/water two-phase flows. These are all major subjects in the present study.

1.1.2 Interfacial Friction for Stratified-Wavy Flow Regime in the Vicinity of

Transition Boundary to Slug Flow Regime

Majority of models and methods reviewed in Section 1. 1. 1 require the

knowledge of the liquid depth (or void fraction a) which depends on the gas and

liquid flow rates as well as the wall and interfacial friction. The Taitel-Dukler

- 9 -
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model (1976) modified by Anoda et al. (1989), for example, predicts the SW-to-SL

flow regime transition to occur when the gas-liquid relative velocity Au = UQ - «L

exceeds a critical value of AuCrit <* o^i where n ~ 5/2 (cf. Section 3. 2). An increase

in the interfacial friction has an effect to suppress the transition by lowering the

liquid level and reducing the gas-liquid relative velocity. It is thus important to

estimate the interfacial friction in the stratified-wavy (SW) flow regime to predict

the SW-to-SL flow regime transition.

The interfacial friction depends on such parameters as the wave amplitude

and the wave length of interfacial waves. The interfacial friction factor fa for

horizontal stratified two-phase flow, however, has been studied mostly for film

flows where the amplitude and length of waves depend on the film thickness

[Cohen et al. 1965, Cheremisinoff et al. 1979, Lee et al. 1983, Shoham et al. 1984,

Kim et al. 1985, Kowalski 1987, Andritsos et al. 1987]. The film flows appear

mostly in annular flow regime (Fig. 1-1), where the direction of channels has

rather small influence on the flow characteristics. The SW-to-SL flow regime

transition, on the other hand, takes place typically for rather deep-water flows

(a < -0.6). Koizumi et al. (1990) and Kawaji et al. (1993) pointed out that the

profiles of interfacial waves in the SW flow regime are much different from

those in film flows. However, the contribution of such interfacial waves to the

interfacial friction have not been studied systematically for the SW flow. To

calculate void fraction a at the SW-to-SL flow regime boundary, therefore,

several investigators and LOCA computer codes assume simply that ft is equal to

the gas-phase wall friction factor fG multiplied by an appropriate constant m

around unity; f{ = m xfg [Taitel et al. 1976, Lin et al. 1986, Ranson V. H. et al.

1987, Ohnuki et al. 1988, Crowley et al. 1992].

In this study, the applicability of current models and correlations to SW

flow regime is assessed against the TPTF steam/water two-phase flow data for

various system pressures and pipe diameters. The interfacial friction factor for

- 1 0 -
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SW flow regime, particularly in the vicinity of the transition boundary to the SL

flow regime, is investigated further based on the TPTF data.

1.1.3 Bernoulli Effect

The decrease in the gas-phase static pressure around the crest of slugging

waves that results from the proximity of the channel top wall is considered to

enhance the Kelvin-Helmholtz instability. This effect is often referred to as the

"Bernoulli" effect. However, the significance of this effect has not yet been fully

understood, partly because of lack in the detailed experimental data.

The measurement of the gas phase static pressure distribution over wave

surface has been mostly limited to open-channel flow cases [Shemdin et al. 1967].

For closed channel flows, to the author's knowledge, Kordyban only [Kordyban

1974, Kordyban 1977, Kordyban et al. 1979 and Kordyban 1980] has measured the

air static pressure on the water surface using a piezo-type pressure sensor which

followed the vertical motion of the wavy interface. He reported that the pressure

difference between the wave crest and trough was 1.81 times larger than that

obtained from one-dimensional Bernoulli equation [Kordyban 1980], and that the

decrease in static pressure at the crest was much smaller than the water static

head corresponding to the wave height. His measurement, however, did not

cover the final stage of wave growth into a slug, because of mechanical problems

associated with the shape of the pressure measuring sensor.

In this study, the gas phase static pressure distribution was measured over

the entire length of slugging waves in the large-height rectangular duct

experiments. The liquid level was measured simultaneously at the same location

to obtain the gas-phase cross-section. The measured data is evaluated in reference

to the one-dimensional Bernoulli prediction of the local static pressure.

- 1 1 -
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1.1.4 Onset of Liquid Entrainment

In the TPTF experiments, transition to wavy-dispersed (WD) flow regime

(Fig. 1-1) from SL or SW flow regime occurred when the steam superficial

velocity exceeded a certain critical value. This critical value which depends on

the liquid flow rate decreased as the system pressure was raised. The SL flow

regime finally became non-observable when the system pressure reached about

8.6 MPa [Anoda et al. 1989, Nakamura et al. 1991 a]. This finding is of major

interest to reactor safety analysis of small-break (SB) LOCAs, because the

occurrence of SL flow in hot legs would exert a significant influence on the

coolant distribution during a SBLOCA [Kukita et al. 1988]. Visual observation has

shown that the SL-to-WD flow regime transition is initiated by the onset of liquid

entrainment in the stratified-flow part of the SL flow (Fig. 1-1). The liquid

entrainment have an effect to suppress the wave growth into slugs.

In the air /water large-height duct experiments, the liquid entrainment was

observed to occur at the wave crest in the final stage of slugging [Nakamura et al.

1994]. It suppressed the wave growth by cutting-off the wave crests. For high-

pressure steam/water flows, the onset of liquid entrainment in the stratified flow

part of SL flow regime is considered to suppress the wave growth into slugs in the

early stage of slugging.

Ishii et al. (1975) reviewed several mechanisms that initiate liquid

entrainment at the gas/liquid interface for horizontal co- and counter-current

flows based on the results by various investigators. The mechanisms include

shearing-off of crests of roll waves by the turbulent gas flows, undercutting liquid

films by a gas flow, the bursting of gas bubbles and the impingement of liquid

droplets. The liquid entrainment in a co-current two-phase flow, however, has

been studied mostly for thin liquid-film flows, in conjunction with the interfacial

friction, in annular flow regime in both vertical and horizontal channels.
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In thin liquid-film flows, the entrainment is dominated by shearing-off of

roll waves with amplitudes comparable to the film thickness 8, and is greatly

influenced by liquid viscosity. Ishii et al. (1975), however, showed that the gas

velocity at the onset of entrainment becomes independent of the liquid Reynolds

number when the liquid film Reynolds number = ku^d/v^ > 1500 to 2000.

Steen et al. (1964) also reached a similar conclusion based on their air/water

experiments. As noted in Section 1.1. 2 for the interfacial friction, the phenomena

should be greatly influenced by the gas/liquid interfacial wave forms. For SW

flow regime, the amplitude of interfacial waves are smaller than the liquid depth

and the dominant entrainment mechanism are expected to be different from

those for thin liquid-film flows.

Ishii et al. (1975) obtained a model to predict onset of entrainment based on

the mechanism of shearing-off of roll waves. However, recent study for the

entrainment has been limited to the prediction of the diameter and amount of

liquid droplets (entrainment) flowing in gas core [Kocamustafaogullari et al. 1994,

Ishii et al. 1989, Kataoka et al. 1983]. Furthermore, previous studies are limited to

pressures much lower than those in the present study which represented reactor

pressures typical of a small-break LOCA [Ishii et al. 1975].

In this study, therefore, attempts are made to modify major correlation and

models to take into account properly the predominant entrainment mechanisms

and to better represent the influences of system pressure for steam/water flows.

- 1 3 -
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1. 2 Objectives of Thesis

The general objective of this study is to clarify the conditions for the flow

regime transition into slug (SL) flow in horizontal gas/liquid two-phase flows. A

wide range of flow conditions is covered particularly in channel height and

system pressure to represent reactor accidental conditions more rigorously than

the previously-available data, models and correlations. Specific objectives are;

1) To clarify the dependence of the conditions for the SW-to-SL flow regime

transition on channel height (pipe diameter) and system pressure which controls

fluid physical properties for steam/water two-phase flows,

2) To obtain interfacial friction factor for SW flow regime, in the vicinity of

the flow regime transition to SL flow regime, in order to predict the SW-to-SL

flow regime transition,

3) To clarify the influence of the "Bernoulli" gas-phase pressure drop on the

growth of interfacial waves in a slugging process, and

4) To examine the pressure dependence of the conditions for the onset of

entrainment in high-pressure steam/water two-phase flows, as a mechanism to

cause the transition into WD flow regime.

The subjects based on the above objectives are noted on the flow regime map in

Fig. 1-3.

For these purposes, the TPTF steam/water experiments (for pipe i.d.s of 180

and 87 mm, and system pressures up to 12 MPa), and the air/water experiments

using a large-height (0.7 m) duct have been performed. The data obtained from

these experiments are unique in covering the system pressure and the channel

height typical of reactor accidents.

- 1 4 -
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1.3 Structure of Thesis

Chapter 2 describes details of two experimental facilities; the TPTF for

steam/water two-phase flows and the air/water two-phase flow loop with a large-

height duct test section.

In Chapter 3, the results on SW-to-SL flow regime transition in both the

TPTF and large-height duct experiments are summarized. The dependence of the

flow regime transition on the channel height (pipe diameter) and system

pressure are investigated [Anoda et al. 1989, Nakamura et al. 1991 a]. An

applicability of an extended Taitel-Dukler model to large diameter pipes is

demonstrated in conjunction with the discussion on the influence of the wave

height on the flow regime transition.

In Chapter 4, the interfacial friction in SW flow regime is investigated

using the TPTF steam/water two-phase flow data. A new empirical correlation is

obtained to predict the interfacial friction factor/), employing parameters based

on the Kelvin-Helmholtz instability theory. This correlation represents the

dependence of fi on system pressure and pipe diameter well within the present

experimental ranges [Nakamura et al. 1995 b].

In Chapter 5, the static pressure drop over a slugging wave, referred to as

the Bernoulli effect, is evaluated from measurement in the large-height duct

experiments [Nakamura et al. 1994].

In Chapter 6, the conditions for the onset of entrainment in the SL flow

regime is investigated for the TPTF experiments. The entrainment suppresses the

growth of interfacial waves in high-pressure steam/water flows. The previous

models and correlations to predict the onset of entrainment are examined and

extended for the high-pressure steam/water conditions [Nakamura et al. 1995 a].

Chapter 7 gives the summary of this thesis.

- 1 6 -
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2. Experimental Facilities with Typical Observed Flows

2.1 Introduction

Two test facilities: the Two-Phase Test Facility (TPTF) [Nakamura et al.

1983, Kawaji et al. 1987] for high-pressure steam/water two-phase flows and the

air/water two-phase flow loop, were used for the present study. In the TPTF

experiments, the influences of both channel height (pipe diameter) and system

pressure were examined. Two horizontal pipe test sections with different

diameters of 180 and 87 mm, to be shown schematically in Fig. 2-1, were used

under system pressures ranging from 3 to 12 MPa. The air/water two-phase flow

loop with a large-height (0.7 m) rectangular duct test section, to be shown sche-

matically in Fig. 2-5, was used to examine the influences of the channel height on

the transition and basic phenomena in wave growth. This chapter describes these

facilities, and summarizes the flows observed in their experiments.

2.2 Two-Phase Flow Test Facility (TPTF)

2. 2.1 Outline of TPTF

The Japan Atomic Energy Research Institute (JAERI) initiated the Rig of

Safety Assessment Number 4 (ROSA-IV) program [Tasaka 1982, ROSA-IV Group

1984] in 1980, one year after the Three-Mile Island Unit-2 (TMI-2) accident

[Rogovin et al. 1980], to study thermal-hydraulic responses during small-break

LOCAs and anticipated transients of a PWR. The ROSA-IV program comprised

three major tasks; (1) the integral-system-effect tests using the large scale test

facility (LSTF) [ROSA-IV Group 1990] simulating a Westinghouse-type PWR, (2)

the separate-effect tests using the TPTF facility and (3) the development of

advanced LOCA analysis code. The operation of the TPTF was initiated in 1982.

- 1 7 -
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The ROSA-IV program ended in 1992, but was succeeded by the ROSA-V program

in 1991.

The primary objectives of the TPTF experiments were to obtain the

fundamental data on the thermal-hydraulic responses in the primary

components of LWRs such as the core, the steam generator of a PWR and the

horizontal and vertical pipes, and to calibrate and develop the two-phase flow

instruments to be used in the LSTF. For these purposes, the facility was designed

to achieve the saturated steam/water two-phase flow condition under a PWR

nominal saturation pressure of 12 MPa for steady-state experiments. The TPTF

had two test sections; (1) a heat transfer test section to study heat transfer and void

distribution in a core rod bundle, and (2) a horizontal pipe test section to study

flow regime transition, interfacial friction and interphase heat transfer. In the

present study, the horizontal pipe test section was used.

2. 2. 2 Test Facility and Test Sections

Figures 2-1 (a) and (b) show the overall test facility and test sections used for

the present study. Saturated steam and water at pressures of 3 to 12 MPa were

produced in an electrically heated boiler from demineralized water and delivered

separately to a mixer by steam and water pumps, respectively. Steam/water two-

phase flow was produced in the mixer and flowed through the horizontal test

section, returning to the boiler. The steam and water flow rates were controlled by

the pump rotational speed and/or flow control valve opening. The maximum

flow rates were decided to be 0.222 and 0.0556 m3/s for steam and liquid phases,

respectively, to fulfill the low flow rate conditions in a horizontal pipe and core

of a PWR during a small-break LOCA. The facility including the test section was

thermally insulated to minimize the heat loss.

- 1 8 -



©0 Steam
Pump

J

Horizontal Pipe
Test Section
1) 180 mm
2) 87 mm

i.d.
i.d.

10
6.4

m
m

Gamma (y)-ray
Densitometers

©0©

Boiler

N/l

Water
Pump

©

Fig. 2-1 Schematic of Two-Phase Flow Test Facility (TPTF)
(a) Facility Overview

'-Io

Instrumentation

P
DP
T
F
L

Pressure
Diff. Pressure
Temperature
Flow Rate
Liquid Level



Steam

CO

o

Inlet
Mixer

Liquid

4-inch Pipe Test Section (I.D. = 0.087 m, Length = 6.4 m)

Video Probe

Pitot Tube G-D
Fixed

8-inch Pipe Test Section (I.D.= 0.18 m, Length = 10.0 m)

Video Probe

Gray Loc

G D

Horizontal
Traverse

Pitot Tube

\
G-D

Vertical
Traverse

side view

I
G-D

Fixed

I
G-D

Horizontal
Traverse

Boiler

G-D: Gamma-ray Densitometer

c/:
CD
93

Fig. 2-1 Schematic of Two-Phase Flow Test Facility (TPTF)
(b) Horizontal Pipe Test Sections



JAERI- Research 96-022

Two test sections having different inner diameters (I.D.s), shown

schematically in Fig. 2-1 (b), were horizontally leveled. The 8-inch (180 mm I.D.)

pipe test section was 10 m in length and consisted of five 2-m-long segments. The

inner diameter of the 8-inch pipe test section was almost the same as that of the

hot legs of the LSTF, and was about one third of that of a PWR. The 4-inch

(87.3 mm I.D.) pipe test section consisted of 5.5-m and 0.9-m-long segments. Each

test section was connected to the 12-inch (268 mm I.D.) mixer and boiler. The pipe

diameter was smoothly decreased from 268 to 87 mm in a 1-m long inlet reducer

and was expanded from 87 to 180 mm in a 0.6-m long outlet diffuser for the

4-inch pipe test section. Gray-Loc® flange coupler was used to connect the mixer,

reducer, test section segments, diffuser and boiler. The 12-inch mixer was tee-

shaped with a horizontally-flat inner baffle plate that led steam and water flows

horizontally but separately to prepare the horizontal stratified flow at the mixer

exit. In the experiments, the mixture level in the boiler at the test section exit was

kept above the pipe center line by about 0.5 m to have a flow situation similar to

that in PWR hot legs.

2.2. 3 Instrumentation

The test facility and the test sections were equipped with various

instruments as shown in Figs. 2-1 (a) and (b). The system pressure was measured

by a diaphragm-type differential pressure cell with an uncertainty of 0.090 MPa

(0.61% of the total range). Flow rates were measured by orifice meters with a

measurement uncertainty of less than -1.5% of the total range. Each of gas and

liquid measurement lines had two lines with different orifice capacities to have a

wide flow rate range. The liquid temperature drop from the saturation at the

mixer inlet was less than the measurement uncertainty of 0.48% of the total

range, which corresponded to -2.3 deg K.

- 2 1 -
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The liquid level and flow regimes in the test section were measured by four

current-integration type gamma(y)-ray densitometers with a l-^Cs source; two

with vertical-shot beam(s) traversed horizontally, one with horizontal-shot beam

traversed vertically and one fixed with vertical-shot beam. The y-ray beam was

collimated through a 13 mm i.d. beam hole in a lead cask, and was shot along the

pipe diameter. The reference single-phase steam and liquid flow data were taken

for every five to six two-phase flow measurements to minimize the data

uncertainty, which was less than 2% of the measured void fraction. For stratified-

smooth flow, flatness of the interface across the pipe cross-section was confirmed

by using two y-ray densitometers (vertical-shot three beams and horizontal-

traverse) [Kawaji et al. 1987]. The increase in the liquid level near the wall, which

may occur in a small-diameter pipe, was not observed, because of the large

diameter and low surface tension under high-pressure condition. The chordal

void fraction was obtained as the liquid level using the single vertical-shot beams

through the pipe axis, and was converted into the area-averaged void fraction

assuming a flat interface. To detect the mixture level and liquid slug passage,

conductivity probes and vertical-traverse pitot tube were also used in several

experiments. The conductivity probes were installed flush inner-wall of the test

section at L/D = 28, and the pitot tubes were installed at L/D = 25.

The instrument signals were recorded on a magnetic tape by the data logger

(Iwatsu Inc. DA-8500), generally 8000 data points in each experimental run, at a

maximum rate of 100 Hz. Every measurement for parameters such as pressure,

differential pressure, flow rate, liquid level, fluid temperature, and fluid density

was taken into the memory simultaneously, and was recorded on a magnetic tape

(MT). Selected instrument signals were monitored by chart recorders during the

experiments for the detection of flow regime transition; especially the transition

to slug flow. The data recording was started when the monitored signals reached

steady-state. The obtained data on MTs were off-line transferred to the JAERI

main-frame computer (FACOM) after each experiment and were post-processed.

- 2 2 -



JAERI-Research 96-022

A video probe [Nakamura et al. 1992]: a periscope designed to withstand

high-pressure steam/water two-phase flow condition, was employed further for

the visual observation of the gas-liquid interface upstream the probe. The video

probe was composed of a SUS casing containing a optical bore-scope and optical

fibers for lighting, sapphire windows, lenses and a high-sensitivity video camera.

The video probe (~70 mm O.D.) with a side view was inserted vertically into the

test section, by ~5 cm from the top ceiling at L/D = 39.

2. 3 Flows in TPTF

2.3.1 Flow Regimes

In Fig. 2-2, the flow regime map obtained from the TPTF 8-inch pipe

experiments [Anoda et al. 1989] at 3 MPa is compared with the Mandhane map

[Mandhane 1974]. The observed flow regimes in the TPTF experiments were

separated flows including stratified-smooth (SS) and stratified-wavy (SW) flows,

intermittent flows including slug (SL) and plug (PL) flows, and wavy-dispersed

(WD) flow. Typical flow patterns that are sketched in Fig. 1-1 appear in these flow

regimes.

The threshold flow rates for flow regime transition were searched for by

changing slowly the flow rate of one phase, while the flow rate of the another

phase was kept constant. Flow regimes were identified mainly by the video probe

observation. The y-ray densitometer and conductivity probe signals were used to

confirm the judgment. The pitot tube signals were also referred in several

experiments in judging the transition to SL flow regime. The criterion for the

judgment for the SW-to-SL flow regime transition, for example, was whether the

liquid slugs dragged their top along the pipe inner ceiling wall or not.

- 2 3 -
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2. 3.2 Influence of Inlet Mixer Internal Structure

The flow in the test section was found to be influenced by the internal

structure in the tee-shaped 12-inch mixer. Two different internal structures were

prepared to change the inlet mixture condition: a "bubbly flow" type mixer

consisting of a bundle of horizontal perforated pipes and a "separated flow" type

mixer containing one horizontal flat plate. For both types of mixer, steam was

introduced horizontally and liquid was introduced from bottom of the mixer.

A significant influence of mixer configuration was observed on flow

regime transition in 8-inch pipe experiments. Intermittent flow (slug or plug

flows) was not well established when the "bubbly flow" type mixer was used,

introducing a two-phase mixture into the test section. In high-pressure

steam/water two-phase flows, difference in fluid densities between steam and

water becomes small. Therefore, phase separation takes place gradually. The gas-

liquid relative velocity did not sufficiently develop in the test section to cause the

transition. On the other hand, when the "separated flow" type mixer was used,

steam and liquid were introduced parallel to the channel axis, with a relative

velocity, and the transition to intermittent flow took place in the test section. In

4-inch pipe experiments, however, the SW-to-SL flow regime transition occurred

irrespective of the mixer internal geometry, probably because a low flow

velocities in the inlet reducer enhanced a good phase separation.

2. 3. 3 Dependence of Liquid Level Gradient on Pipe Exit Level

The liquid level gradient along the length of the test section becomes

independent of the downstream level when the liquid flow is supercritical where

the liquid velocity exceeds the celerity of interfacial gravity waves. For an open

channel flow, the criticality criterion is given by the Froude number [Chow 1959],

(2-1)

- 2 5 -
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where DL - AJJSL is the hydraulic liquid depth, Ai is the cross section of liquid

flow and Si is the wet perimeter on the channel wall. Gardner (1988) derived the

criticality criterion for a separated flow in a horizontal pipe

(1- a)3 a3 si

where, ]\~=-]^y Pk I\PL~PG\%^\
 xs *^e non"dimensional superficial velocities

and Sf is the interface width.

For the TPTF experiments conducted with the "separated flow" type mixer,

the flow at the SW-to-SL flow regime transition boundary and a large part of the

SW flow regime was supercritical. The liquid level in the test section was thus

independent of the downstream level of the test section outlet. Figures 2-3 (a)

and (b) compare the TPTF 4 and 8-inch pipe data at the SW-to-SL flow regime

transition boundary with the Gardner flow criticality criterion. All the data points

used for the present study, including those presented in Fig. 2-3, are in the

supercritical region. As the gas flow rate was decreased in the SW flow regime,

the flow became to be subcritical and the void fraction decreased stepwise as

shown in Table 2-1 for 8-inch pipe, 3 MPa experiments. For the low-pressure air-

water experiments, the SW-to-SL transition usually takes place under subcritical

flow condition. The observed supercritical flow may be particular to high-

pressure steam/water experiments where gas density is high. However, the

supercritical flow condition is advantageous in obtaining a well-developed flow

in a relatively small L/D. Furthermore, this flow condition is good in observing

the wave growth, since there is no influences of waves that go up the test section.

It is not known whether the flow criticality has a direct influence on the flow

regime transition mechanisms or not. The good agreement of the SW-to-SL

transition in the TPTF experiments with the Taitel-Dukler model (1976), to be

shown in Chapter 3, suggests that the influence is small.
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Table 2-1 Primary Parameters for TPTF Horizontal Pipe Experiments (1/3)

180 mm i.d. pipe

(1) Pressure = 3 MPa, AUV
RUN

475
476
479
480
483
484
493
494
486
478
482
473
474
477
481
485
495
2473
2474
2475
492
487
488
489
490
491

2476
2477

JL

1.01
0.724
1.01
0.672
1.01
0.646
0.607
0.631
0.414
0.414
0.414
0.414
0.413
0.616
0.559
0.539
0.592
0.601
0.590
0.571
0.679
1.01
0.583
0.473
0.415
1.01

0.547
0.496

JG

1.01
1.01
1.74
1.70
2.58
2.58
2.39
1.58
4.08
1.71
2.57
0.411
1.01
1.01
1.70
2.56
1.35
1.01
1.82
2.78
3.44
4.09
4.09
4.09
7.76
7.74
4.09
6.74

Flow
Regime

SL
SL
SL
SL
SL
SL
SL
SL

SW(spr)
SW(spr)
SW(spr)
SW(sub)
SW(sub)
SW-SL
SW-SL
SW-SL
SW-SL
SW-SL
SW-SL
SW-SL
SL-WD
WD
WD
WD
WD
WD
WD
WD

tin ~ !•
a

x 102

13.7
11.4
13.4
12.0
9.85
10.1
9.54
10.5
3.60
3.94
3.65
2.40
3.42
9.08
8.84
7.89
1 .IS
7.04
8.76
8.18
8.44
9.69
7 .79
6.07
3.66
6.59
7.15
5.39

43
a

0.402
0.429
0.538
0.579
0.547
0.604
0.606
0.511
0.730
0.606
0.683
0.223
0.429
0.448
0.565
0.608
0.452
0.398
0.519
0.628
0.659
0.649
0.704
0.717
0.840
0.779
0.709
0.811

jGL*

x 102

3.40
4.85
5.77
8.06
14.1
16.4
14.9
9.46
30.6
11.1
17.3
3.03
7.21
5.29
10.0
17.9
8.85
6.30
12.2
18.8
21.8
22.8
27.8
29.8
57.4
43.1
28.6
47.7

ReL
x 10~5

23.9
17.5
27.3
18.9
27.5
18.7
17.6
16.5
14.1
12.0
13.2
8.28
10.0
15.2
15.5
15.7
14.6
14.1
15.6
17.0
21.0
31.0
19.2
15.8
17.5
37.5
18.1
19.5

ReG
x 10'5

2.15
2.11
3.38
3.24
4.98
4.82
4.40
3.08
7.20
3.21
4.63
1.05
2.10
2.07
3.24
4.79
2.73
2.14
3.55
5.14
6.18
7.43
7.26
7.22
13.1
13.4
7.31
11.6

fL
x 103

2.01
2.17
1.94
2.13
1.94
2.14
2.17
2.20
2.29
2.39
2.33
2.62
2.50
2.25
2.24
2.23
2.27
2.29
2.24
2.19
2.08
1.88
2.12
2.23
2.17
1.80
2.15
2.11

£G
x 103

3.67
3.69
3.28
3.31
2.97
3.00
3.07
3.35
2.71
3.32
3.03
4.39
3.69
3.70
3.31
3.00
3.46
3.67
3.24
2.95
2.82
2.69
2.71
2.71
2.34
2.32
2.70
2.41

ft
x 102

29.9
9.97
35.9
12.5
6.13
3.29
3.68
4.15
1.37
3.33
2.82
0.357
1.29
7.40
4.91
1.97
2.28
2.82
2.23
2.45
3.41
5.97
2.45
1.63
1.61
6.42
2.16
2.12

XX *>

0.127
0.163
0.132
0.163
0.313
0.308
0.279
0.236
0.416
0.207
0.264
0.305
0.242
0.165
0.211
0.333
0.272
0.240
0.296
0.330
0.354
0.379
0.403
0.417
0.614
0.525
0.408
0.543
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Table 2-1 Primary Parameters for TPTF Horizontal Pipe Experiments (2/3)

180 mm i.d. pipe

(2) Pressure = 5 MPa, AUmin - 1.04
RUN

515

519
523
513
518

2480
2 4 8 1

522
527

2482

2483
2484

524
525
526

JL

0 . 4 1 2
0 . 4 1 2
0 . 4 1 3
0 . 6 2 4
0 . 6 0 2
0 . 6 2 3
0 . 6 2 0
0 . 6 0 0
0 . 5 7 8

0 . 5 7 9
0 . 5 2 7
0 . 4 6 3
1 . 0 1 1
1 . 0 1 1
0 . 4 1 4

JG

1 .667

2 . 5 4 8
4 . 0 5 4

1 .000
1 .666
0 . 9 9 2
1 . 6 9 4
2 . 5 6 2
4 . 0 3 7

2 . 4 5 7

3 . 9 7 6
5 . 9 5 4
4 . 0 4 9
7 . 7 0 2
7 . 6 7 4

Flow
Regime

SW(SPR)
SW(SPR)
SW(SPR)

SW-SL
SW-SL
SW-SL
SW-SL
SW-WD
SW-WD

SW-WD
SW-WD
SW-WD

WD
WD
WD

a
x 102

3.36

2.88
3.04

5.42
6.38
5.01

6.43
5.87

5.35

5.97
4.81
3.83
7.49
4.51
2.43

a

0.555

0.669
0.753
0.386
0.516
0.391
0.507

0.611
0.708

0.609
0.719
0.814
0.644
0.794
0.864

JGL*

x 102

15.9
23.7
38.4
8.37
14.1

8.09
14.4
22.3
36.1

21.3
35.9
53.6
30.6
52.5
69.4

ReL

x 10~5

12.0
13.7
15.5
15.4
16.8
15.4

17.2
18.6
20.3

17.9
18.8
19.5
32.6
40.9
19.6

HeG

x 10-5

4.99
7.20
11.0
3.33
5.09
3.26
5.12
7.41

11.1

7.04

10.9
15.7

11.5
20.6
20.0

fL
x 103

2 . 3 9
2 . 3 1
2 . 2 4
2 . 2 4
2 . 1 9
2 . 2 4

2 . 1 8
2 . 1 4

2 . 0 9

2 . 1 6
2 . 1 3
2 . 1 2
1 .86
1 .76
2 . 1 1

£G

x 103

2.97
2.71
2.44
3.29
2.96
3.31

2.95
2.69

2.43

2.73
2.45
2.23
2.41

2.09
2.10

fi
x 102

0.747

1.13
1.06
1.21
1.51
1.42
1.40
1.48
1.38

1.49
1.32
1.50
2.92
5.06
1.58

XX *>

0.327

0.353
0.470
0.318
0.329
0.301
0.345
0.388
0.490

0.374
0.475
0.574
0.488
0.586
0.670

(3) Pressure = 7.3 MPa, AUmin = 0.771
RUN

542
546

2527

2528
541
543

544
545
547

JL

0.414
0.412
0.488
0.493

1.01
1.86

1.86
1.01

0.415

JG

2.53
4.03

2.30
2.29
2.56
2.55

4.04
4.04
7.67

Flow
Regime

SW(SPR)

SW(SPR)
SW(SPR)
SW(SPR)

WD
WD

WD
WD
WD

a
x 102

2 . 6 2
2 . 3 5
2 . 0 8
2 . 0 3
6 . 5 2

5 . 2 2

5 . 3 4
5 . 2 9
1 .77

a

0 . 6 9 0
0 . 7 7 8
0 . 6 4 2
0 . 6 4 0
0 . 5 4 9
0 . 4 6 8

0 . 5 8 1
0 . 6 5 6
0 . 8 9 5

JGL*

x 102

2 8 . 3
4 5 . 6
2 5 . 3
2 5 . 2
2 3 . 4
1 6 . 1

2 5 . 7
3 7 . 2
7 2 . 9

ReL

x 10~5

14.6

16.6
16.2

16.3
30.1
51.1

57.4
34.0
22.3

ReG

x 10~5

10.0
15.4
9.44
9.42
10.9
11.4

16.9
16.3
28.2

fL

x 103

2 . 2 7

2 . 2 0
2 . 2 2
2 . 2 1
1.90
1 .66

1 . 6 1
1 .84
2 . 0 5

fG

x 103

2 . 5 0
2 . 2 4
2 . 5 3
2 . 5 4
2 . 4 5
2 . 4 2

2 . 1 9
2 . 2 1
1 .93

fi
x 102

0 . 9 4 3
0 . 9 8 9
0 . 9 7 3
0 . 9 7 4

1 .89
6 . 2 8

7 . 0 3
2 . 1 1
2 . 6 6

XX *»

0 . 3 7 7

0 . 4 9 4
0 . 3 7 9

0 . 3 8 0
0 . 4 6 1

0 . 4 1 5

0 . 4 5 9
0 . 5 4 0
0 . 6 2 2

(4) Pressure = 8.6
RUN

2487
2489
2490
2458
2459
2462
2463
2464

2465
2467
2468
2492

JL

0.668
0.635
0.580
1.864
1.009

1.011
1.862
1.860
1.010

0.412
1.01

0.440

JG

0.827
1.31
2.10
1.00
1.01
1.67
1.67

2.58
2.56

4.06
4.08
4.14

MPa, AUmin = (
Flow

Regime

SW(SPR)
SW(SPR)
SW(SPR)

WD
WD
WD
WD
WD

WD

WD
WD
WD

a
x 102

3 . 6 3
3 . 9 6
3 . 6 3
4 . 2 2
6 . 2 7

5 . 4 6
4 . 3 9
4 . 9 4

4 . 9 4

2 . 3 6
4 . 1 4
2 . 3 6

3.665
a

0.370
0.466
0.606
0.268
0.358
0.441
0.349
0.479
0.557

0.798
0.676
0.800

JGL*

x 102

8.71
15.0
23.9
6.36

8.86
17.4
13.4
17.4
25.7

48.6
39.1
47.5

ReL

x 10'5

17.6
18.3
19.4
44.8
26.3
28.5
48.2

54.4
32.0

18.2
36.8
19.5

ReG

x 10'5

4.73
6.90
10.2
6.31

5.78
9.00
9.68
13.5
12.8

18.3
19.2
18.6

fL

x 103

2.17
2.15
2.12
1.72

1.96
1.92
1.69
1.64
1.87

2.15
1.80
2.11

fG

x 103

3.01
2.74
2 .49
2.80
2.87
2.57

2.52
2.32

2.35
2.15
2.12
2.14

f i
x 102

0 . 8 3 1
0 . 6 7 9

1.02
4 . 1 9

1.86
1 .02
2 . 3 3

5 . 7 2

1 . 6 1
1 .12

2 . 3 1
1 .40

XX *'

0 . 3 2 1
0 . 3 7 4
0 . 3 8 2
0 . 4 0 3

0 . 3 4 5
0 . 4 7 7

0 . 5 4 2
0 . 4 1 5

0 . 4 7 4

0 . 4 8 5
0 . 5 1 8
0 . 4 7 2
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Table 2-1 Primary Parameters for TPTF Horizontal Pipe Experiments (3/3)

87 mm i.d. pipe

(1) Pressure = 3.0
RUN

4304
4305
4306
4307
4308
4309
2172
2173
2174

JL

0.342
0.343
0.375
0.406
0.373
0.409
0.254
0.245
0.244

JG

1.90
1.36

0.994
0.718

2.66
0.578
0.760

1.36
2.69

MPa, AUmin =
Flow

Regime
SW-SL
SW-SL
SW-SL
SW-SL
SW-SL
SW-SL

SW(SPR)
SW(SPR)
SW(SPR)

a
x 102

3 . 5 3

3 . 3 9
3 . 0 0
2 . 8 7
3 . 9 7
2 . 7 8
2 . 9 5
2 . 5 3
3 . 0 6

1.43 m/s
a

0.552
0.508
0.430
0.368
0.611
0.342
0.530
0.425
0.370

JGL

x 102

2 2 . 1
15 .1
10.6
7 .21
31.0
5.46
46.2
59.5
66.4

x 10~5

4 . 5 5
4 . 3 6

4 . 4 2

4 . 5 1
5 . 3 0
4 . 4 4
3 . 0 7

3 . 4 0
3 . 6 8

ReG

x 10~5

1.79
1.32
1.01

0.768
2.437
0.633
0.729

1.21
2 .31

fL

x 103

3.40
3.43
3.42
3.40
3.30
3.41
3.68
3.60
3.55

fa
x 103

4.09
4.35
4.59
4.85
3.85
5.04
4.90
4.43
3.89

fi

x 102

0.709
1.17
1.34
1.98

0.774
2.83
1.73
1.66

0.483

XX *>

0 . 6 9 5
0 . 5 4 4

0 . 5 1 0

0 . 4 4 9
0 . 8 2 0
0 . 3 8 6
0 . 3 3 7

0 . 4 0 5
0 . 7 4 1

(2) Pressure = 7.3
RUN

542

546
2527
2528

537

541

543
544
545
547

JL

0.414
0.412
0.488
0.493

1.01
1.01
1.86
1.86
1.01

0.415

JG

2.53
4.03
2.30
2.29
1.00
2.56
2.55
4.04
4.04
7.67

MPa, AUmin =
Flow

Regime
SW(SPR)
SW(SPR)
SW(SPR)
SW(SPR)

SW-SL
WD

WD

WD

WD

WD

a
x 102

2 . 6 2

2 . 3 5
2 . 0 8
2 . 0 3

8 . 4 5

6 . 5 2
5 . 2 2
5 . 3 4
5 . 2 9
1.77

3.771
a

0.690
0.778
0.642
0.640
0.364
0.549
0.468
0.581
0.656
0.895

JGL

x 102

28.3
45.6
25.3
25.2
7.37
23.4
16 .1
25 .7
3 7 . 2
7 2 . 9

R*L

x 10~5

14.6
16.6
16.2
16 .3
25.2
30 .1
51 .1
57.4
34.0
22 .3

ReG

x lO'5

10.0
15.4
9.44
9.42
4.79
10.9
11.4
16.9
16.3
28.2

fL

x 103

2.27
2.20
2.22
2 .21
1.98
1.90
1.66
1.61
1.84
2.05

fa
x 103

2.50
2.24
2.53
2.54
3.00
2 .45
2.42
2.19
2 .21
1.93

fi
x 102

0.943
0.989
0.973
0.974

3.36
1.89
6.28
7.03
2 .11
2.66

XX *'

0.377
0.494
0.379
0.380
0.291
0.461
0.415
0.459
0.540
0.622

•) Note: XX =
Df

UG'UL
All

mm
in Equation (4-6)

- 3 1 -



JAERI- Research 96-022

1.0

0.8 -
oo
• * •

n
G

c
g

LL

•JO
O

0.6 -

0.2 -

0.0

•

o

A

-

SW

SW-to-SL

WD

/ f .-•* ^j

i . . . i

/ ' / • • • ' ' •

0.0 0.2 0.4 0.6 0.8 1.0

Void Fraction a (L/D = 17)

Fig. 2-4 Cross-Plot of Void Fractions at L/D = 17 and 48
(8-inch Pipe, 3 MPa)
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In Fig. 2-4, time-averaged void fraction data at L/D = 17 and 48 are cross-

plotted for the 8-inch pipe 3 MPa data. The liquid level decreased only slightly

toward the downstream end with a level gradient < 1/1033 between these two

measurement stations. However, since the flow condition was supercritical and

thus the liquid level gradient decreased along the test section, the flow at L/D = 48

was taken as a well-developed flow.

2.4 Air/Water Two-Phase Flow Loop

2.4.1 Outline of Test Apparatus

The air/water two-phase flow loop schematically shown in Fig. 2.5 (a) was

constructed in 1985. The objective of the facility was to obtain a calibration data of

the drag-disc flow meters used in the LSTF with a detailed observation of two-

phase flow behavior, being supplemental to the TPTF high-pressure steam/water

two-phase flow experiments. Basic air/water two-phase flow experiments were

performed first with a horizontal pipe test section with the inner diameter of 210

mm and the length of 30.5 m, made of transparent acrylic resin [Koizumi et al.

1989, Koizumi et al. 1990 a, Koizumi et al. 1990 b]. A large-height duct test section

with the height of 0.7 m being equal to that of PWR hot leg was added to the loop

later. The shape of the duct test section was decided to clearly observe the two-

dimensional behavior of interfacial waves and their growth along the length of

the test section. The width of the duct test section, however, was limited to 0.1 m,

because of the maximum capacity of the large water pump of 500 m3 /h. In the

present study, this duct test section was used to investigate the influence of the

channel height on the slug flow transitions and the role of interfacial waves in

the transition mechanisms.

- 3 3 -
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2.4. 2 Test Apparatus and Test Section

Figures 2-5 (a) and (b) show the test apparatus. Demineralized water and

filtered air entered the test section through a 2.4-m3 inlet tank, where the liquid

level was stationary because of a large cross section of 0.8 m2. At the test section

inlet, a co-current stratified flow was formed. The test section discharged into a

10-m3 exit tank which was open to atmosphere.

The horizontally leveled rectangular duct test section, 0.7-m-high, 0.1-m-

wide and 28.3-m-long, was composed of 0.3, 1 and 2-m-long transparent acrylic

resin segments and 2-m-long (opaque) stainless-steel segments. The transparent

segments were used for visual observation and measurement of the local liquid

level and pressure, and were arranged to best observe the wave growth into

liquid slug.

2.4. 3 Instrumentation

The inlet tank pressure and the flow rates and temperatures of air and

water were measured in the air/water loop. Air and water flow rates were

measured using orifice flow meter located upstream the flow control valves.

Measurement uncertainty for the air and water flow rates was ±1.0% of the total

range. Differential pressure cells used for the flow rate measurements were

calibrated before initiating experiments. Air pressure upstream the flow control

valve was kept constant at 0.30 MPa by adjusting a pressure regulator. Since the

fluctuations in the test section static pressure was lower than 6.0 kPa, even at

formation of a liquid slug, the inlet air flow rate change was no more than 1.0%

of the total flow range. Similarly, inlet water flow rate was kept constant within

1.0% because of high pump head of 0.29 MPa and a large water inertia in the loop.

In the test section, the local water levels and gas phase pressures were

- 3 4 -
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measured. Water levels were measured using probes composed of two wires

(parallel, 60 mm apart) mounted vertically on a plane normal to the flow as

shown in Fig. 2-5 (c). The very thin wire was employed because a cocktail-like

wake and/or small gas bubble entrainment was found to form in the wire

downstream at water surface when a rather thick wire was used. The probe

output was found to be very sensitive to pH and temperature of water. In a

number of test runs, the sensitivity to the water pH was found to be weaker for

platinum than for tungsten or Inconel X-750. Since platinum wire was cut only

by several impacts from slug passage, a platinum-coated tungsten wire with outer

diameter of 0.09 mm was specially manufactured. Water temperature was nearly

constant but increased gradually at a rate of about 1 K/h because of a pump opera-

tion. Therefore, calibration data were obtained for every 1 or 2 experimental

runs. The probe wire was connected to a Wheatstone bridge with four 120 Q

resistances. Eleven probes were installed along the duct test section as shown in

Fig. 2-5 (a).

Gas phase static pressures were measured on the channel top wall using

strain-gauge type pressure transducers (Kyowa Electronic Instruments Inc.

PGM-02KG). The transducer was mounted so that the thin stainless-steel

diaphragm (about 5 mm dia.) was flush with the channel ceiling inner surface as

shown in Fig. 2-5 (c). The measuring pressure capacity and natural frequency of

the transducer were 19.6 kPa and 2 kHz, respectively. The pressure transducers

were factory-calibrated and installed at five locations, between the two wires of

the water level measurement probe.

The signals from both the pressure transducers and the level probes were

converted to voltage signals by the same type of dynamic strain amplifiers

(Kyowa Electronic Instruments Inc. DPM-13A) with maximum response

frequency of 10 kHz, which were electrically insulated each other. Then, care was

- 3 7 -



J AERI - Research 96 - 022

taken for the ground which was connected to a common terminal of the facility

building.

The instrument signals were recorded at 200 Hz, typically for 5 minutes by

the data logger (Iwatsu Inc. DA-8503), for every parameter when the flow in the

test section reached a steady-state. The recorded data were copied to the floppy

disks after several experimental runs, and were transferred to the JAERI main-

frame computer (FACOM) for the data post-processing.

The two high-speed video cameras (nac Inc. HSV-200 and HSV-400) were

employed further to record video pictures of the wave growth behavior in the

transparent segments of the duct test section at a frame rate of 200 frame/s. The

data recording of the high-speed video was performed simultaneously with the

data logger. A typical picture taken by the high-speed video cameras will be

presented in Chapter 5.

2. 5 Flows in Air/Water Two-Phase Flow Loop

The exit tank water level was always kept to be lower than the test section

bottom. The time-averaged water level in the test section thus decreased

gradually towards the downstream end where the water level was close to the

critical depth.

Figure 2-6 summarizes flow regimes observed in the large-height duct test

section in a Mandhane-type flow regime map. Appearances of the flow regimes,

visually observed in the transparent segments, were the same as those sketched

in Fig. 1-1. The SW-to-SL flow regime transition boundary was searched for

following the same procedure taken in the TPTF experiments. The SW-to-SL

transition boundary in the present experiment spanned a wide range in air flow

- 3 8 -
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rates up to the facility maximum capacity of 0.19 Nm^/s, while it lay near a

constant value of 0.06 m^/s in water flow rate.

Stratified-wavy (SW) flows were always subcritical, making a contrast to

the flow observed in the TPTF steam/water experiments. The WD flow regime

was not observed because of limitation in the air and water flow rates. In the SL

flow regime, however, the liquid entrainment was observed to occur at the crests

of the large amplitude waves which grew into a liquid slug.

For this large-height duct experiments, a 90° angle rectangular-edged inlet

was used as a standard boundary condition. In several experiments, however, the

influence of the inlet geometry on the SW-to-SL flow regime transition was

investigated by employing a bell-mouth type inlet nozzle at the test section inlet.

When the inlet geometry was 90° angle rectangular-edged, the liquid level fell

down once from the inlet tank and recovered gradually to the equilibrium level.

On the liquid surface where the liquid level almost reached the equilibrium

level, small interfacial waves were continuously generated because the liquid

level, thus the air velocity, was highest in the test section. The interfacial waves

sometimes grew very fast and block the gas-phase channel there. However, no

liquid slugs evolved from such temporarily-grown waves, because these waves

were readily shattered by the high-velocity air flow. When the bell-mouth type

inlet nozzle was used, the liquid level smoothly decreased from the inlet tank to

the equilibrium level in the test section. The air velocity was thus largest in the

inlet nozzle where small waves were generated. In spite of these differences in

the flow conditions, difference in the flow rates for the SW-to-SL flow regime

transition was negligible between these cases with and without the smooth inlet

nozzle.
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3. Influences of Channel Height and System Pressure on

Slugging

3.1 Introduction

The stratified-wavy to slug (SW-to-SL) flow regime transition for horizontal

steam/water two-phase flow is under influences of channel height (pipe diameter)

and system pressure. The influences of these parameters on the transition were

studied experimentally. The TPTF steam/water two-phase flow experiments were

conducted to investigate the influences of both pipe diameter and system pressure,

changing the system pressure up to 12 MPa for the 8- and 4-inch pipe horizontal

test sections with 180 and 87 mm i.d., respectively. The air/water two-phase flow

loop experiments were performed to investigate the influences of the channel

height with a high (0.7 m) rectangular duct test section.

This chapter summarizes the experimental results regarding the influences

of the channel height and system pressure on the SW-to-SL flow regime

transition, and discusses the mechanisms of slugging.

3. 2 Influence of Channel Height

3. 2.1 Air/Water Slugging Experiments in Large-Height Duct

Figure 3-1 shows typical liquid level signals measured at eight stations along

the duct test section, indicating evolution of an interfacial wave into a liquid slug

(slugging) between liquid level sensors Nos. 3 and 6. This experiment was

conducted with air and water superficial velocities, Jc and ]i, of 0.89 and 1.49 m/s,

respectively. The similar data were obtained in ten experimental runs performed

with JG between 1.12 and 2.18 m/s along the SW-to-SL flow regime transition

boundary shown in the flow regime map (Fig. 2-6).
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When the liquid flow rate was at or slightly larger than that for the SW-to-

SL flow regime transition boundary, slugging was usually preceded by formation

of trains of two-dimensional interfacial waves, as shown in Fig. 3-1. These wave

trains appeared somewhat periodically. All the waves in wave trains grew as they

traveled along the channel. Size of these waves was rather random, and one of

the waves that appeared occasionally grew faster than the other waves into a liquid

slug. Such waves, termed "slugging waves" hereafter, had an amplitude larger

than that of the other waves soon after the formation of a wave train as shown in

Fig. 3-1. In the SW flow regime also, such relatively-large waves appeared, though

infrequently, and they failed to grow enough to block the whole channel.

Anyhow, slugging is resulted from the growth of interfacial (wind) waves bearing

random process by nature.

The slugging in the present large-height duct experiments, in particular at

higher air flow rates, was characterized by much slower growth of waves along the

channel than in smaller scale experiments. It took about one second for a slugging

wave to grow and block the air flow path completely. The location of slug

formation depended on the gas flow rate at conditions close to the transition

boundary, and shifted downstream largely as the gas flow rate was increased.

After a liquid slug had been formed, the complete blockage of the gas flow

channel caused an increase in the gas phase pressure and a depression of the liquid

level upstream of the slug. The axial pressure difference across the slug accelerated

the slug. Generally, the liquid slug was aerated and the upstream slope of it looked

like a "Benjamin bubble" [Benjamin 1968] followed by a wake-like large amplitude

wave. As the liquid level decreased further, the liquid surface became smooth

without interfacial waves, forming a stratified-smooth flow shown in Fig. 1-1.

When a liquid slug exited the duct test section, the air velocity through the duct

increased temporarily, and the gas pressure decreased to the atmospheric pressure.
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From this time on, the liquid level recovered gradually to the equilibrium level,

and wave trains appeared again on the water surface.

When the liquid flow rate was increased in the SL flow regime while

keeping the air flow rate unchanged, the time for the liquid level to recover to the

equilibrium level decreased. Then, the location of slug formation shifted towards

the duct inlet where the liquid level recovered first. When the liquid flow rate

was large enough to cause slugging successively, a large-amplitude wake-like wave

following the slug sometimes grew into another slug. Thus, more than two liquid

slugs became to coexist at higher liquid flow rates, while only one slug existed in

the test section at conditions close to the SW-to-SL flow regime boundary.

At higher air flow rates, the length of liquid slugs increased as it traveled

along the channel. This occurred because the velocity increased for slugs that

scooped up water flowing rather slowly ahead of the slug. At lower air flow rates,

on the other hand, top of slugs detached from the duct ceiling before exiting the

test section, since the equilibrium liquid level gradually decreased towards the test

section exit as noted in Chapter 2. The detached liquid slug looked like a surge

[Chow 1959].

3. 2.2 Analysis of Air/Water Duct Experiments

The data obtained from the present duct experiments are compared with the

results of the other investigators; first in a Mandhane-type flow regime map

presented in terms of superficial velocities Jk, and next in terms of non-

dimensional gas-liquid relative velocity JGL* and time-averaged void fraction a.

Figure 3-2 compares the flow regime map obtained from the present duct

experiments with those of Simpson et al. (1981) and Mandhane et al. (1974). These

investigators conducted air/water experiments in horizontal pipes with diameters
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of 0.2 and about 0.05 m, respectively. In pipes, the decrease in gas-phase flow area

by amplitudes of inter facial waves is more significant than in ducts. Slugging in

pipes thus tends to occur at lower gas-liquid relative velocity compared with duct

cases. This comparison in Fig. 3-2, however, clearly shows that the superficial

liquid velocity fi , to occur the transition at the same superficial gas velocity JQ ,

increases with the channel height (pipe vertical diameter).

Figure 3-3 compares the present data with the models and correlations in

terms of time-averaged void fraction a and non-dimensional gas-liquid relative

velocity J*CL ,

where D is the channel height for a rectangular duct and the diameter for a pipe.

The experimental data are the local time-averaged void fraction a where, but just

before, the liquid slug was formed. The local averaged gas and liquid velocities, UQ

and ui, are based on this a.

The Mishima-Ishii model [Mishima and Ishii 1980] is given by

uG - uL>. 0.478 X / ( f t * - ) ' " (3-2)

for flows with two-dimensional interfacial waves that typically appear in a

rectangular duct. The form of this model is identical to that of Equation (1-1), but

with the coefficient C = 0.478. This value of 0.487 is close to 0.5 of the empirical

correlation by Wallis and Dobson (1973)

(3-3,

This correlation was obtained from the co- and counter-current air/water flow

experiments in a rectangular duct with the maximum height of 305 mm.
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Compared also in Fig. 3-3 is the Taitel and Dukler model (1976) for pipe

flows

in the form as modified by Anoda et al. (1989) to take an influence of liquid

velocity UL into account. The original form of this model is

For flows in a horizontal rectangular duct, the modified Taitel-Dukler model can

be presented as

The form of this equation is also identical to that of Equation (1-1), but with the

coefficient C = (1 - hL /D j , and can be approximated to be

JGL 2

The present data lay between these two models as shown in Fig. 3-3, but

with systematic deviations from the Taitel-Dukler model, and can be correlated by

, (3-8)
PG

as also shown in Fig. 3-3. The form of this new correlation is also identical to that

of Equation (1-1), though the coefficient C = 0.3 is smaller than that of the

Mishima-Ishii model or the Wallis-Dobson model. This means that the SW-to-SL

flow regime transition in the present large-height duct experiments occurred at

systematically lower normalized liquid level than in the lower-height ducts.
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However, it appears that the constant value for C represents well slugging in

rectangular ducts where interfacial waves grow two-dimensionally.

3. 2. 3 Analysis of TPTF Steam/Water Experiments

The results from the TPTF 8- and 4-inch pipe experiments performed at

3 MPa are compared also in two different ways to study the influence of pipe

diameter on transition conditions. The TPTF transition boundary data is first

compared in Mandhane-type flow regime maps in Fig. 3-4, where non-

dimensional density-modified Froude numbers [Wallis 1969]

are used in place of dimensional superficial velocities. The influences of pipe

diameter are thus presented in terms of \/D~ when pressure is the same, and

appear separately on liquid and gas flow rates.

The values of JL at the transition for 4-inch pipe were almost equal to those

for 8-inch pipe, indicating that the influence of the pipe diameter on the liquid

flow rate at the transition is well represented by the term <J~D~ • This result may

support a scaling method to simulate flow regime transitions in horizontal piping

using Froude number [Zuber 1980]. In the large scale test facility (LSTF) in JAERI,

for example, a parameter L/'/D~ is used to scale the size of the horizontal legs to

simulate integral thermal-hydraulic responses of the reference PWR during

LOCAs and transients [The ROSA-IV Group 1990]. In the parameter L/</D~, the

Froude number UL/</D~ to simulate flow regime transitions is used being

multiplied by a parameter L/ui to conserve the time for flow that goes through

the horizontal legs.

The TPTF 4- and 8-inch pipe results at pressure of 3 MPa are compared in

Fig. 3-5 in terms of J*GL and a. The modified Taitel-Dukler (T-D) model
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(Equation (3-4)) is also compared in Fig. 3-5. The 4-inch pipe data agreed well with

the modified T-D model. However, the 8-inch pipe data indicated a systematic

deviation from the T-D model towards higher void fractions. This result indicates

that the SW-to-SL flow regime transition in a larger-diameter pipe takes place at

lower normalized liquid levels, for a given value of fGL , than in a smaller-

diameter pipe. The same tendency has been found for the large-height duct

experiments in Section 3. 2. 2. This result suggests that the influence of the

channel height cannot be fully accounted for only by non-dimensionalizing the

velocities using a parameter JD~ of the Froude number. Further discussion

concerning this point will be made in Section 3. 4.

3. 3 Influence of System Pressure

Influence of system pressure on the flow regime transition to slug flow

regime is investigated based on the TPTF steam /water two-phase flow data for the

8-inch pipe test section at pressures ranging from 3 to 12 MPa. The fluid physical

properties such as densities pk, viscosities fik and liquid surface tension T are all in

terms of system pressure. These properties have certain influences on the flow

regime transition. The influence of densities, for example, has already appeared in

Section 3. 2.

Flow regime maps obtained for different pressures are compared in Fig. 3-4

in terms of density-modified Froude numbers fa . This comparison shows that

the value of Ji at the SW-to-SL flow regime transition increased with system

pressure. Furthermore, it shows that both the SW-to-WD and SL-to-WD

transition boundaries moved towards lower value of fG as the pressure was

raised, making the region of slug flow regime small in the flow regime map. The

slug flow regime finally disappeared when the pressure was raised to about

8.6 MPa in the present TPTF experiments. This phenomena was found similarly

in the 4-inch diameter pipe experiments, and will be discussed in Chapter 6.
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To study further the influence of system pressure on the SW-to-SL flow

regime transition, the TPTF results are compared with the modified T-D model

(Equation (3-4)) in Fig. 3-6. The modified model predicted well the 8-inch pipe,

5 and 7.3 MPa data. However, the 8-inch 3 MPa data did not agree well with this

model as has been shown in Fig. 3-5.

In Fig. 3-7, the same TPTF data are compared with the original T-D model,

using JQ as a ordinate parameter. Note that the data value of fG was larger than

that of JQL , while both the original and modified T-D models draw the same

curve in terms of a. The original model predicted the 8-inch 3 MPa data better

than the modified model. However, as system pressure was raised, the deviation

of the data from the model became significant for the original model.

The systematic deviation of the data from the original T-D model obviously

resulted from neglect of the influence of liquid flow rate. Note that the superficial

liquid velocity for the transition boundary increased with pressure as shown in

Fig. 3-4. A good agreement of the data with the modified T-D model indicates that

the increase in the transitional gas-liquid relative velocity with system pressure is

compensated well by decrease in the term J pG / \Pi - PQ) of JQI except for the

8-inch 3 MPa case shown in Figs. 3-5 and 3-6. Therefore, it appears that the

deviation of the 8-inch 3 MPa data from the modified T-D model is peculiar to

relatively-low pressure flows in large-diameter pipes.

Figure 3-6 shows further that the empirical correlations for air/water two-

phase flow experiments by Koizumi et al. (1990 a) using a 0.21-m-i.d., 30.5-m-long

horizontal pipe,

]CL = 0.5 a2-5 , (3-10)

and Hori et al. (1985) using a 0.2-m-i.d., 8.2-m-long horizontal pipe,

fGL = 0.75 a3 , (3-11)
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agree well with the 8-inch 3 MPa data. This agreement is another evidence that

the influences of system pressure can be represented by non-dimensionalizing the

velocity using the densities.

3.4 Influence of Channel Height on Interfacial Wave Height

Many investigators have considered that the wave height of interfacial

waves is one of the key parameters that influence the transitional gas-liquid

relative velocity. However, the influences of the wave height have not been

studied systematically, partly because it is difficult to experimentally define the

critical instance when the wave starts to grow into a liquid slug. The dependence

of wave height on various parameters including the channel height has not been

studied systematically either. This section discusses the dependence of the wave

height on the channel height and the role of the wave height on the mechanism

of slugging by referring to the method used to prepare the Taitel-Dukler model.

Taitel and Dukler (1976) obtained the coefficient C of Equation (1-1) based on

a simple assumption that static force balance on the wave crest describes a trigger

point for the wave growth into a slug. Combination of a gas phase one-

dimensional Bernoulli pressure equation, and a balance equation between lift

force by the Bernoulli pressure drop at the wave crest and the restoration force by

gravity acceleration due to the wave height give

C = V
/ 2 / X ( X + l ) (3-12)

where X = hG/ hG, with hG and hG being the gas channel height at the wave crest

and trough, respectively. Wave height is then given by hG - hG .

The value of the obtained coefficient C as Equation (3-12) depends on the

expected critical wave height with which slugging starts. For an infinitesimally

small wave height, for example, X -> 1.0, and C -> 1.0. Taitel and Dukler replaced X
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with X = AG I AG for pipe flows, and obtained a modified form of Equation (1-1)

assuming small wave heights as,

(pL-pG)gcos6AG

uG-uL>C\ / j - — — . (3-13)
° w pGdAL/dhL

Taitel and Dukler assumed further that C is given approximately by

based on their experimental observation [Taitel and Dukler 1977]. This defines the

wave height ratio X in terms of the liquid level hi, with no dependence on the

channel height.

For rectangular duct flows, a constant value of 0.5 for C gives the Wallis-

Dobson model (Equation (3-3)), and 0.3 to the fit to the present large-height duct

data (Equation (3-8)). Difference in these values for C for different height channels

implies, however, that the wave height ratio X depends on the channel height.

Therefore, normalized wave heights yiQ-hQyD were calculated, in terms

of liquid level at the wave trough, by using Equations (3-12) and (3-14) for pipe

flows, and Equation (3-12) and constant values of C for duct flows. A relation of

gas phase cross-section in a pipe in terms of liquid level, shown below, was used.

( ) , (3-15)

(2hL ]
where Y = —— -1 . Obtained results are compared in Fig. 3-8. This figure shows

that the dependence of C on the channel height can be explained consistently

when the normalized critical wave height at a given normalized liquid level

increases with the channel height.
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The T-D model has shown a good predictability for small-diameter pipe

flows as well as for high-pressure steam-water flows. However, the predictability

of the modified T-D model for large-diameter pipe flows under relatively low

system pressures was poor as has been shown in Fig. 3-6. However, the

predictability of the modified T-D model can be greatly improved when the value

of the original coefficient 1 - — for Equation (3-13) is decreased, for example, by

replacing it with 1 - — as

L tJ1
pG dAL /dh

This correlation predicts the 8-inch 3 MPa data very well when n = 2 is applied as

shown in Fig. 3-9. The wave height in terms of the liquid level for this value of n

is compared in Fig. 3-8. The new correlation (3-16) with n = 2 agrees well with the

empirical correlations by Koizumi et al. (1990 a) and Hori et al. (1985) for air/water

two-phase flows as shown in Fig. 3-9.

The influence of wave height has been discussed in this section as one of the

critical parameters that control the SW-to-SL flow regime transition. However,

interfacial gas-liquid interactions during the wave growth include complicated

process and require further clarification. For example, the contraction of gas phase

channel would cause kinematic energy loss, when the wave crest of high-height

waves comes close to the channel upper wall, due to separation of the gas flow

from the liquid surface. In this case, it is difficult to predict the entire gas phase

pressure profile along the length of the wave using the simple Bernoulli pressure

equation. The role of such parameters as gas-phase pressure and velocity and

wave height are thus further investigated in Chapter 5.
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3.5 Conclusions

The dependence of the SW-to-SL flow regime transition on channel height

(i.e., pipe diameter) and system pressure was investigated experimentally.

Steam/water experiments were conducted in two (180 and 87 mm i.d.) horizontal

pipe test sections of the TPTF for pressures up to 12 MPa, and air/water

experiments were conducted in a large-height (0.7 m) duct test section under

atmospheric pressure. The obtained conclusions are as follows.

(1) A tendency was found for both duct and pipe flows that the SW-to-SL flow

regime transition occurs at lower non-dimensional gas-liquid relative velocity

JQI or at lower normalized liquid level hi/D when the channel height is

increased at system pressures < 3 MPa. This tendency can be explained consistently

if the normalized critical wave height is assumed to increase with channel height.

Based on this tendency, a new correlation to predict the transition for the

relatively-low pressure flows in large-diameter pipes (Equation (3-16)) was

obtained by modifying the coefficient of the Taitel-Dukler model to predict the

transition.

(2) An empirical correlation to predict the transition in a rectangular duct

(Equation (3-8)) was obtained from the large-height duct air/water experiments.

Liquid flow rates at the transition boundary for the steam/water pipe flows were

well scaled by the density-modified Froude number /*. with a parameter of -/W .

(3) The influence of system pressure on the transition for steam/water flows

under the pressures > 5 MPa was well represented by JQI using fluid densities.

(4) The gas-liquid relative velocity UQ - ui correlated the transition better than

the gas velocity UQ alone, in particular for steam/water two-phase flows at system

pressures > 5 MPa.
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4. Interfacial Friction Factor for Stratified-Wavy Flows

in the Vicinity of

Transition Boundary from Stratified-Wavy to Slug Flow

4.1 Introduction

An empirical correlation for interfacial friction factor fa in the SW flow

and the stratified-wavy to slug (SW-to-SL) flow regime transition boundary is

developed in this section, based on the TPTF data for pressures of 3 to 9 MPa

using 4- and 8-inch pipe test sections. The correlation is based on two non-

dimensional parameters: the ratio of the gas-phase hydraulic diameter to the

critical wave length, and the ratio of the gas-liquid relative velocity to the

limiting velocity. Both parameters are based on the Kelvin-Helmholtz instability

theory. The correlation succeeds to represent the dependence of £ on pressure

and pipe diameter within the above experimental ranges. The flow and

interfacial wave conditions are examined further by means of flow criticality and

r.m.s. amplitude (standard deviation) of the liquid holdup signals.

4. 2 Characterization of Interfacial Waves

Typical densitometer signals, measured at L/D = 48 and converted into

liquid holdup (1-a) , are shown in Fig. 4-1 for the three 8-inch pipe 3 MPa

experiments. The superficial gas and liquid velocities, /G, and Ji, the standard

deviation (i.e., the r.m.s. amplitude of interfacial waves) a and the averaged void

fraction a are indited. The liquid level in the test section was obtained from the

y-ray densitometer signal. The liquid level was converted into liquid holdup

assuming a flat interface in the pipe cross-section [Kawaji et al. 1987]. Figure 4-1

shows that both the liquid level and interfacial wave amplitude increased with

the liquid flow rate around the SW-to-SL flow regime transition boundary.
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Figure 4-2 (a) compares the standard deviation o(a) of the liquid holdup

signals for the 8-inch pipe experiments against the non-dimensional gas-liquid

relative velocity JQI . The standard deviation was obtained from

m
o{a)=o[l-a)=\/ E (a-an)

2/m , (4-1)
1n =

where a is the averaged void fraction for m (= 8000) data points. The phase

average velocities were obtained from the measured values of flow rate and a

using relationships of uL = Ji / (1 - a) and uG = JG/a . The data for the SW flow

regime and the SW-to-SL flow regime transition boundary were obtained with

the constant liquid flow rates, and showed small change in o{a) against change in

the gas-liquid relative velocity. For the SL and wavy-dispersed (WD) flow

regimes, however, c(a) decreased considerably when the gas-liquid relative

velocity was increased even for the cases with the same liquid flow rate. The

result for a higher pressure (5 MPa) was similar to this 3 MPa case. However, o[a)

at the SW-to-SL flow regime transition boundary decreased as the system

pressure was increased as shown in Fig. 4-2 (b).

4. 3 Evaluation of Interfacial Friction Factor for Stratified-Wavy Flow

4. 3.1 Interfacial Friction Factor

For a steady fully-developed stratified two-phase flow with no interfacial

gradient in a horizontal pipe, the interfacial friction factor was obtained from the

one-dimensional momentum equations for gas and liquid phases as shown in

Appendix 3. The obtained interfacial friction factor is

f _
Ji -

In evaluating /; using Equation (4-2)r the Blasius empirical correlation

= 0.079 / Rek
025 was used to define the wall friction coefficient for both gas and
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liquid phases, where Rek= y k is the Reynolds number. The hydraulic

diameters Dfc were defined as DL = 4 AL / SL and DG = 4 AG / (SG + S,-) for liquid

and gas phases, respectively, following Govier and Aziz (1972).

Figure 4-3 presents the obtained interfacial friction factor against the non-

dimensional gas-liquid relative velocity JQI for the SW regime and SW-to-SL

transition boundary in both the 8 and 4-inch pipe experiments. The flow condi-

tion covered wide ranges in void fractions of 0.34 < a < 0.75, and in gas and liquid

Reynolds numbers of 6.33xlO4 < ReG < 1.02xl06 and 4.36xlO5 < ReL < 1.94xlO6,

respectively. It was found that/i for the SW flow was not so much different from

that for the SW-SL boundary, and gradually decreased as JQI was increased.

Furthermore, the value of ft decreased when system pressure was increased.

The dependence of fa on JQI was similar to that of the r.m.s. amplitude of

the liquid holdup signal, <7(a), shown in Fig. 4-2(a). However, the difference in

fc between the SW regime and the SW-to-SL transition boundary was not so

marked as that for the wave amplitude presented as a(a). This result is different

from what Andritsos and Hanratty (1987) observed in their air/water

experiments for liquid film flows; they found that fi increases almost linearly

with the wave steepness, the ratio of the wave height to length, in particular for

the 2-D waves with periodic and regular wave profiles. Contrary to this, the

interfacial waves in the TPTF experiments were irregular in both the wave

height and wave length as shown in Fig. 4-1. This irregularity probably caused

fi not necessarily to increase linearly with o(a), unlike the Andritsos and

Hanratty observation.
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4. 3. 2 Evaluation of Current Interfacial Friction Models and Correlations

Many researchers have studied interfacial friction factors and proposed

empirical correlations as noted in Chapter 1. Major correlations are listed in

Table 4-1 including those currently used in the LOCA analysis computer codes.

Their applicability to the TPTF data is examined in the following.

Two dotted lines in Fig. 4-3 are the constant-^ correlations of the TRAC-

PF1/MOD1 code [Safety Code Development Group 1984] and Shoham and Taitel

(1984). These are based on the film flow experiments data by Lee and Bankoff

(1983) and Cohen and Hanratty (1965), respectively. The TPTF f{ data, taken for

various system pressures and pipe diameters, scattered widely around these

constant values. The data further indicated an overall tendency to decrease as the

gas-liquid relative velocity was increased. The constant-^ correlation thus fails

to represent the effects of system pressure, pipe diameter and gas-liquid relative

velocity.

In Fig. 4-4, the fa data for the SW flow and the SW-to-SL flow regime

boundary under system pressures of 3 to 9 MPa in 8-inch pipe are compared with

the Kowalski correlation (1987) for shallow water flow with a > 0.737. This

correlation predicts ft as a function of the gas and liquid Reynolds numbers, and

highly overestimates ft for the TPTF experiments, probably because the range of

the liquid Reynolds number 8.80xl03 < Re*L < 4.78xlO5 for this correlation is far

lower than 6.92xlO5 < Re*L < 3.42xlO6 for the TPTF experiments.

Compared also in Fig. 4-4 is the correlation by Ohnuki et al. (1988) which is

based on their air/water counter-current experiments simulating flooding in

PWR hot leg, and is used in the TRAC-PF1/MOD2 code. This correlation predicts

fi by applying a constant multiplier to fG calculated from the Blasius

correlation, and highly underpredicts the TPTF data, especially for low pressures.
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Table 4-1 Major Interfacial Friction Factor Models and Correlations

RELAP5/MOD2
[Ranson et al. 1987]

TRAC-PF1/MOD1
[Safety Code Devi. Group 1984]

Ohnuki et al. (1988)
(TRAC-PF1/MOD2)

Kowalski (1987)

Andritsos and Hanratty (1987)

Lee and Bankoff (1983)

Shoham and Taitel (1984)

1: Kim (1983)

2: Chcremisinoff and Dnvis (1979)

fi=j^ (Re, < 1187)

fi = 0.0135 (1187 < Re< < 4000)

r 0.0786 M000<Re ° G " G ' " L )
/, R e .0.25 ^1 U U U ^^L< " VG I

f =0.02

fG --&- (laminar)
K e G

f,=lMfc, fG =%£%• (ReG<105)
K eG

fG = 0.0008+ ^ g r (Re G >105)
KeG •

^ = 7 . 5 x i o - 5 R e ^ . 0 3 , R e ; = D " *
( l - a ) R e G

a 3 vk

f./fc = i + i 5 | ^ - - i j y F (yG >JGi )

fi/fc = 1
 (/G -let = 5 V / P G O / P G )

+ 1.837xlO5

ReG = R e L a w

fi =0.0142

fi = a ReL + b, 1: a = 0.14 x 10"5, b = 0.021

2: a = 2.0x10-5, b = 0.008

based on steam/water counter-current flow
experiments by Lee and Bankoff (1983)
air-water counter-current flow

air/water and Freon-gas/water co-current
shallow-water flow ( a > 0.737)

2.26X104 5 ReG <4.31xlO6
8.80x103 <Re* < 4.78x105

air/water co-current film-flow

steam/water counter-current film-flow

2.35xlO4<ReG ^. lOxlO4

2-OOxlO3 <ReL < 1.20x104

based on air/water film-flow experiments by
Cohen and Hanratty (1965)
1: nearly horizontal steam/water counter-
current film-flow
2: based on air/water film-flow experiments
by Cohen and Hanratty (1965)

1.0xl02<Re, SUxlO 3
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The RELAP5/MOD2 code [Ranson et al. 1987] applies the Blasius correlation to

fl with with no multiplier, and thus underpredicts the TPTF data more

significantly than the TRAC-PF1/MOD2 code.

Three other correlations in Table 4-1 of Lee and Bankoff (1983), Kim (1983)

and Cheremisinoff and Davis (1979) are based on the film flow experiments with

low liquid Reynolds number. These correlations present fa as a function of the

liquid Reynolds number and obviously highly overestimate the TPTF data.

These comparisons so far indicate that the available fj correlations are not

applicable to the TPTF experiments which were conducted at high Reynolds

number for both liquid and gas phases, than the experiments on which these

correlations are based.

4. 3.3 New Empirical Correlation for Interfacial Friction Factor

In this section, a new empirical correlation for fa is developed for the SW

flow in the vicinity of the flow regime transition boundary to the SL flow. The

parameters in this correlation are selected considering mechanisms that generate

deep-water waves. The work of Andritsos and Hanratty (1987) for shallow water

waves gives the starting point for the present study.

Andritsos and Hanratty observed in their air/water experiments that

£ starts to increase at a certain threshold gas velocity where the interfacial waves

begin to grow, and that fa increases with the wave steepness, while the wave

length remains almost constant. Based on these observation, they obtained a

correlation (Table 4-1) by relating the steepness of waves with a constant wave

length to fa /fG . The correlation is presented in a function of the length and

velocity parameters selected to characterize the interfacial waves. The average

liquid depth hi is chosen as a characteristic length to represent the wave celerity

- 7 2 -



JAERI-Research 96-022

and the influence of liquid viscosity, both of which are important in film flows.

This correlation overestimates the TPTF data for 8-inch pipe experiments, as

shown in Fig. 4-5, alike the other correlations based on film flow experiments.

However, the basic idea used in this correlation, representing fa /fc by a

function of the length and velocity parameters characterizing interfacial waves,

appears to be suitable to describe the dependence of fa on pipe diameter and

system pressure.

For deep-water flows, Plate (1977) observed wave growth in his air-water

separated flow experiments in a large horizontal rectangular duct, and broke

down the wave growth process into three steps. In the first step, interfacial waves

begin to grow, but only in the wave amplitude, exponentially with fetch (wave

travel distance), and the wave length remains constant as observed by Andritsos

and Hanratty for film flows. In the second step, wave trains appear, and both the

wave length and amplitude increase, though slowly, with fetch. In the third step,

these two processes mix until the wave growth saturates and wave breaking

occurs.

In the present TPTF experiments, the observed interfacial waves have

various length and amplitudes as shown in Fig. 4-1, and are similar to those in

the third step observed by Plate (1977) above. The wave length, estimated from

liquid level data under an assumption that wave velocity is represented by the

sum of average liquid velocity and the wave celerity on stationary liquid for

deep-water waves, ranged from -0.3 to -0.6 m. These values lie between the deep-

and shallow-water wave lengths. Based on the small-amplitude (linear) surface

wave theory, however, the deviation in the wave celerity due to the change in

the wave length is small; -1.5 to -12% for the wave length of 0.3 to 0.6 m in the

liquid depth of 0.09 m. Therefore, an attempt is made to correlate fa using the
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parameters characteristic of deep-water waves as a first approximation, assuming

the interfacial waves are generated and grown because of the Kelvin-Helmholtz

(K-H) instability.

The K-H instability theory including an effect of the surface tension T

shows that the interfacial instability takes place when the gas-liquid relative

velocity for the deep-water waves between thick layers of gas and liquid flows is

presented as

(uG-uL)2>(1 /pL + 1 lpG)[kT + f(pL-pG)] = Aumin
2 . (4-3)

where k = In IX is the wave number and X the wave length. This equation is

derived in Appendix-2. The wave length of the incipient instability that occurs

when uG-uL = Aumin is

-pG)} . (4-4)

These critical wave length XQ and the corresponding minimum relative velocity

/dumin are property group, and are chosen as the length and velocity scales for the

interfacial friction factor ft . The influences of fluid properties, thus the

dependence on system pressure, are represented by both parameters of Xo and

The hydraulic diameter of the gas channel, DG, is the length scale to

characterize the gas-phase turbulence, and the value of which is close to the gas

channel height which poses the maximum wave height. The interfacial waves in

the present SW flows are saturated in their growth with random wave length

and wave height, as noted before. Therefore, DG is selected as a parameter

representing the wave height that is limited by the gas channel height. If the

wave profile in different-diameter pipes is similar, DG represents the dependence

of wave height on the pipe diameter.
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In summary, the parameters chosen to correlate ^ are

. / DG > ("G " UL ) ] • (4-5)

Ur- - iir D<-
From these parameters, two non-dimensional parameters -^—— and -^- are

further formed. The former is considered to represent the strength of the

interfacial instability, and the latter to represent the interfacial roughness in the

form similar to the wave steepness. Using these parameters, an empirical

correlation is obtained for the TPTF data for both the SW flow regime and SW-SL

flow regime boundary as

Equation (4-6) correlates the TPTF data for various pipe diameters and

system pressures well as shown in Fig. 4-6, within an accuracy of about ±50%.

This correlation is applicable to flows with gas-liquid relative velocities greater

than Aumin . It is interesting to note that the term </3 AQ in the correlation is the

wave length of the most-rapidly growing wave according to the inviscid

Rayleigh-Taylor instability theory [Chandrasekhar (1961)].

When the gas-liquid relative velocity increases, fa / fG decreases as shown

in Fig. 4-6, and approaches to 1.0. However, f{ / fG begins to increase before it

reaches 1.0 as shown in Fig. 4-7, since transition to wavy-dispersed (WD) flow

occurs. In the WD flow regime, liquid entrainment effectively causes an increase

in the density of gas phase with the entrained droplets. The average gas velocity

also effectively increases as the gas flow area decreases by the liquid droplets if the

liquid level is unchanged. In the present method to obtain fa using Equation

(4-2), these effects are not taken into account. Because of these effects, however,

the liquid level decreases since T, increases, and the obtained^ increases.
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4.4 Conclusions

The interfacial friction was investigated for high-pressure (3 to 9 MPa)

steam/water SW flow regime, in the vicinity of the transition boundary to SL

flow, using the TPTF experimental data for 4 and 8-inch diameter horizontal pipe

test sections. The flow condition covered wide ranges of void fractions of

0.342 < a < 0.753, and gas and liquid Reynolds numbers of 6.33xlO4 < ReG <

1.02xl06 and 4.36xlO5 < Re^ < 1.94xlO6, respectively. The obtained conclusions are

as follows.

(1) Interfacial waves observed in the SW flow regime became larger in r.m.s.

amplitude, and became more irregular in both amplitude and wave length, as the

transition boundary to SL flow regime was approached.

(2) Currently available correlations to predict fa for the horizontal stratified

two-phase flow (Table 4-1) are based mostly on liquid film flow experiments with

relatively small liquid Re number. These correlations use liquid Re number or

film thickness as the controlling parameter, or multiply the wall friction factor by

a constant factor. These correlations were inapplicable to the present data.

(3) A new empirical correlation Equation (4-6) was developed for the

interfacial friction factor fa for the SW flow regime, in the vicinity of the

transition boundary to the SL flow regime. The correlation is based on two non-

dimensional parameters: the ratio of the gas-phase hydraulic diameter to the

critical wave length, and the ratio of the gas-liquid relative velocity to the

limiting velocity for the interfacial instability in deep-water flow. The correlation

successfully represents the dependence of j ^ on pressure and pipe diameter

within the present experimental ranges for the SW flow and SW-to-SL transition

boundary.
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5. Influence of Gas-Phase Bernoulli Pressure Drop

on Slugging

5.1 Introduction

This section summarizes the measurement of the gas phase pressure in the

large-height duct experiments to clarify the role of the gas phase pressure during

evolution of interfacial waves into a liquid slug (slugging). An analysis of the

measured pressure is performed further making reference to the one-

dimensional Bernoulli prediction of the local static pressure. The effect of liquid

entrainment at the wave crest on the wave growth is also discussed.

5.2 Experiments

In the large-height duct test section, the air static pressure was measured on

the channel top wall at five locations. The measurement locations were selected

so as to cover various stages of wave growth in slugging, including complete

blockage of the air flow by a liquid slug. The measurement was performed for the

slugging at the SW-to-SL transition boundary. The instrument setup is shown in

Fig. 2-6 (c). Liquid level and gas pressure were measured at the same location by

placing each sensor on the same vertical plane normal to the flow axis.

The conditions for flow regime transition depend on the geometrical scale

as well as fluid physical properties. The test section has a height close to the

diameter of the PWR primary horizontal leg. The experimental results from this

test section, therefore, are more representative of flow in the PWR legs from the

scaling point of view. The effects of the fluid physical properties and the

differences in flow between duct and pipe, however, should be considered

separately to apply the present results to reactor analyses.
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5.3 Water Level Signals

Typical liquid level signals obtained at eight stations along the test section

for slugging (JL = 0.89 m/s, JG = 1-49 m/s) have been shown in Fig. 3-1. The

slugging occurred between liquid level sensor locations Nos. 3 and 6. In this

section, this slugging is examined in detail, as a typical example.

Prior to slugging, wave trains appeared on the water surface. The

amplitude of waves increased as the waves traveled downstream. One of the

waves began to grow faster than the others, around location 3 (4.5 m from the test

section inlet) in this case. The wave finally hit the top wall of the test section,

around location 6 (7.5 m from the inlet), forming a liquid slug. A fairly long

distance (~3 m) was necessary for the wave to travel before it grew into a slug.

This observation is a contrast to that in smaller-height (diameter) channels

where slugging occurs due to an almost sudden growth of slugging waves.

Waves interact each other during the growth, since the growing waves travel

faster than the downstream waves and catch them up. It should be noted that the

level signals obtained at fixed locations, shown in Fig. 3-1, do not directly

represent the instantaneous wave form since both the amplitude and velocity of

waves vary with time.

5.4 Pressure Signals

Figure 5-1 presents air pressure and water level signals obtained at the

same locations. The pressure at location 1 shows a gradual increase after about

39 s (the origin of the time scale is arbitrary). This increase in the pressure

resulted from a rapid growth of the slugging wave on the downstream side,

around location 3. This growing wave throttled and limited the air flow over its

crest. The pressure downstream this high wave, e.g., at location 5 (6.5 m from the
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inlet) and further downstream, was nearly atmospheric. The upstream pressur-

ization rate increased after 39.8 s as this wave grew into a liquid slug around

location 6.

At locations 6 through 8, the pressure indicated a sudden increase when

the slug (or pseudo-slug) passed across the transducer location. This pressure

difference across the slug accelerated the slug towards the channel downstream

end. The slug upstream pressure continued to increase until the slug traveled to

around location 8 (40.8 s), where the pressure reached a plateau of about 4.4 kPa

above the atmospheric pressure. The slug, having been accelerated by the

upstream pressure, no longer limited the air flow through the channel. The slug

tail velocity at this time was about 4.6 m/s, which was close to the air velocity of

about 5 m/s corresponding to the inlet flow rate. After the slug left the test

section exit, the pressure throughout the test section dropped to nearly

atmospheric pressure. When the slug or pseudo-slug reached a pressure

transducer, the pressure signals often exhibited spikes because of impingement of

water droplets onto the transducer diaphragm.

5. 5 Bernoulli Effect

The measured pressures were compared with the static pressure drop

calculated by the Bernoulli equation, by taking into account of the transient

nature of the phenomena. When a high-amplitude wave appears, the wave

upstream pressure increases with time as has been noted in Section 5. 4, because

the air flow rate over the wave crest becomes lower than the test section inlet

flow rate. That is, the air flow rate varies along the test section as well as with

time. This important observation makes a contrast to existing models where the

gas and liquid flow rates are assumed constant.
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In Fig. 5-2, the flow condition at slugging is schematically presented. For

simplicity, the air flow is assumed to be one-dimensional on the upstream side of

a wave crest. The air flow rate varies along the test section, as found above.

However, it is assumed here to be quasi-steady over a short time period which

covers the axial distance that a wave travels across the probes for the pressure and

level measurement at one location. The flow rate is assumed further to be locally

constant over the corresponding distance across the wave crest. The velocity is

inversely proportional to the air flow area that can be obtained from the

measured water level. The air static pressure on the upstream-side of the wave

crest, p[z, t) , can be obtained from the Bernoulli equation with respect to the air

velocities,

p[z, t) = Pu(t) + 1 pG [uGf u(t)
2 - uc(z, t)2] , (5-1)

where, pu(t) and UQ^ u(t) are the pressure and air velocity measured well upstream

the wave and UQ(Z, t) is the air velocity on the upstream-side of the wave crest. In

the present study, pu{t) is represented by the static pressure measured 1 or 2 m

upstream the location where the wave is passing.

If the Bernoulli equation is applicable over a whole wave, the static

pressure should recover on the wave downstream side. The measured pressure,

PJt) Ac(t), uc(t) P(z, t)

Fig. 5-2 Schematic of Flow Condition at Slugging
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however, indicates a stepwise change across the wave crest. This suggests that

loss of kinetic energy occurs due probably to separation of air flow at or

downstream the wave crest. The water entrainment by air flow may also

contribute to the energy loss.

The local air flow rate at the wave crest is

where,

(5-3)

cw[t) is the velocity of the wave crest, and pj^t) is the pressure measured

downstream the wave crest at a location where the air velocity is much smaller
than the air velocity at the wave crest uG/ c(t). For the present case, cw (t) was

about 2 to 4 m/s and was much lower than UQ(Z, t). The air flow area AQ c{t) is

obtained using the measured water level at the wave crest. The coefficient Qj is

to account for the non-uniformity of air velocity distribution, and it is 1.0 for a

one-dimensional flow. The coefficient K is the energy loss coefficient. The

observed configuration of high-amplitude waves and pseudo-slugs, with an

abrupt increase in air flow area on the downstream side of the crest, suggests

K ~ 1.0. In this study, therefore, the value of K was assumed to be 1.0 for

simplicity. The calculated air flow rate over a high wave crest is always smaller

than the test section inlet flow rate.

The calculated air velocity and air static pressure near the wave crest are

shown in Figs. 5-3 (a) through (c) in comparison with the measured pressure and

liquid level at three different measurement locations. The comparison is given

for a time period of 0.35 s centered at the time when the wave crest passes the

measuring locations. The data shown in Figs. 5-3 (a) through (c) are the pressure

differences between the pressures along the wave and at 1 or 2 m upstream

location, \p{z,t)-pjt)].
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For the wave recorded at location 3 (4.5 m from the inlet), the calculated

pressure drop agreed well with the data as shown in Fig. 5-3 (a). The measured

pressure drop of 0.12 kPa at the wave crest corresponds to a water head of about

0.012 m. This is far smaller than the wave height of about 0.1 m. In the

experiment, the pressure is measured on the channel top wall. Therefore, the

measured value may show a smaller static pressure drop than on the water

surface, especially for low-height waves of which the wave crests are apart from

the channel top. For this case, furthermore, the static pressure recovers

considerably in the downstream side of the wave, though not completely. This

suggests that K < 1.0 for this particular case where the wave crest is less steep than

the other two cases below. The present calculation with an assumption of K = 1.0

tends to underestimate the air flow rate. Even with the inlet air flow rate,

however, the expected pressure drop is 0.33 kPa. The data anyhow showed that

the Bernoulli pressure drop is limited to the very vicinity of the wave crest and is

small in the incipient growth of slugging waves.

When the wave reached location 5 (6.5 m from the inlet), the measured

pressure agreed well with the result calculated with K = 1.0 as shown in

Fig. 5-3 (b). The low pressure region was limited again to the vicinity of the wave

crest in the upstream side. In this stage of slugging, the upstream liquid level

decreased considerably causing the wave height effectively increased. The

pressure drop was thus still a little smaller than the static water head

corresponding to the wave height in the wave upstream side. In the wave

downstream side, however, the pressure did not recover. The pressure drop in

reference to the wave upstream had a similar magnitude to the wave static head.

The wave velocity was increased to 2.82 m/s, because of the acceleration by the

pressure difference across the wave. These results showed that the pressure drop

over the wave is effective in developing the wave primarily in the wave

downstream side.
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Even for the case at location 6 (7.5 m from the inlet) where a liquid slug

had almost completed to form, the comparison was favorable as shown in Fig. 5-3

(c). The air flow path in this case was almost blocked and the air flow rate was

small, though the calculated air velocity was high in the vicinity of the wave

crest.

Note that the pressure for the wave recorded at location 5 (Fig. 5-3 (b)) did

not recover in the downstream side of the wave. This suggests the separation of

air flow from the interface, resulting in a free turbulent flow of air bounded by

three walls; upper ceiling and two side walls. For the present case, the interface

on the wave and the upper ceiling formed a convergent-divergent nozzle for the

air flow with relatively large converging and diverging angles of 18.0° and 19.5°

respectively. The convergence of the air flow in the wave upstream may have

had an influence to cause the separation of air flow around the wave crest in the

wave downstream.

Provided that the wave crest was covered by a laminar boundary layer, the

separation may be simulated by flows in a two-dimensional diffuser bounded by

flat walls. The approximate method by von Karman and Pohlhausen

[Pohlhausen 1921, Schlichting 1968] gives the separation point, being independent

of the angle of divergence. The distance of the separation point from the wave

crest, under an assumption that the boundary layer begins to develop at the wave

crest, is about 0.21Ln, where Ln is the length between the wave crest and the

intersection of an extrapolation of the wave downstream interface to the upper

ceiling. The obtained distance for the wave at location 5 is about 0.0128 m. (The

angle of 19.5° is used to obtain Ln.) The non-recovery of pressure shown in

Fig. 5-3 (b) supports this results, though this distance is too small to confirm, since

the minimum measurement segment is 0.0141 m; wave velocity = 2.82 m/s ,

recording frequency = 200 Hz.
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From the comparisons above, it is clear that the Bernoulli pressure drop

contributes to the wave growth even at the very final stage of slugging. The

pressure drop is notable only in the vicinity of the wave crest at the upstream of

the wave. It is not likely that the Bernoulli lift force alone can form a large liquid

slug, when the pressure drop only in the wave upstream side is considered.

However, the pressure drop across the wave accelerates the wave, because the

pressure does not recover at the downstream side of the wave at the very final

stage of slugging in particular, and can contribute to the wave growth. Video

pictures further suggest that the interaction of a high-amplitude wave, which is

accelerated by the pressure difference across it, with the foregoing waves is an

important mechanism for the formation of a slug.

5. 6 Entrainment near the Wave Crest

The air flow rates in this study are much higher than those in previous

studies conducted with smaller-height conduits. For high waves, therefore, air

speed at the wave crest can exceed a criterion for onset of liquid entrainment.

The critical air velocity for the incipience of liquid entrainment predicted by the

Ishii and Grolmes model (1975) for liquid film flows is about 17 m/s for the

present duct experiments. The calculated air velocities shown in Figs. 5-3 (a) and

(b) are much higher than this criterion at locations 5 and 6, respectively. The

pictures taken at location 3 also exhibited liquid entrainment at the wave crest as

shown in Fig. 5-4, where the calculated peak air velocity was nearly equal to the

critical value.

From the visual observation, the entrained liquid droplets seemed to

impinge the channel top a little downstream the wave crest. As noted in Figs. 5-3

(b) and (c), the pressure measured downstream the wave crest included spiky

noises for the locations 5 and 6. This is probably due to impingement of the

liquid droplets onto the pressure transducer diaphragm.
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From the measurement of static pressures, the Bernoulli effect is

confirmed to be significant in the vicinity of the wave crest. However, liquid

entrainment at the wave crest deteriorates the wave growth by cutting off high

waves at their crest. That is, a lift force needs to overcome the "entrainment

effect" so that the wave crest can reach the channel top wall, for slugging to occur

in a large-height channel. The upward velocity of the wave crest development

was obtained from the video pictures to be about 0.09 m/s at the final stage for

slugging.
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5.7 Conclusion

The flow regime transition between the stratified-wavy and slug flows in a

large-height (0.7 m) long (28.3 m) horizontal duct was studied for an air-water co-

current two-phase flow under atmospheric pressure. The pressure drop over a

wave growing into a liquid slug in a closed channel, referred to as the Bernoulli

effect on the slugging process, was evaluated from measurement of air static

pressure profile. The obtained conclusions are as follows.

(1) The pressure measured on the channel top wall agreed with the prediction

by the Bernoulli equation fairly well on the upstream side of the crest. The

measured maximum pressure drop was smaller than the water static head

corresponding to the wave height for a smaller wave which just began to grow,

but became comparable to the water static head with the wave growth. The

pressure drop, however, occurred only in the vicinity of the wave crest in the

wave upstream side.

(2) The pressure drop in the wave downstream side did not recover, and a

considerable pressure drop developed across the crest due to loss of air kinetic

energy. Meanwhile, the significant liquid entrainment occurred in the vicinity of

the wave crest and had a tendency to prevent the wave growth into a slug.

(3) In summary, the slugging results from the competition of the promoting

effects of lift force due to the Bernoulli effect and wave acceleration due to the

axial pressure gradient for the wave growth, and the impeding effects of the

liquid entrainment by the high-velocity air flow. All these effects arise as the

wave crest comes close to the channel top wall.
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6. Flow Regime Transition to Wavy Dispersed Flow in

High-Pressure Steam/Water Two-Phase Flows

6.1 Introduction

In the TPTF experiments, the measured steam superficial velocity for the

flow regime transition from slug (SL) to wavy-dispersed (WD) flow decreased

considerably as system pressure was increased as shown in Fig. 6-1, while the

liquid superficial velocity increased little by little. The slug flow regime finally

became non-observable when the pressure reached about 8.6 MPa [Anoda et al.

1989, Nakamura et al. 1991 a]. In this section, the onset of liquid entrainment

from the wavy interface is investigated as a primary cause for the SL-to-WD flow

regime transition in the steam/water flows under pressures up to 12 MPa. The

range of Reynolds numbers for liquid and gas phases in the TPTF experiments

was 1.3xlO6 < Rei < 6.3xlO6 and 3.7xlO5 < Rec < 2.8xlO6, respectively. The

interfacial wave form and onset of liquid entrainment were visually observed by

the video probe.

6. 2 Experimental Results

6. 2.1 Visual Observation of Slug to Wavy-Dispersed Flow Regime Transition

The gas-liquid interface was visually observed using a side-view type video

probe [Nakamura et al. 1992] inserted into the gas stream. The video probe

viewed the horizontal upstream direction so that the observed flow was free

from the perturbation by the probe.

In the slug flow, stratified-wavy (SW) flow appears between liquid slugs as

shown in Fig. 1-1. At pressure of 3 MPa, the stratified-wavy flow included large-

amplitude two-dimensional (2-D) interfacial waves with the wave crest spanning
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almost the entire width of interface. The liquid entrainment began at these crests,

as the gas flow rate was increased, while the liquid flow rate was kept constant.

With further increase in the gas flow rate, pebbly three-dimensional (3-D)

interfacial waves began to appear randomly among the 2-D waves. Liquid

entrainment occurred also from these 3-D waves. Even after a large amount of

entrained liquid droplets has been formed, pseudo slugs still appeared

occasionally. These pseudo slugs had a frothy front and did not necessarily block

the entire pipe cross-section. Similar flow has been observed and designated to be

"developing-slug" flow by Nydal et al. (1992) or the "disturbance-wave" in air-

water annular flow by Fukano and Ousaka (1989).

When the gas flow rate was increased further, the liquid droplets covered

the interface completely, and, then, the liquid droplets became to impinge the

video probe window continuously making the visual observation difficult. This

last flow condition may be annular-dispersed (AD) flow shown in Fig. 1-1, while

the measurement was insufficient to confirm the existence of a continuous liquid

film on the pipe inner wall.

As system pressure was raised, the liquid entrainment and 3-D waves

became to initiate at smaller gas flow rates. The frequency of liquid slugs and the

wave amplitudes of the 2-D waves decreased. At system pressures of -8.6 MPa

and above, the 2-D waves always ejected droplets from the wave crest and their

amplitudes were much smaller than those at lower pressures. Then, no

transition to SL flow regime was observed.

Based on the visual observation above, the onset of liquid entrainment

appears to be a sign for the flow regime transition to wavy-dispersed (WD) flow.

The wavy-dispersed (WD) flow is treated as a distinct flow regime between SL and

AD flow regimes, while WD flow regime still retains slug-like intermittent
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nature at pressures around 3 MPa. When there is no liquid entrainment from

the interfacial waves between liquid slugs, the flow regime was judged to be SL.

Note that the amplitude of interfacial waves for WD flow regime decreased

as system pressure was raised. The onset of liquid entrainment obviously has an

effect to decrease the wave amplitude by blowing the wave crest off as found in

Chapter 5.

6.2. 2 Critical Parameters for Slug to Wavy-Dispersed Flow Regime Transition

Figure 6-2 shows the TPTF data obtained at pressures of 3 to 12 MPa in

terms of void fraction a and non-dimensional gas-liquid relative velocity JQI .

Compared in Fig. 6-2 are the data for flows at the SW-to-SL and SL-to-WD flow

regime transitions, and WD flows. Compared also in Fig. 6-2 is the modified

Taitel and Dukler model (1976) for the SW-to-SL transition (Equation (3-4)). The

TPTF data for the SW-to-SL flow regime transition agree well with the modified

Taitel-Dukler model for pressures > ~5 MPa as found in Chapter 3.

Taitel and Dukler have suggested that the model predicts also the

transition to annular flow when a > 0.5. As shown in Fig. 6-2, data measured for

different flow regimes actually fell on a single line by the modified Taitel-Dukler

model, for each system pressure, while the line shifted a little with the pressure.

The void fraction a for the SL-to-WD flow regime transition boundary, however,

decreased significantly from -0.6 to -0.15 as pressure was increased from 3 to

12 MPa. The gas-liquid relative velocity Au around this transition also decreased

significantly from ~3 to -0.5 m/s, as shown in Fig. 6-3. Note that Au of -0.5 m/s

at system pressure of 12 MPa was even smaller than the liquid absolute velocity.
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The Kelvin-Helmholtz (K-H) instability plays an important role in the

formation and growth of interfacial waves as shown in Chapters 1 and 3, and the

SW-to-SL flow regime transition condition is presented by an equation

The modified Taitel-Dukler model can be reduced to this form with C ~ a.

Given a certain liquid level, SL flow regime develops when Au satisfies the

inequality (6-1). Based on observation and discussion above, the SL-to-WD flow

regime transition is considered to take place at a value of Au where the liquid

entrainment occurs. Therefore, the critical value of Au for the onset of liquid

entrainment is larger than the critical value for slugging.

Barnea and Taitel (1993) recently showed that the K-H interfacial instability

results in liquid slugs or roll waves depending on the void fraction. This work

supports the idea of Taitel and Dukler that their model to predict the transition to

SL flow regime also predicts the transition to annular flow. The good agreement

of the TPTF data with the Taitel-Dukler model in Fig. 6-2 suggests that the wave

generation by the K-H instability is a necessary step for the onset of liquid

entrainment. However, the pressure-dependence of the minimum void fraction

for the onset of liquid entrainment suggests the existence of some additional

mechanisms that induce the liquid entrainment.

6.3 Applicability of Models and Correlations for Onset of Entrainment

The onset of liquid entrainment was observed at the wave crest of

interfacial waves in the TPTF experiments. Ishii and Grolme (1975) predicted the

onset of liquid entrainment in thin liquid film flows assuming that shearing-off

of roll waves is the dominant mechanism. Because of this assumption, the Ishii-

Grolme model has the gas-liquid relative velocity Au in the velocity term and

- 1 0 1 -



JAERI- Research 96-022

includes liquid phase dynamic viscosity HL- The criterion obtained for rough

turbulent film flows (ReL > 1500-1750) is,

(6-2)

(6-3)

8{PL-PG)

where T is the surface tension and 8 is the film thickness [McCarthy et al. 1979].

The parameter N^ is the viscosity number and is obtained by replacing droplet

diameter d in the Ohnesorge number On = , with the Laplace coefficient
JpTd

I TLa = . / —-.— r . The Ohnesoree number has been used to describe breakup
V iiPP)

of liquid droplets by surrounding gas stream [Miesse 1955, Tanrnogrodzki 1993].

The Laplace coefficient is based on the critical wave length for the Taylor

instability. The viscosity number N^ is a property group. Its value for the TPTF

experiments, however, is far smaller than those for the experiments on which

the Ishii-Grolme model is based as shown in Fig. 6-4.

The term J 1 + 300 Sr in Equation (6-2) came from the Wallis correlation

for interfacial friction factor for rough wavy film flow [Wallis 1969],

fi = 0.005 ^ 1 + 300^- . (6-4)

This correlation, however, does not fit to the deep-water flow in the TPTF

experiments. Equation (6-2) was thus modified as follows, by deleting this term

and adjusting the exponent of the viscosity number to obtain the best fit to the

TPTF data as shown in Fig. 6-4,

= Nu0-85- (6-5)
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The modified Ishii-Grolme model overestimated the critical value of Au

for pressures > 8.6 MPa, and was inconsistent to the pressure dependence of the

TPTF data. As has been pointed out by Wallis (1969), furthermore, the influence

of m on the liquid entrainment, which is important for film flows, should be

negligible for deep-water flow. Note that the increased exponent on N^ in the

modified Ishii-Grolme model means smaller influence of Hi on Au than the

original Ishii-Grolme model.

Steen and Wallis (1964) proposed an empirical correlation based on their

vertical annular flow experiments, which includes the gas phase dynamic

viscosity fie, rather than m;

= 0.000246. (6-6)

They claimed that the effect of m becomes unimportant when the liquid flow rate

exceeded a certain critical value. The correlation gave the critical value of the

superficial gas velocity /G- The correlation, however, underestimated the critical

value of /G for the TPTF experiments as shown in Fig. 6-5. In the TPTF

experiments, the high liquid level caused the gas velocity UQ to be much larger

than /G unlike the Steen-Wallis annular flow experiments. The Steen-Wallis

parameter (l.h.s. of Equation (6-6)) was thus modified by replacing JQ with Au;

(6-7)

The modified parameter correlates the TPTF data well with a critical value of

0.0004 as shown in Fig. 6-6,

= a o 0 0 4

The obtained correlation underestimates the critical Au for the low-pressure

(3 MPa) cases. This trend, however, is consistent with the observation that the

wave amplitude of interfacial waves increased as the system pressure was

decreased. The larger wave amplitudes effectively decreases the critical values of
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Au at the wave crests. The influences of the interfacial wave amplitudes are thus

necessary to be taken into account for the better prediction.

Recently Liebert et al. (1993) developed a correlation based on the data from

the UPTF and IVO experiments which are full-scale models of a U-shaped loop

seal piping of the PWR primary loop. The UPTF and FVO experiments simulated

steam/water flows at system pressures < 1.5 MPa and atmospheric air/water

flows, respectively. The critical conditions for the onset of liquid entrainment

was obtained from the measurement of the gas flow rate and the residual liquid

level in the loop seal horizontal section. The liquid was stagnant in the bottom

of the section. The modified gas-phase Kutateladze number,

""cvVgfop) Vft7 '** V& ' (6"9)

was found to correlate both steam/water and air/water data. This Liebert

correlation; Kumoci = -20, is compared with the TPTF data in Fig. 6-7. The

deviation of the UPTF/TVO data towards lower uc for liquid holdup > -0.5 is said

to be because of the de-entrainment of liquid droplets in the upward vertical

piping part. As shown in Fig. 6-7, the liquid entrainment occurred at Kumod < 20

in the TPTF experiments that were conducted at much higher pressures than in

the UPTF/IVO experiments.

The correlation ignored the influence of liquid velocity ui because the

correlation is based on the experiments conducted with stagnant liquid phase.

Since ui was even larger than Au in the TPTF experiments as shown in Fig. 6-3,

the correlation was modified by replacing UQ with Au, for comparison with the

TPTF data in Fig. 6-8,

(6-10)

The bounding value is Kumodf AU - ~8 for system pressures < 5 MPa and tends to

decrease down to -5 , as the system pressure is increased to 12 MPa. Figure 6-8
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shows that the modified parameter does not well correlate the TPTF data.

Furthermore, the incorporation of the gas and liquid viscosities into the

correlation does not seem to have physical meaning in the context of the

discussion above.

6.4 Predictive Capability of the Correlations Obtained in the Present Study

The correlations and modified-models that have been obtained in the

present study can provide the SW-to-SL and SL-to-WD transition boundaries for

fully-developed steam/water two-phase flows in a horizontal pipe at a given

system pressure. The transition boundaries are obtained by combining the newly

obtained correlations and modified-models, through an iterative procedure as

follows. The predictive capability of the newly obtained correlations and

modified-models is evaluated by comparing them with the present TPTF data.

1) Specify the flow conditions such as the system pressure P, the gas

superficial velocity JG and the pipe diameter D. Obtain the physical properties of

the saturated fluid from the steam table, such as the densities pfc, the viscosities

/ijt and the liquid surface tension T, based on P.

2) Assume the normalized liquid level hi/D, and obtain the interfacial width

Si, the phase perimeters Sk, the phase cross section Ak, the phase hydraulic

diameters Djt, the void fraction a and the gas-phase average velocity UQ, and

Reynolds number Rec-

3) Calculate the gas-liquid relative velocity Au using Equation (3-16) for the

SW-to-SL flow regime transition, or Equation (6-8) for the SL-to-WD flow regime

transition, and obtain the average velocity ML and the Reynolds number ReL of

the liquid flow. The exponent for the coefficient of Equation (3-16) is applied as

n = 1, except for 8-inch flows at system pressures < 3 MPa where n = 2.

4 ) Obtain the interfacial friction factor ft from Equation (4-2) using the phase

wall friction factor fk calculated from the Blasius correlation and the phase wall

- 110-



JAERI-Research 96-022

shear stress t)t calculated from Equation (A2-3).

5) Calculate the interfacial friction factor fi for SW flow regime in the vicinity

of the SW-to-SL flow regime transition using Equation (4-6). If the obtained

value is different from that obtained in step (4), iterate the procedure from step (2)

with a new value of hi/D until/,- by Equation (4-6) agrees with that by

Equation (4-2) within a tolerable limit.

6) Calculate the superficial velocities Jk, using the obtained value of \i\JD.

Figures 6-9 (a) and (b) compare the present TPTF data with the calculated

flow regime transition boundaries in terms of Jk, for system pressures of 3 and

8.6 MPa, respectively. Note that the calculated JL for the SL-to-WD flow regime

transition boundary might be underestimated, since Equation (4-6) underesti-

mates /, for WD flow regimes.

As shown in Fig. 6-9 (a), the SW-to-SL transition data for both 4- and 8-inch

pipes agree well with the calculated transition boundary for flows at 3 MPa. The

agreement between the data and the prediction for the SL-to-WD transition is

also good, considering that the newly obtained correlation (Equation (6-8)) overes-

timates the transition boundary data as previously shown in Fig. 6-6. The

predictions agree well with the present data also for flows at system pressure of

8.6 MPa as shown in Fig. 6-9 (b). The SW flow data (/G = 2.10 m/s) close to the

SW-to-SL boundary confirms that the wave generation by the K-H instability is a

necessary step for the onset of liquid entrainment as found in Section 6. 2. 2.
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6.5 Conclusions

The pressure dependence of the flow regime transition from SL to WD

flow regime was investigated in the TPTF steam /water flow experiments for

system pressures up to 12 MPa, based on the video probe visual observation. The

previous models and correlations to predict the onset of liquid entrainment were

examined against the TPTF data. The obtained conclusions are as follows.

(1) The gas-liquid relative velocity Au = UQ - UL is the controlling parameter to

predict the onset of liquid entrainment. The critical value of Au for the onset of

liquid entrainment decreases significantly when the system pressure is increased.

This same parameter Au also controls the occurrence of the SW-to-SL flow

regime transition (i.e., slugging), and its critical value decreases with the increase

in the system pressure, but increases with the void fraction. At a given system

pressure, therefore, the liquid entrainment may initiate with Au lower than that

for slugging when the void fraction is high enough. The liquid entrainment

suppresses the interfacial wave growth into liquid slugs. As the system pressure

is raised, the liquid entrainment predominates even at low void fractions since

the critical value of Au to start liquid entrainment decreases with the system

pressure more significantly than that for slugging. This explains the TPTF

experimental results that the slug flow regime becomes non-observable for the

system pressure above about 8.6 MPa.

(2) The Steen-Wallis parameter correlates the TPTF data for the onset of liquid

entrainment well when the gas-phase superficial velocity JQ is replaced with Au

(Equation (6-8)). The influences of the interfacial wave amplitudes are necessary

to be taken into account for the better prediction.

(3) The obtained correlations and modified-models in the present study show

good predictive capability for both the SW-to-SL and SL-to-WD flow regime

transition boundaries within the test condition ranges of the present

experiments.
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7. Conclusions

The present thesis has described the results of an experimental study on

the mechanisms of the stratified-wavy to slug (SW-to-SL) flow regime

transition1^ and the related phenomena in gas/liquid two-phase flows through

horizontal channels.

The SW-to-SL flow regime transition causes significant increase in

pressure drop along the channel and interphase heat exchange. The flow inter-

mittency of the resulting slug flow causes large fluctuation in gas and liquid flow

rates and system pressure around the channel. The prediction of this flow

regime transition was thus considered important for engineering applications

and safety analysis for nuclear water reactors in connection with LOCAs and

transients. This was the motivation of the present study.

In the present study, the dependence of this transition on channel height

(pipe diameter) and system pressure was investigated. Fluid physical properties

such as density, viscosity and surface tension change significantly depending on

system pressure for steam/water two-phase flows. A wide range of these

parameters was covered, far beyond the previous studies, to improve the

predictive capabilities under flow conditions typical of nuclear reactors. For this

purpose, experiments for high-pressure (up to 12 MPa) steam/water flows were

performed in the TPTF large-diameter (up to 180 mm) pipe test sections, and

air/water flow experiments were performed in a large-height (0.7 m) duct test

section. The primary conclusions obtained from the present study are as follows.

Labels S and A for the number of conclusions denote the conclusions from

steam/water and air/water experiments, respectively.

1' This flow regime transition occurs when necessary conditions are satisfied for interfacial waves to
grow into liquid slugs that block the entire flow cross-section. This process is termed "slugging".
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(1) S, A Yhe condition for the SW-to-SL flow regime transition was

represented approximately by a general correlation in terms of non-dimensional

time-averaged gas-liquid relative velocity JGL* and time-averaged void fraction a

(or liquid height). Slugging occurred when JGL* became equal to or larger than a

specified critical value presented as a function of a.

(2) S/ A There was a tendency for the SW-to-SL flow regime transition at

system pressures < 3 MPa that JGL* with a fixed void fraction a decreased with

channel height. This tendency can be explained consistently if the normalized

critical wave height is assumed to increase with channel height for a given value

of JGL* and a. Based on this tendency, a new correlation to predict the transition

for relatively-low pressure flows in large-diameter pipes was obtained as

pGdAL/dhL ' ( M 6 )

modifying the coefficient of the Taitel-Dukler model.

(3) S/ A The SW-to-SL flow regime transition in the present experiments

conducted in large-height channels occurred at much higher liquid superficial

velocity JL than in smaller-scale experiments conducted by previous

investigators. For a systematic interpretation of such tendency, the use of non-

dimensional fluid velocity JL* with a parameter -JW accounted well not only for

the influences of the channel height (scale effects), but also of the system

pressure.

(4) S The gas-liquid relative velocity Au = UQ- UL correlates the transition

condition much better than the gas velocity UQ by itself. Such use of UQ by itself

neglecting the contribution of UL has been the convention taken by almost all the

previous models and correlations. The improvement is significant for high-

pressure (> 5 MPa) steam/water flows in a large-diameter horizontal pipe where
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the liquid velocity ML in the SW regime becomes comparable to «G-

(5) S The relative velocity Au and void fraction a at given flow rates

depend on gas/liquid interfacial friction. The interfacial friction in SW flow is

thus one of critical parameters in the prediction of the SW-to-SL flow regime

transition, and is enhanced by the size of interfacial waves. A new empirical

correlation,

A = U^.M), { 4-6)
fG I D G 4 " i ) V

was developed for the interfacial friction factor /,-, based on the experimental

observation that interfacial waves in SW flow became greater and more irregular

as the transition condition was approached. The correlation includes two non-

dimensional parameters: the ratio of the gas-phase hydraulic diameter to the

critical wave length for the Kelvin-Helmholtz (K-H) instability, and the ratio of

Au to the critical velocity for the K-H instability. The correlation represents the

dependence of fi on system pressure and pipe diameter well within the present

experimental ranges.

(6) A As wave crest of interfacial waves comes close to the channel top

wall, the gas phase pressure decreased significantly around the wave crest. The

pressure drop in the upstream side of the crest became comparable to the water

static head after the wave had grown, causing a net lift force which would

contribute to the growth of wave. The pressure drop, however, was significant

only in the vicinity of the wave crest. The decreased gas phase pressure was

found to be non-recoverable in the downstream side of the wave crest, in

particular for large-height waves. This occurred probably because of the

separation of gas phase flow from the wave surface. The irreversible pressure

drop resulted in an axial pressure difference across the wave crest. This may

have contributed to wave growth further by thrusting the wave.
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(7) §/ A Significant liquid entrainment was observed to occur at wave crests

at high gas flow rates. The occurrence of such entrainment had an effect to

suppress the wave growth by blowing off the wave crests. Since the gas-liquid

relative velocity Au to cause slugging increases with void fraction, the liquid

entrainment started earlier than slugging at sufficiently high void fractions.

Furthermore, the critical value of Au for the onset of liquid entrainment was

found to decrease more significantly than that for slugging, when system

pressure was raised. As the pressure was raised, therefore, the liquid

entrainment became dominant even at low void fractions, and prevented

slugging from occurring. This explains the TPTF experimental result where the

slug flow regime became non-observable at system pressures > 8.6 MPa.

(8) S The onset of liquid entrainment in the present steam/water experi-

ments was well predicted with the use of the Steen-Wallis parameter, when it

was modified as

f = 0.0004 (6-8)

with Au instead of the gas superficial velocity Jc- For future refinement of this

correlation, the dependence of interfacial wave height on flow parameters should

be taken into account.

(9) S The obtained correlations and modified-models in the present study,

noted as three equations above, showed good predictive capability for the

SW-to-SL and SL-to-WD flow regime transitions. Within the present experi-

mental ranges for steam/water two-phase flows, these correlations and models

defined a region of slug flow regime consistently taking account of the influences

of the system pressure and channel height on the transitions.
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Appendix-1 Flow Regimes in Horizontal Two-Phase Flow

Gas/liquid two-phase flows in a closed channel show various kinds of

appearances, flow patterns, depending on the channel geometry, fluid properties

and flow rates. Flow condition characterized by a flow pattern is termed a flow

regime. Classification of flow regimes has been based generally on visual

judgment of such flow patterns by the investigators. Therefore, many flow

regimes have been reported in conjunction with flow regime maps [for

horizontal flows: Baker 1954, Mandhane et al. 1974, Taitel et al. 1976, Weisman et

al. 1979, Simpson et al. 1981, Spedding et al. 1993]. Typical flow patterns observed

in this study are indicated in Figs. 1-1 and 1-2. Classification into flow regimes

was performed following a method by Taitel et al. (1976), though some have

names different from those by Taitel et al. Brief explanations of these flow

regimes are as follows.

Stratified-smooth (SS) and stratified-wavy (SW) flow regime are

categorized in separated (or stratified) flows where gas phase flows over liquid

phase, being completely separated by a flat or wavy interface, respectively.

Interfacial waves in the SW flow regime are considered to result from interaction

between high-velocity gas stream flowing over liquid phase. Contribution of

interfacial waves of SW flow regime for liquid conveyance is generally negligible.

Slug (SL) and plug (or elongated bubble) (PL) flow regimes are categorized

in intermittent flows where liquid phase intermittently fill the entire channel

cross-section as liquid slugs and plugs. For the PL flow regime, a train of large gas

bubbles propagates along the upper ceiling of the channel, being separated by

liquid plugs. There is very little gas entrainment in liquid plugs. Large gas bubbles

are sometimes called elongated bubbles. In the SL flow regime, liquid slugs

propagate intermittently being separated by stratified-smooth or stratified-wavy

flows. In liquid slugs, usually many gas bubbles are entrained. Liquid slugs and
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plugs convey liquid along with the flow. In this context, SL and PL flow regimes

are not firmly distinguished in this study.

Wavy-dispersed (WD) and annular-dispersed (or annular mist) (AD) flow

regimes are characterized by entrained liquid droplets flowing with high-velocity

gas stream. Most of liquid phase flows at the bottom of the channel, with

interfacial waves on the stream surface, and gas phase flows over it. In the AD

flow regime, liquid film extends the entire periphery of pipe inner wall, while no

firm liquid film exists on the wall in the WD flow regime. In air/water two-phase

flows, annular (AN) flow regime with no liquid entrainment may appear.

The WD flow regime was not classified by Taitel et al., but is newly defined

is the present study based on the visual observation of the TPTF high-pressure

steam/water two-phase flows. Taitel et al. (1976) and Weisman et al. (1979) used a

term "dispersed" to deal with gas entrainment dispersed in liquid stream as gas

bubbles. In this study, "dispersed" implies liquid entrainment scattered in gas

stream.
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Appendix-2 Kelvin-Helmholtz Instability

in a Horizontal Closed Channel

The Kelvin-Helmholtz instability for gas/liquid interface in a closed

channel is obtained from a linear wave theory [Milne-Thomson 1968, Ueda 1981].

For a train of irrotational interfacial waves that propagate on horizontal interface

along z-axis as illustrated in Fig. A2-1, the interfacial profile is assumed to be

presented as

T] = asink(z-ct) (A2-1)

where a is the wave amplitude, k = 2K/X is the wave number and c is the celerity

of interfacial waves on stationary liquid surface. The linear wave assumption

poses a condition ka ~ 0. The growth of such initially-presented interfacial waves

for irrotational and inviscid two-dimensional flow is considered.

A form of velocity potential is first assumed as

= -uz + X(y)cosk[z-ct) . (A2-2)

Fig. A2-1 Schematic of Interfacial Waves in Closed Channel
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As a solution of Laplace equation; V2 0 = 0, the velocity potential becomes

<!> = -uz + (Acoshky + Bsinhky)cosk(z-ct) . (A2-3)

For gas phase, kinematic boundary condition at the upper ceiling of the channel

_J VC _ Q r e s u i t s in B = 0. Kinematic boundary condition at the gas/ liquid
I fy )y = hG

interface is

drj drj dr]= ^r = 37 + "G3r • {Al-4)

From Equations A2-1, 3 and 4 and an assumption of ka ~ 0, velocity

potential for gas phase becomes

hjh{z-ct). (A2-5)

Similarly, velocity potential for liquid phase is obtained as

, ,coshfc(/iL + y) . ,A~ ^
<fo =-Ur z-a[uf -c) . , ,L. y ' cosklz-ct) . (A2-6)L L v L ' sinhfc/iL

The pressure (Bernoulli) equation for incompressive irrotational flow is

gy--£ = (%) , (A2-7)

where C(t) is an instantaneous constant having the same value in the flow field

under consideration. The phase pressures at interface are obtained by combining

Equations A2-5 or 6 with A2-7 for gas and liquid phases respectively, as

Pa =' PG [("G " c fk c o t h khG + g]as\nk{z-ct) + p0, (A2-8)

sink{z-ct) + p0 , (A2-9)
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where p$ is the pressure on interface at rest. Because of surface tension T,

pressure difference between gas and liquid phases at interface is

S2T1
when interface has a curvature of - —-y . From Equations A2-8, 9 and 10, the

equation that determines the velocity of interfacial wave propagation is obtained

as

pL{uL-c)2cothkhL + pG{uG-c f cothkhG = kT + | ( p L - p G )

and the celerity of interfacial waves is given by

c =

Pih

PG1G

where IL = co\hkhL and 1G = coth khG .

PGIG

2 , (A2-12)

Interfacial waves become unstable when the root of Equation A2-12 is

negative. Stability condition for interfacial waves is thus presented by

(uc-uL)^P
o

Ll" + P
o
G'.G\kT^PL-pc)\ (A2-13)

PL1LPG1G L K J

Since deep-water waves on the interface near the middle level in a horizontal

channel are concerned, Ii,IG = 1.0 . Then, the critical gas-liquid relative velocity

to cause the instability is obtained as an inequality

(«G - uL f > (1 lpL + 1 / p G ) [kT + f [pL - pG) ] = Aum]n
2 . (A2-14)

For the minimum gas-liquid relative velocity; Aumin
2 in equation (A2-14), single

value is admissible for the wave length as

(A2-15)
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For an extreme case with very long wave length, Ik = cothkh^-l/khk . Equation

(A2-13) can then be simplified, by neglecting influences of surface tension, to

PG

This is Equation (1-1) with C = 1, for the Kelvin-Helmholtz instability.

(A2-16)
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Appendix-3 Interfacial Friction Factor for

Horizontal Separated Flow

The instantaneous motion of fluid in the flow can be rigorously presented

using the Navier-Stokes (NS) equations for both phases. Since the instantaneous

motion of fluid is fluctuational for turbulent flow, time smoothing (or averaging)

over a short time period is necessary for constructing the equations of change

[Bird et al. I960]. To deal with gas/liquid two-phase flows, Ishii (1975) obtained the

momentum balance equations in a time-averaged form from the NS equations,

as well as mass and energy balance equations.

In this study, the high-pressure steam/water horizontal separated flow is

dealt with, and is highly turbulent with very low viscosity for both phases. The

flow condition is thus assumed to be inviscid, irrotational and isothermal. This

assumption enables the flow being treated as one-dimensional in an inclined

pipe along z axis, as shown in Fig. A3-1, with a flat velocity profile in each phase,

and no phase change at the gas/liquid interface to occur. The drag force on the

wall and interface between phases, however, is taken into account to model the

momentum balance of the flow in a macroscopical manner. Then, the

u,

- • z

Fig. A3-1 Schematic of Horizontal Separated Flow
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momentum equations obtained by Ishii are simplified, and resulted equations for

liquid and gas phase respectively are as follows.

PL PL

, (A3-2)
oz pG

where the wall and interfacial shear stresses are defined respectively as

Tk = fkY
uk2 ' (A3"3)

Ti = fi~T~ (WG " UL) • (A3-4)

For a steady flow in a horizontal pipe, Equations A3-1 and -2 can be reduced

further to

SL rL Si ri dhL AL dpi

PL + PL L8~JZ~ PL "3Z"'

2) = --gr^--^i-AG8—-xr^--r~-z£- • (A3"6)
Since uL = JL / (1 - a ) , uG = JG/a, AL = A(1- a) andAG = A a ,l.h.s. of Equations

A3-5 and -6 respectively become to

(A3-8)

Elimination of the pressure term from Equations A3-5 and -6 and simplification

of the results with Relations A3-7 and -8 yield
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,
S G (A3-9)

A [ \-a a[l-a) a

Since ->,—- = -4- , the interface level gradient to the pipe is obtained as,

. sL-±- + St-3— + SG^

t = fa/ \ til ,\ • (A3-10)

For a fully-developed flow with no level gradient, the numerator of

Equation A3-10 becomes to be zero and gives

OC=[SiTi + SGTG)/[SLTL + SGTG) . (A3-11)

Using Relations A3-3 and -4, Equation A3-11 is transformed to obtain an

interfacial friction factor as

1 " — . (A3-12)
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SLUG FLOW TRANSITIONS IN HORIZONTAL GAS LIQUID TWO-PHASE FLOWS (DEPENDENCE ON CHANNEL HEIGHT AND SYSTEM PRESSURE FOR
AIR/WATER AND STEAM WATER TWO-PHASE FLOWS)


