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Abstract 

This work proposes an original approach for modeling the entrainment of droplets in a hori-
zontal stratified two-phase wavy flows. This mechanistic model is based on the ripple-waves 
breakout and entrainment phenomenon by estimating the liquid mass pulled off the wave crests 
during their fragmentation. The paper presents the modeling procedure for estimating the wave-
length of these ripples and the related entrained liquid volume. In regards to these parameters, 
it is shown that a relatively simple methodology can be obtained to ease the implementation in 
a system code. This work aims at substituting the current existing empirical correlations in the 
system code CATHARE 3 by using a flowfield for a liquid dispersed phase. 

Introduction 

Nuclear safety studies are conducted by analyzing the impact of several hypothetical accidents 
on the behavior of the nuclear reactor. For reactors of PWR type, one major accident to consider 
is the so-called Loss Of Coolant Accident (LOCA). Part of the water leaves the reactor coolant 
system through a rupture in one pipe. The blowdown at the break, which results of the rupture, 
involves an emptying of the circuit and hence a depletion in core cooling. The discharge of the 
circuit leads to the emergence of many local transient phenomena that give rise to a depressur-
ization of the core. The loss of pressure causes primary water boiling in the core, such that a 
vapour-liquid flow appears in the downcomer, the hot legs and the steam generators. Security 
systems come into action and the core reflooding begins. This step is strongly affected by the 
evolution of the pressure in the primary circuit which affects the water level balance in the core. 
One of the phenomena that affects these variations is the vaporization of entrained droplets in 
the steam generator. Therefore, the knowledge of the quantity and the characteristics of en-
trained droplets is crucial in the core reflooding process analysis. 
Among the flows that takes place during the core reflooding process, a wavy stratified flow may 
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Abstract

This work proposes an original approach for modeling the entrainment of droplets in a hori-
zontal stratified two-phase wavy flows. This mechanistic model is based on the ripple-waves
breakout and entrainment phenomenon by estimating the liquid mass pulled off the wave crests
during their fragmentation. The paper presents the modeling procedure for estimating the wave-
length of these ripples and the related entrained liquid volume. In regards to these parameters,
it is shown that a relatively simple methodology can be obtained to ease the implementation in
a system code. This work aims at substituting the current existing empirical correlations in the
system code CATHARE 3 by using a flowfield for a liquid dispersed phase.

Introduction

Nuclear safety studies are conducted by analyzing the impact of several hypothetical accidents
on the behavior of the nuclear reactor. For reactors of PWR type, one major accident to consider
is the so-called Loss Of Coolant Accident (LOCA). Part of the water leaves the reactor coolant
system through a rupture in one pipe. The blowdown at the break, which results of the rupture,
involves an emptying of the circuit and hence a depletion in core cooling. The discharge of the
circuit leads to the emergence of many local transient phenomena that give rise to a depressur-
ization of the core. The loss of pressure causes primary water boiling in the core, such that a
vapour-liquid flow appears in the downcomer, the hot legs andthe steam generators. Security
systems come into action and the core reflooding begins. Thisstep is strongly affected by the
evolution of the pressure in the primary circuit which affects the water level balance in the core.
One of the phenomena that affects these variations is the vaporization of entrained droplets in
the steam generator. Therefore, the knowledge of the quantity and the characteristics of en-
trained droplets is crucial in the core reflooding process analysis.
Among the flows that takes place during the core reflooding process, a wavy stratified flow may
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occur in the hot leg. Interfacial shear forces involve the emergence, development and fragmen-
tation of waves resulting in the apparition of dispersed liquid droplets in the gas phase. Those 
droplets are transported by the steam towards the steam generator and may eventually deposit 
along their path. As a consequence, the dynamics of entrainment and deposition of droplets 
from this wavy stratified flow triggers the amount of liquid which could reach the steam gen-
erator. Therefore determining the characteristics and quantities of droplets which are entrained 
from the liquid phase in a wavy stratified flow is of interest for calculating the necessary re-
flooding time. 
The current nuclear safety system code of the CEA, called CATHARE, uses a two field ap-
proach to model the flow in a nuclear reactor. Thus it is not able to directly model a dispersed 
phase in a stratified flow. However the new version in development allows the use of a three field 
model which is the most appropriate approach to tackle such phenomena. This study presents a 
preliminary approach to add a source term which mimics the mass exchange between the con-
tinuous liquid and the droplet fields for a one-dimensional pipe. 
The mass balance equations for the continuous liquid (lc) and the dispersed liquid (1d) phases 
are the following: 

0 0 
at >) ± Ts z < Plc ute >) = (A ale < Plc (A ale +A (Fd — Fe) ± A Fic,, 

I A 
>) + 

a 
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where Fd is the deposition rate (the amount of liquid deposed on the liquid film by units of time 
and surface), Fe the entrainment rate and Fk,v the amount of the liquid phase k vaporized by 
unit of time and surface. 
Thus the study presented here describes a method for the determination of this mass exchange 
term Fe which represents the mass of liquid pulled off the continuous liquid phase as droplets 
into the vapor phase by unit of time and surface. 

1 A brief review of entrainment models 

(1) 

The modeling of the droplet entrainment phenomenon in horizontal pipe for stratified flows has 
not been as developed as its counterpart for vertical/annular flows. However few correlations 
are proposed in the open literature, like the pioneering work of Hutchinson and Whalley [1], 
and more recent works of Hewitt and Govan [2] or Williams and Hanratty [3]. Those models are 
all strongly dependent on dimensionless groups, based on their based experimental conditions 
and have little or no dependence on the physical processes which lead to waves fragmentation 
and droplet entrainment. 
Moreover, most of those models are introduced for fully-developped flows in horizontal pipe. 
They are based on an equilibrium assumption [4, 3] which postulates that entrainment rate is 
equal to the deposition rate. Therefore, they are questionable for non-fully-developed flows 
occuring in the hot leg of a PWR; this assumption is indeed not suited for transient two-phase 
flows in mechanical non-equilibrium. 
As those models are essentially semi-empirical, their predictions are questionable far from their 
based experimental conditions. Regrettably those experimental apparatus have dimensions (i.e. 
diameter) much smaller than real pipe dimensions of a NPP. 
Furthermore, the term for droplet entrainment rate in stratified flows in the current version of 
CATHARE 3 is based on the correlation of Hewitt and Govan [2] which has been originally 
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occur in the hot leg. Interfacial shear forces involve the emergence, development and fragmen-
tation of waves resulting in the apparition of dispersed liquid droplets in the gas phase. Those
droplets are transported by the steam towards the steam generator and may eventually deposit
along their path. As a consequence, the dynamics of entrainment and deposition of droplets
from this wavy stratified flow triggers the amount of liquid which could reach the steam gen-
erator. Therefore determining the characteristics and quantities of droplets which are entrained
from the liquid phase in a wavy stratified flow is of interest for calculating the necessary re-
flooding time.
The current nuclear safety system code of the CEA, called CATHARE, uses a two field ap-
proach to model the flow in a nuclear reactor. Thus it is not able to directly model a dispersed
phase in a stratified flow. However the new version in development allows the use of a three field
model which is the most appropriate approach to tackle such phenomena. This study presents a
preliminary approach to add a source term which mimics the mass exchange between the con-
tinuous liquid and the droplet fields for a one-dimensional pipe.
The mass balance equations for the continuous liquid (lc) and the dispersed liquid (ld) phases
are the following:
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(1)

whereΓd is the deposition rate (the amount of liquid deposed on the liquid film by units of time
and surface),Γe the entrainment rate andΓk,v the amount of the liquid phasek vaporized by
unit of time and surface.
Thus the study presented here describes a method for the determination of this mass exchange
termΓe which represents the mass of liquid pulled off the continuous liquid phase as droplets
into the vapor phase by unit of time and surface.

1 A brief review of entrainment models

The modeling of the droplet entrainment phenomenon in horizontal pipe for stratified flows has
not been as developed as its counterpart for vertical/annular flows. However few correlations
are proposed in the open literature, like the pioneering work of Hutchinson and Whalley [1],
and more recent works of Hewitt and Govan [2] or Williams and Hanratty [3]. Those models are
all strongly dependent on dimensionless groups, based on their based experimental conditions
and have little or no dependence on the physical processes which lead to waves fragmentation
and droplet entrainment.
Moreover, most of those models are introduced for fully-developped flows in horizontal pipe.
They are based on an equilibrium assumption [4, 3] which postulates that entrainment rate is
equal to the deposition rate. Therefore, they are questionable for non-fully-developed flows
occuring in the hot leg of a PWR; this assumption is indeed not suited for transient two-phase
flows in mechanical non-equilibrium.
As those models are essentially semi-empirical, their predictions are questionable far from their
based experimental conditions. Regrettably those experimental apparatus have dimensions (i.e.
diameter) much smaller than real pipe dimensions of a NPP.
Furthermore, the term for droplet entrainment rate in stratified flows in the current version of
CATHARE 3 is based on the correlation of Hewitt and Govan [2] which has been originally
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developed for vertical flows. 
The questionability of the current models in the open literature upon their abilities to predict the 
droplet entrainment in transient two-phase stratified flows in horizontal pipes of large diameters 
led to this new model. The early idea was to develop a model based as far as possible on a 
mechanistic approach. 

2 The entrainement model 

2.1 Mechanics of droplet entrainment 

In 1969, Woodmansee and Hanratty [5] realized important experiments showing that interfacial 
instabilities development have a clear impact on entrainment phenomena. They observed that 
droplets came by the acceleration, lifting and subsequent shattering of ripples waves present 
on primary waves having a much larger wavelength called liquid roll-up structures. As the 
wavelength of those ripples waves is strongly smaller than that of primary waves, the droplet 
entrainment is caused by many ripples which are swept-off of each roll-wave. Also, the ob-
served lifetime of those ripples was much shorter than that of the primary structures. Therefore, 
the entrainment of droplets could be attributed to the development of this secondary instability 
which is essentially a Kelvin-Helmholtz instability [5]. The model described below aims at 
taking into account this physical process to predict the droplet entrainment rate. The general 
approach is based on the work of Holowach and al. [6] for vertical annular flows but it was 
largely modified to suit the horizontal stratified flow configuration. 

2.2 Model overview 

An analysis on a control volume in a wavy stratified horizontal flow is made in order to find 
out an expression for the droplet entrainment rate. Based on the Woodmansee and Hanratty [5] 
description for waves breakup, the amount of liquid entrained as droplets in the dispersed liquid 
phase is equal to the amount of liquid pulled up at the crest of ripple waves multiplied by the 
number of those waves. Obviously this number is calculated based on the assumption that all 
the ripple waves in the control volume have the same critical wavelength. This assumption im-
plies that from all possible wavelengths the only wave that develops will be that corresponding 
to the rate of the largest amplification. In order to get the dimension of an entrainment rate 
[kg m-2 s-1], the model must take into account the characteristic time of the phenomenon and 
the interfacial gas-liquid area (Equ. 2): 

, pi Ventr,rw Nrw, f 
-1- e — 

A cv Tc,e 
(2) 

where lot Ventr,rw is the amount of liquid pulled up at the crest of a ripple wave (rw), Nrw,f the 
number of ripple waves ripped off, Acv the interfacial area of the control volume and rc,e the 
characteristic time of the entrainment phenomenon. 

2.3 Parameters Description 

The entrained volume at a fragmented wave crest is function of the ripple waves geometry and 
so, as the ripple waves are assumed to have three-dimensional sine geometry, the volume 
depends on the ripples wavelength. In reality, the wave geometry differs from sine and has a 
more truncated geometry on one end. Nevertheless the sine wave is a reasonable approximation 
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developed for vertical flows.
The questionability of the current models in the open literature upon their abilities to predict the
droplet entrainment in transient two-phase stratified flowsin horizontal pipes of large diameters
led to this new model. The early idea was to develop a model based as far as possible on a
mechanistic approach.

2 The entrainement model

2.1 Mechanics of droplet entrainment

In 1969, Woodmansee and Hanratty [5] realized important experiments showing that interfacial
instabilities development have a clear impact on entrainment phenomena. They observed that
droplets came by the acceleration, lifting and subsequent shattering of ripples waves present
on primary waves having a much larger wavelength called liquid roll-up structures. As the
wavelength of those ripples waves is strongly smaller than that of primary waves, the droplet
entrainment is caused by many ripples which are swept-off ofeach roll-wave. Also, the ob-
served lifetime of those ripples was much shorter than that of the primary structures. Therefore,
the entrainment of droplets could be attributed to the development of this secondary instability
which is essentially a Kelvin-Helmholtz instability [5]. The model described below aims at
taking into account this physical process to predict the droplet entrainment rate. The general
approach is based on the work of Holowach and al. [6] for vertical annular flows but it was
largely modified to suit the horizontal stratified flow configuration.

2.2 Model overview

An analysis on a control volume in a wavy stratified horizontal flow is made in order to find
out an expression for the droplet entrainment rate. Based on the Woodmansee and Hanratty [5]
description for waves breakup, the amount of liquid entrained as droplets in the dispersed liquid
phase is equal to the amount of liquid pulled up at the crest ofripple waves multiplied by the
number of those waves. Obviously this number is calculated based on the assumption that all
the ripple waves in the control volume have the same criticalwavelength. This assumption im-
plies that from all possible wavelengths the only wave that develops will be that corresponding
to the rate of the largest amplification. In order to get the dimension of an entrainment rate
[kg m−2 s−1], the model must take into account the characteristic time ofthe phenomenon and
the interfacial gas-liquid area (Equ. 2):

Γe =
ρl Ventr,rw Nrw,f

Acv τc,e
(2)

whereρl Ventr,rw is the amount of liquid pulled up at the crest of a ripple wave (rw), Nrw,f the
number of ripple waves ripped off,Acv the interfacial area of the control volume andτc,e the
characteristic time of the entrainment phenomenon.

2.3 Parameters Description

The entrained volume at a fragmented wave crest is function of the ripple waves geometry and
so, as the ripple waves are assumed to havethree-dimensional sine geometry, the volume
depends on the ripples wavelength. In reality, the wave geometry differs from sine and has a
more truncated geometry on one end. Nevertheless the sine wave is a reasonable approximation
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for the modeling of the waves development and fragmentation. 
The control volume dimension is assumed to be the cross section area of the pipe multiplied 
by the wavelength of the roll-up structures. Moreover, the interfacial area is equal to the chord 
of the wavy pattern in the transverse direction multiplied by the roll waves wavelength. As the 
interfacial area is wavy, a geometric parameter 13„ is added to take into account the curvature 
of the interfacial surface: 

A„ = /i X Ag X /3 CV (3) 

where i is the width (chord) of the interface in the cross-section plane, Ag the wavelength 
roll waves in the axial direction, 3„ the geometrical parameter. The number of ripple waves 
(Equ. 4) which is fragmented is proportional to the total number of ripple waves in the control 
volumes: 

Nrw'f Nrw,tot 

Nrw, f  li 
N rw,tot = frw 

Ag

Arw Arw (4) 

where N rw,tot is the total number of ripple waves in the control volume, Arw the wavelength of 
ripples and frw the proportion of fragmented ripples waves. 
A simple expression (Equ. 5) is finally obtained for the entrainment rate in horizontal pipes: 

Ventr rw frw 
P e  (5) 

/cv Arw Tc,e 

This model requires the knowledge of the critical wavelength of the ripples Arw, the entrained 
volume V-- and the characteristic time T - c,e• 

This formulation is independent of the control volume; in terms of implementation in CATHARE, 
the control volume is dictated by the choice of the one-dimensional mesh. It is assumed that 
CATHARE will be able to capture and transport large wavelengths such as the roll-waves com-
ing from upstream perturbations. Therefore, if the wavelength of the ripple waves is known, 
the total number of ripples in a control volume could be easily determined The coefficient frw 

could be then evaluated providing a criteria for the fragmentation of these ripples, based on a 
force balance and eventually on their relative location to the crest of a primary structure. In 
a first approach we could assume that all the ripples are fragmented and hence frw = 1. The 
coefficient 13„ is a correction coefficient taking into account the average curvature of the in-
terface and the presence of a wavy pattern in the transverse direction; this coefficient could be 
evaluated analytically knowing the height of liquid and the wavy pattern. 
The following sections are devoted to find expressions for Arw (Equ. 24) and V - Discus-
sions

- untr,rw • 

about the choice of the entrainment characteristic time scale Tc,e is not the scope of this 
paper; even though a simple expression such as the ratio between the ripples wavelength and 
the relative gas velocity over the liquid could be found in [6], others formulations are possibles. 

3 Critical wavelength 

The sub-model concerning the evaluation of the critical wavelength of ripples waves is achieved 
by formulating a two-dimension linear stability analysis of the flow depicted Fig. 1. This work 
relies on earlier works about linear stability analysis conducted by de Crecy [7] or Barnea and 
Taitel [8]. Kelvin-Helmholtz linear stability has been used frequently in the past for determining 
whether a stratified flow is stable or unstable through the determination of a stability criterion. 
The classical inviscid Kelvin-Helmholtz instability analysis has been extended by Lin and Han-
ratty [9, 10], Barnea [11], and Barnea and Taitel [8] to viscous flows using one-dimensional 
averaged two-fluid models. 
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for the modeling of the waves development and fragmentation.
The control volume dimension is assumed to be the cross section area of the pipe multiplied
by the wavelength of the roll-up structures. Moreover, the interfacial area is equal to the chord
of the wavy pattern in the transverse direction multiplied by the roll waves wavelength. As the
interfacial area is wavy, a geometric parameterβcv is added to take into account the curvature
of the interfacial surface:

Acv = li × λg × βcv (3)

where li is the width (chord) of the interface in the cross-section plane,λg the wavelength
roll waves in the axial direction,βcv the geometrical parameter. The number of ripple waves
(Equ. 4) which is fragmented is proportional to the total number of ripple waves in the control
volumes:

Nrw,f =
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Nrw,tot

Nrw,tot = frw
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λrw

li
λrw

(4)

whereNrw,tot is the total number of ripple waves in the control volume,λrw the wavelength of
ripples andfrw the proportion of fragmented ripples waves.
A simple expression (Equ. 5) is finally obtained for the entrainment rate in horizontal pipes:

Γe = ρl
Ventr,rw frw
βcv λ2

rw τc,e
(5)

This model requires the knowledge of the critical wavelength of the ripplesλrw, the entrained
volumeVentr,rw and the characteristic timeτc,e.
This formulation is independent of the control volume; in terms of implementation in CATHARE,
the control volume is dictated by the choice of the one-dimensional mesh. It is assumed that
CATHARE will be able to capture and transport large wavelengths such as the roll-waves com-
ing from upstream perturbations. Therefore, if the wavelength of the ripple waves is known,
the total number of ripples in a control volume could be easily determined. The coefficientfrw
could be then evaluated providing a criteria for the fragmentation of these ripples, based on a
force balance and eventually on their relative location to the crest of a primary structure. In
a first approach we could assume that all the ripples are fragmented and hencefrw = 1. The
coefficientβcv is a correction coefficient taking into account the average curvature of the in-
terface and the presence of a wavy pattern in the transverse direction; this coefficient could be
evaluated analytically knowing the height of liquid and thewavy pattern.
The following sections are devoted to find expressions forλrw (Equ. 24) andVentr,rw. Discus-
sions about the choice of the entrainment characteristic time scaleτc,e is not the scope of this
paper; even though a simple expression such as the ratio between the ripples wavelength and
the relative gas velocity over the liquid could be found in [6], others formulations are possibles.

3 Critical wavelength

The sub-model concerning the evaluation of the critical wavelength of ripples waves is achieved
by formulating a two-dimension linear stability analysis of the flow depicted Fig. 1. This work
relies on earlier works about linear stability analysis conducted by de Cŕecy [7] or Barnea and
Taitel [8]. Kelvin-Helmholtz linear stability has been used frequently in the past for determining
whether a stratified flow is stable or unstable through the determination of a stability criterion.
The classical inviscid Kelvin-Helmholtz instability analysis has been extended by Lin and Han-
ratty [9, 10], Barnea [11], and Barnea and Taitel [8] to viscousflows using one-dimensional
averaged two-fluid models.
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This analysis performed here is in the frame of the viscous two-fluid model. The stability of 
the interface between the gas and the liquid is studied on the basis of a small perturbation anal-
ysis assuming that the interface slope is small. This assumption allows the linearization of the 
fluid motion equations. The effect of viscosity is taken into account through closure laws for 
walls and interfacial friction factors. The originality of the study presented here comes from the 
choice of closure laws and the modeling of the pressure distribution in the pipe. As shown by 
Barnea and Taitel [11], the use of a constant pressure in the cross section is not acceptable for 
this case. Therefore the pressure repartition is assumed to be hydrostatic according: 

< Pk >= Pi,k Pk gi (hi - hcg,k) (6) 

where hcg,k is the height of the center of phase k, hi the height of the interface, Pi,k the pressure 
at the interface along the side of phase k and < Pk > the space average pressure of phase k. 
The pressure jump through the interface is then evaluated with the Laplace's law: 

Pi,g Pi,1 — R 
= u  (7) 8,z2

where u is the surface tension and 1/R = K is the surface curvature. 
The purpose of the stability analysis is to find out the most amplified wavelength for a set of 
flow conditions (superficial velocities, pipe diameter, fluid characteristics,...). It is assumed that 
while this set remains constant the wavelength does not evolve during the wave development. 
Thereby, since the entrainment and deposition phenomena are supposed not influencing the 
growing wave shape, no mass transfer between the two phases is considered as a basic as-
sumption of the stability analysis. Furthermore, the following assumptions are also used during 
the calculation procedure: 

• No heat transfer between the two phases 

• Both gas and liquid are incompressible 

Pig(x) 

Pil(x)-= - 

Figure 1: Schematic representation of horizontal two-phase stratified flow 

The one-dimensional two-fluid model is based on cross-section averaging of the governing 
equations for each phase as follows. The continuity equations for the liquid and the gas are: 

at 
0 

(at pt)
0 

(at ui) = 0 

0 0 
at 

(ag pg) + —
0z (ag pgug) = 0

The momentum equations for each phase are: 

0 0 0 
(Alat  pi ui) ± az 

(Al 
pi un +Al Ts z <Pi >= A Ffni ± A Ffr,i,i

a a a 
at (Ag pg ug) + —az (Ag pg ug) 

Ag az 
< pg >= A Ffrs ± A F f r, i s

(8) 

(9) 
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This analysis performed here is in the frame of theviscous two-fluid model. The stability of
the interface between the gas and the liquid is studied on thebasis of a small perturbation anal-
ysis assuming that the interface slope is small. This assumption allows the linearization of the
fluid motion equations. The effect of viscosity is taken intoaccount through closure laws for
walls and interfacial friction factors. The originality ofthe study presented here comes from the
choice of closure laws and the modeling of the pressure distribution in the pipe. As shown by
Barnea and Taitel [11], the use of a constant pressure in the cross section is not acceptable for
this case. Therefore the pressure repartition is assumed tobe hydrostatic according:

< pk >= Pi,k + ρk g⊥ (hi − hcg,k) (6)

wherehcg,k is the height of the center of phasek, hi the height of the interface,Pi,k the pressure
at the interface along the side of phasek and< pk > the space average pressure of phasek.
The pressure jump through the interface is then evaluated with the Laplace’s law:

Pi,g − Pi,l =
σ

R
= σ

δ2hi

δz2
(7)

whereσ is the surface tension and1/R = K is the surface curvature.
The purpose of the stability analysis is to find out the most amplified wavelength for a set of
flow conditions (superficial velocities, pipe diameter, fluid characteristics,...). It is assumed that
while this set remains constant the wavelength does not evolve during the wave development.
Thereby, since the entrainment and deposition phenomena are supposed not influencing the
growing wave shape,no mass transferbetween the two phases is considered as a basic as-
sumption of the stability analysis. Furthermore, the following assumptions are also used during
the calculation procedure:

• No heat transfer between the two phases

• Both gas and liquid are incompressible

0
h l Pil(x)

Pig(x)

y

z

Figure 1: Schematic representation of horizontal two-phase stratified flow

The one-dimensional two-fluid model is based on cross-section averaging of the governing
equations for each phase as follows. The continuity equations for the liquid and the gas are:

∂

∂t
(αl ρl) +

∂

∂z
(αl ρl ul) = 0

∂

∂t
(αg ρg) +

∂

∂z
(αg ρg ug) = 0

(8)

The momentum equations for each phase are:

∂

∂t
(Al ρl ul) +

∂

∂z

(

Al ρl u
2
l

)

+ Al

∂

∂z
< pl >= AFfr,l + AFfr,i,l

∂

∂t
(Ag ρg ug) +

∂

∂z

(

Ag ρg u
2
g

)

+ Ag

∂

∂z
< pg >= AFfr,g + AFfr,i,g

(9)
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where A is the cross-section area and Ffr the friction forces at walls and at the interface. Obvi-
ously Ffr,i,g = 

A small perturbation is then applied to the different variables: the velocities uk, the volume 
fractions ak and thus the levels of the phases and interface in the pipe hk, where the symbol - 
denotes the steady-state value and the ' stands for the perturbation: 

ul = fit + ug = fig ±tilg hi = hi + hz al = al + a; (10) 

After some transformations and by substituting in the conservation equations the parameters 
according Equ. 10, the linearized form of the mass conservation equations (Equ. 11) and a 
combined linearized momentum equation (Equ. 12) can be obtained: 

au', Oh; _ ahn 1 Oat 0

az I_ at ug az g ahl

atilt rahl _ ahn 1 aai 0

az + I_ at + ul az ahi

au; au; aug' aug' ahz a 3 z

Pi at + P17-11 az Pg at PgUg az + (Pi Pg) g az u az3
1 dhg l dh Si

Pl dhi dhi az Ps 
gs g F — 7-1 T1 + "7-; S g + Tif

a/ A a/ A ag A ag A 

where F represents the friction terms at solid surfaces and at the interface for both phases. Dif-
ferentiating Equ. 12 with respect to z and substituting Equ. 11 yields a single equation (Equ. 13) 
for the perturbed variable hz. The reasons to derive an equation based on the liquid height in-
stead of the liquid volumetric fraction are practical: indeed this is the height at the center of the 
pipe which would be directly measured in an experiment and not an averaged void fraction. 

+ Ps ] + 1 12 711 + 2 pg ug] 

at2 [di g La Zat ag

(12) 

dhi ahg,i ahg,g \ gl [N  dhi 

az [dat aPs dal act1 ia2N1 P1 + Pg (PI P ) V1 Ps oatL az2 Lch a y g
+ ahn OF 1 OF 1 + IN] oF fig OF fit + OF] _ 0

I_ at Laug ag aui ad [az Laug ag aui al Oat ] 
(13) 

The considerations on the sine shape of the perturbation lead to the following expression for the 
perturbed liquid level: 

_ 6 expi (w t-k z) (14) 

This results in a quadratic equation (Equ.15) for the wave frequency, called the dispersion equa-
tion: 

w2 — 2(ak—bi)w+ck2 —dk4 —eki= 0 (15) 
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whereA is the cross-section area andFfr the friction forces at walls and at the interface. Obvi-
ouslyFfr,i,g = −Ffr,i,l.

A small perturbation is then applied to the different variables: the velocitiesuk, the volume
fractionsαk and thus the levels of the phases and interface in the pipehk, where the symbol̄
denotes the steady-state value and the′ stands for the perturbation:

ul = ūl + u′
l ug = ūg + u′

g hi = h̄i + h′
i αl = ᾱl + α′

l (10)

After some transformations and by substituting in the conservation equations the parameters
according Equ. 10, the linearized form of the mass conservation equations (Equ. 11) and a
combined linearized momentum equation (Equ. 12) can be obtained:

∂u′
g

∂z
−
[

∂h′
l

∂t
+ ūg

∂h′
l

∂z

]

1

ᾱg

∂αl

∂hl

= 0

∂u′
l

∂z
+

[

∂h′
l

∂t
+ ūl

∂h′
l

∂z

]

1

ᾱl

∂αl

∂hl

= 0

(11)

ρl
∂u′

l

∂t
+ ρl ūl

∂u′
l

∂z
− ρg

∂u′
g

∂t
− ρg ūg

∂u′
g

∂z
+ (ρl − ρg) g

∂h′
i

∂z
− σ

∂3h′
i

∂z3

−
(

ρl
dh̄g,l

dhi

− ρg
d ¯hg,g

dhi

)

g
∂h′

i

∂z
= F = − τ ′l

αl

Sl

A
+

τ ′i
αl

Si

A
+

τ ′g
αg

Sg

A
+

τ ′i
αg

Si

A

(12)

whereF represents the friction terms at solid surfaces and at the interface for both phases. Dif-
ferentiating Equ. 12 with respect toz and substituting Equ. 11 yields a single equation (Equ. 13)
for the perturbed variableh′

i. The reasons to derive an equation based on the liquid heightin-
stead of the liquid volumetric fraction are practical: indeed this is the height at the center of the
pipe which would be directly measured in an experiment and not an averaged void fraction.

[

∂2h′
i

∂t2

] [

ρl
ᾱl

+
ρg
ᾱg

]

+

[

∂2h′
i

∂z∂t

] [

2
ρl
ᾱl

ūl + 2
ρg
ᾱg

ūg

]

+

[

∂2h′
i

∂z2

] [

ρl
ᾱl

ū2
l +

ρg
ᾱg

ū2
g − (ρl − ρg) g

dhi

dαl

−
(

ρl
∂h̄g,l

∂αl

− ρg
∂ ¯hg,g

∂αl

)

g

]

+

[

∂4h′
i

∂z4

] [

dhi

dαl

σ

]

+

[

∂h′
i

∂t

] [

∂F

∂ug

1

αg

− ∂F

∂ul

1

αl

]

+

[

∂h′
i

∂z

] [

∂F

∂ug

ūg

αg

− ∂F

∂ul

ūl

αl

+
∂F

∂αl

]

= 0

(13)

The considerations on the sine shape of the perturbation lead to the following expression for the
perturbed liquid level:

h′
i = ǫ expi (ω t−k z) (14)

This results in a quadratic equation (Equ.15) for the wave frequency, called the dispersion equa-
tion:

ω2 − 2 (ak − b i)ω + ck2 − d k4 − ek i = 0 (15)
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where: 

Ptot 
[P1 + Ps1 
al ag

a = 1 [ P1 fit + 15 fig] 

Ptot at ag
1 1 OF 1 

b=-Ptot 2 L Oug ag

1 + Pg Ug2
Ptot ag
1 idhi 

Ptot L da/ 
1  r  OF fig OF OF] 

e=- 
+ 

Ptot Laug ag au/ ct/ (fa/ 
The solutions for w are: 

1 
W1 = (a k - b i) + ± •-y2 exp i-2 arctan ( 1,) 

111 

( Pr' 
W2 = (a k - b i) + ± •-y2 exp i-2 [arctan 1 

) 
+ 2 7r] 

with the coefficients: 

= (a2 - c) k2 + d k4 - b2

•-y =ek-2abk 

OF 11 

(16) 
aut at J 

(P/ 
dhi Oh o 

Pg) gdai vn at
pg 0h,g,g ) 

Oat) 

(17) 

(18) 

Thus the linear stability analysis provides a relation between the angular frequency w and the 
wave number k. By decoupling the angular frequency in a real and an imaginary parts, the 
perturbation (Equ. 14) becomes: 

hz = c expi ((oiR+icoi)t-k z) = c expi (coR t-k z) exp-04 t (19) 

The first exponential in Equ. 19 corresponds to a solution of a wave equation. The second term 
drives the amplification because for all conditions which make this term higher than one, the 
waves will growth with time. Consequently the steady-state solution is unstable whenever the 
imaginary part of w is negative. 

3.1 Closure laws 

The viscous approach for determining the most amplified wavelength for a given set of condi-
tions requires closure laws for wall and interfacial shear stresses. The shear stresses modeling 
is a key parameter of the stability study because the outcome of the analysis depends heavily 
on its modeling. The results presented here are obtained based on the classical laws from Taitel 
and Dukler [12] and slightly corrected by Barnea and Taitel [11]: 

1  
Tw,k = 2 1,

 Pk Uk lUk1 

-
2 

fi Pg (ug - ui) lug -u t

(20) 

(21) 
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where:

ρtot =

[

ρl
ᾱl

+
ρg
ᾱg

]

a =
1

ρtot

[

ρl
ᾱl

ūl +
ρg
ᾱg

ūg

]

b = − 1

ρtot

1

2

[
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∂ug

1

αg

− ∂F

∂ul

1

αl

]

c =
1
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[
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ᾱl

ū2
l +

ρg
ᾱg

ū2
g − (ρl − ρg) g

dhi

dαl

−
(

ρl
∂h̄g,l

∂αl

− ρg
∂ ¯hg,g

∂αl

)

g

]

d =
1

ρtot

[

dhi

dαl

σ

]

e= − 1
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[

∂F

∂ug

ūg

αg

− ∂F

∂ul

ūl

αl

+
∂F

∂αl

]

(16)

The solutions forω are:

ω1 = (ak − b i) + 4

√

β2 + γ2 exp i
1

2
arctan

(

γ

β

)

ω2 = (ak − b i) + 4

√

β2 + γ2 exp i
1

2

[

arctan

(

γ

β

)

+ 2 π

] (17)

with the coefficients:

β = (a2 − c) k2 + d k4 − b2

γ = ek − 2a bk
(18)

Thus the linear stability analysis provides a relation between the angular frequencyω and the
wave numberk. By decoupling the angular frequency in a real and an imaginary parts, the
perturbation (Equ. 14) becomes:

h′
i = ǫ expi ((ωR+i ωI) t−k z) = ǫ expi (ωR t−k z) exp−ωI t (19)

The first exponential in Equ. 19 corresponds to a solution of awave equation. The second term
drives the amplification because for all conditions which make this term higher than one, the
waves will growth with time. Consequently the steady-state solution is unstable whenever the
imaginary part ofω is negative.

3.1 Closure laws

The viscous approach for determining the most amplified wavelength for a given set of condi-
tions requires closure laws for wall and interfacial shear stresses. The shear stresses modeling
is a key parameter of the stability study because the outcomeof the analysis depends heavily
on its modeling. The results presented here are obtained based on the classical laws from Taitel
and Dukler [12] and slightly corrected by Barnea and Taitel [11]:

τw,k =
1

2
fk ρk uk |uk| (20)

τi =
1

2
fi ρg (ug − ul) |ug − ul| (21)
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where the friction coefficient is (with a Rek = 

fk = Ck Rek k 

Pk lukl Dk  ). 

if Rek > 2000 = Ck = 0.046 nk = 0.2 

else Rek < 2000 = Ck = 16 nk = 1 (22) 

if fg > 0.0142 fi = fg

else fg < 0.0142 A = 0.0142 

4 Some results of the stability analysis 

The initial void fraction is matched to each case according to the two superficial velocities, at 
its steady and established flow value, obtained after combining Equ. 9 assuming sa  = 0 and 
as _ 0.
at 

Ti G Tg a, — (23) 
+ S9 Tg 

where Z is the curvilinear length of the interface, t and G the wetted perimeter and the dry 
perimeter in the cross-section plane. he plots on Fig. 2 show results of the linear stability analy-
sis in two particular cases. The evolution of the amplification rate for all possible wavelengths of 
pipe equivalent diameters of Dh = 0.1 in (Fig. 2a) and Dh = 0.24 in (Fig. 2b) and the flow con-
ditions of the REGARD experiments which will be devoted to the validation of the entrainment 
model. It may be important to mention that available experimental results on wave formation or 
entrainment phenomenon in the literature cover rather small diameters up to 0.095 777 [3]. These 
curves show a peak of amplification factor at the most amplified wavelength; this latter value is 
the interesting parameter for the entrainment model as the amplification factor acts only in the 
time development of the perturbation hz of unknown initial amplitude c. 

a) b) 
Dh =0.1 [in] — jg =35 [m/s] —j1=0.05 [m/s] Dh =0.24 [m] — jg =35 [m/s] —j1=0.05 [m/s] 
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Figure 2: Amplification rate for all wavelength for given sets of fluid characteristics and com-
parison between the proposed model and the results of Barnea and Taitel 
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where the friction coefficient is (with aRek =
ρk |uk|Dk

µk

):

fk = Ck Re−nk

k

if Rek > 2000 ⇒ Ck = 0.046 nk = 0.2

else Rek < 2000 ⇒ Ck = 16 nk = 1

if fg > 0.0142 fi = fg

else fg < 0.0142 fi = 0.0142

(22)

4 Some results of the stability analysis

The initial void fraction is matched to each case according to the two superficial velocities, at
its steady and established flow value, obtained after combining Equ. 9 assuming∂α

∂z
= 0 and

∂α
∂t

= 0.

αg =
ξi τi + ξg τg
ξl τl + ξg τg

(23)

whereξi is the curvilinear length of the interface,ξl andξg the wetted perimeter and the dry
perimeter in the cross-section plane. he plots on Fig. 2 showresults of the linear stability analy-
sis in two particular cases. The evolution of the amplification rate for all possible wavelengths of
pipe equivalent diameters ofDh = 0.1m (Fig. 2a) andDh = 0.24m (Fig. 2b) and the flow con-
ditions of the REGARD experiments which will be devoted to the validation of the entrainment
model. It may be important to mention that available experimental results on wave formation or
entrainment phenomenon in the literature cover rather small diameters up to0.095m [3]. These
curves show a peak of amplification factor at the most amplified wavelength; this latter value is
the interesting parameter for the entrainment model as the amplification factor acts only in the
time development of the perturbationh′

i of unknown initial amplitudeǫ.
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Figure 2: Amplification rate for all wavelength for given sets of fluid characteristics and com-
parison between the proposed model and the results of Barnea and Taitel
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The flow characteristics used for these calculations are pi = 940 [s] , pg = 1 , ,u/ = 

7.9710-4 [N ,u = 1.2 10-5 [N and o- = 0.07 [N The critical wave number and the .92 • m8 , g m8 , 
range of wave numbers being most amplified depend on the flow conditions as shown on the 
different plots of Fig. 3. It is observed that the range of most amplified waves is broadened 
when the liquid superficial velocity is decreased for a given gas superficial velocity and pipe 
diameter, while the amplification factors are strongly decreased. Increasing the gas superficial 
velocity in the same conditions has a similar effect. 
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Figure 3: Effects of j1 on the critical wavelength for pipe diameters of 0.01 m, 0.24 m and 0.50 
m and gas superficial velocities of 5 m.s-1, 10 m.s-1 and 35 m.s-1

The influence of the pipe diameter is not significant on the value of the most amplified wave 
number and its bandwidth, except for the largest gas superficial velocity (Figs. 3b-d) or at low 
liquid velocities, where a decrease of pipe diameter involves a more pronounced broadening 
of the range of amplified wave numbers. Furthermore, increasing the pipe diameter always 
strongly decreases the amplification factors. These results illustrate the need for new experi-
ments at large diameters, closer to those of full scale situations contrary to what is available in 
the literature. 
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The flow characteristics used for these calculations areρl = 940
[

kg

m3

]

, ρg = 1
[

kg

m3

]

, µl =

7.97 10−4
[

kg

ms

]

, µg = 1.2 10−5
[

kg

ms

]

, andσ = 0.07
[

kg

s2

]

. The critical wave number and the
range of wave numbers being most amplified depend on the flow conditions as shown on the
different plots of Fig. 3. It is observed that the range of most amplified waves is broadened
when the liquid superficial velocity is decreased for a givengas superficial velocity and pipe
diameter, while the amplification factors are strongly decreased. Increasing the gas superficial
velocity in the same conditions has a similar effect.
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Figure 3: Effects ofjl on the critical wavelength for pipe diameters of 0.01 m, 0.24m and 0.50
m and gas superficial velocities of 5m.s−1, 10m.s−1 and 35m.s−1

The influence of the pipe diameter is not significant on the value of the most amplified wave
number and its bandwidth, except for the largest gas superficial velocity (Figs. 3b-d) or at low
liquid velocities, where a decrease of pipe diameter involves a more pronounced broadening
of the range of amplified wave numbers. Furthermore, increasing the pipe diameter always
strongly decreases the amplification factors. These results illustrate the need for new experi-
ments at large diameters, closer to those of full scale situations contrary to what is available in
the literature.

9/13



The 14th International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14 
Toronto, Ontario, Canada, September 25-30, 2011 

4.1 A correlation for the critical wavelength 

In the case of a full computation of a LOCA situation with CATHARE, the mesh resolution 
for the hot leg pipe could be fairly low such as a control volume could include several ripples. 
Therefore, it could be necessary to run the stability analysis in each cell and at each time-
step, which would be very time-consuming. In regards to this issue, a correlation based on 
the previous stability analysis has been set up in order to evaluate the critical wavelength as a 
function of the flow and geometry (equivalent diameter) conditions. 
A multiple non-linear regression is performed on a large set of results to make a correlation 
providing a maximum difference of 5% compared to the results obtained with the full linear 
stability analysis. The range of validity of this correlation is [0.1 < Ph < 0.5] for stratified 
horizontal flows with liquid and gas superficial velocities indicated on Fig. 4. The proposed 

a) b) 
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Figure 4: Predictions of the proposed correlation 
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correlation (Equ. 24) is cast in terms of a critical Eotvos (Eo*) or Bond (Bo*) number where 
the characteristics length is the critical wavelength: 

with 

/ Bo* = 0.078 C4.7083 
L  ̀„,1.0109 Ref .041 R e0.1747 r, .,0.0088 D-1.1382 

L2
Bo = Eo =  carac 

L 2Laplace 

LLaplace = 

5 Evaluation of the entrained volume 

= 0.0028 in 
Ap g 

(24) 

(25) 

(26) 

Here a mechanistic approach based on a force balance is preferred to obtain a model for the 
entrained volume as it was proposed for vertical annular flow by Holowach et al. [6]. The wave 
fragmentation is assumed to occur when the resultant of forces acting on a ripple wave crest 
changes from vertical downward to upward direction, e.g. passing through the equilibrium 
situation. The forces included in the model are the gravity, the surface tension, the drag and 
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4.1 A correlation for the critical wavelength

In the case of a full computation of a LOCA situation with CATHARE, the mesh resolution
for the hot leg pipe could be fairly low such as a control volume could include several ripples.
Therefore, it could be necessary to run the stability analysis in each cell and at each time-
step, which would be very time-consuming. In regards to thisissue, a correlation based on
the previous stability analysis has been set up in order to evaluate the critical wavelength as a
function of the flow and geometry (equivalent diameter) conditions.
A multiple non-linear regression is performed on a large setof results to make a correlation
providing a maximum difference of5% compared to the results obtained with the full linear
stability analysis. The range of validity of this correlation is [0.1 < Dh < 0.5] for stratified
horizontal flows with liquid and gas superficial velocities indicated on Fig. 4. The proposed
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Figure 4: Predictions of the proposed correlation

correlation (Equ. 24) is cast in terms of a critical Eötvös (Eo∗) or Bond (Bo∗) number where
the characteristics length is the critical wavelength:

√
Bo∗ = 0.078α1.7083

l α1.0109
g Re1.041l Re0.1747g Fr0.0088 D−1.1382

h (24)

with

Bo = Eo =
L2
carac

L2
Laplace

(25)

LLaplace=

√

σ

∆ρ g
= 0.0028 m (26)

5 Evaluation of the entrained volume

Here a mechanistic approach based on a force balance is preferred to obtain a model for the
entrained volume as it was proposed for vertical annular flowby Holowach et al. [6]. The wave
fragmentation is assumed to occur when the resultant of forces acting on a ripple wave crest
changes from vertical downward to upward direction, e.g. passing through the equilibrium
situation. The forces included in the model are the gravity,the surface tension, the drag and
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the lift forces. Compared to a similar study [6] conducted in vertical flow conditions, a lift 
and a gravity forces are added, and the components of those forces have different orientations. 
Consequently, the proposed model is only valid for stratified flows in horizontal pipes. The 
force balance when the conditions are fulfilled to pull-up a certain part of the wave into droplets 
is then: 

Fd,y FIN + F g,y +
Fa,y = 0 (27) 

where the different forces are detailed below (Equ. 28, Equ. 30, Equ. 32). The lift/drag forces 
(Equ. 28) are calculated by giving a lift/drag coefficient CL/CD, using the relative velocity of 
the ripple wave crest (v„), and by estimating the effective (entrained) area (Fig. 5) on which 
the drag and the lift forces act: 

= 0.5 p g CL A entr (vg Vcr)2 (28) 

where many correlations could be used for evaluating CL/CD, for instance the correlation used 
in [6]. As the wave is assumed to have a three-dimensional sine topology, the surface integration 
gives: 

(2 A7 b) (h2A 
Aentr (h, b, A)= h A cos   2 h sin ( 27 b)

7r A 
The gravitational force is expressed as: 

Fg,y Ventr g 

(29) 

(30) 

where the entrained volume on which the gravitational force acts is defined by using the disc 
integration method: 

a  (A — b)2 — sin (T) 16 Ventr(h, b, A) = 7r (-
4 

— ' 2
( A — — A22 16 

h2 _ sin2 (27rb) (A 3 

7
) 3 G 2 b) )2ik.6 —2 — — ( A4 ) 

(31) 

Finally the surface tension force is expressed as: 

Fa,y = Kcrest Aa (32) 

where K crest is the average curvature at the crest area and itlor is the effective area on which the 
surface tension acts. These two geometric parameters are expressed as follows: 

.411— Correladng 
Dimension (b) 

— b) 
Aa(b, A) = 7r ( 4

2 

Kcrest(h) — 
472 h 

A2

2 

LiftArea for 
Entrained Wave 
Crest (A•ntw) 

half Wavelength 
(X12) 

Amplitude 
(h) 

Figure 5: Main geometric parameters describing a ripple 

(33) 

(34) 
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the lift forces. Compared to a similar study [6] conducted in vertical flow conditions, a lift
and a gravity forces are added, and the components of those forces have different orientations.
Consequently, the proposed model is only valid for stratifiedflows in horizontal pipes. The
force balance when the conditions are fulfilled to pull-up a certain part of the wave into droplets
is then:

Fd,y + Fl,y + Fg,y + Fσ,y = 0 (27)

where the different forces are detailed below (Equ. 28, Equ.30, Equ. 32). The lift/drag forces
(Equ. 28) are calculated by giving a lift/drag coefficientCL/CD, using the relative velocity of
the ripple wave crest (vcr), and by estimating the effective (entrained) area (Fig. 5)on which
the drag and the lift forces act:

Fl,y = 0.5 ρg CLAentr (vg − vcr)
2 (28)

where many correlations could be used for evaluatingCL/CD, for instance the correlation used
in [6]. As the wave is assumed to have a three-dimensional sine topology, the surface integration
gives:

Aentr(h, b, λ) =
hλ

π
cos

(

2 π b

λ

)

−
(

hλ

2
− 2h b

)

sin

(

2 π b

λ

)

(29)

The gravitational force is expressed as:

Fg,y = −ρl Ventr g (30)

where the entrained volume on which the gravitational forceacts is defined by using the disc
integration method:

Ventr(h, b, λ) = π

(

λ

4
− b

)

h2
(

λ
2
− b
)2 − sin

(

2πb
λ

)

λ2

16
(

λ
2
− b
)2 − λ2

16

− π
h2 − sin2

(

2πb
λ

)

3
(

λ
2
− b
)2 − λ2

16

(

(

λ

2
− b

)3

−
(

λ

4

)3
) (31)

Finally the surface tension force is expressed as:

Fσ,y = −σKcrest Aσ (32)

whereKcrest is the average curvature at the crest area andAσ is the effective area on which the
surface tension acts. These two geometric parameters are expressed as follows:

Aσ(b, λ) = π

(

λ
4
− b

2

)2

(33)

Kcrest(h) =
4 π2 h

λ2
(34)
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Figure 5: Main geometric parameters describing a ripple
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The geometric parameters of these forces are expressed as functions of three critical param-
eters: h the amplitude of the wave at the onset of fragmentation, b a geometrical parameter 
corresponding to the horizontal distance between the base of the wave and the location of the 
fragmentation, and A the wavelength of the ripple. Therefore the sum of the various forces ex-
erted on the crest of the wave is a function of those three simple parameters. By knowing the 
amplitude h at the onset of fragmentation, the entrained volume is found out by simple itera-
tions on the size b until the force balance is checked. This assumes to know the evolution of the 
amplification factor up to the onset of the entrainment phenomenon. 

6 Conclusion 

In this paper, an extension of the model proposed by Holowach et al. [6] to the case of horizon-
tal wavy stratified flows has been presented. The mechanistic approach requires several level 
of modeling and assumptions. Even though some important parameters such as the entrain-
ment time scale and the criterion to determine the amplitude of the waves at the onset of their 
fragmentation require further investigations, it was shown that a relatively simple methodol-
ogy could be established to evaluate the source term to add in the dispersed phase conservation 
equation. Once the complete model achieved, the next step will be to compare the results to 
new experimental data performed at a large pipe diameter (about 0.247n). This experiment, 
called REGARD is under development at CEA Grenoble, France. This analysis will allow to 
improve the model in order to obtain averaged entrainment rates matching with this experiment. 
It is believed that the results will be more suited for simulations of droplet entrainment in a full 
scale hot leg. 
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The geometric parameters of these forces are expressed as functions of three critical param-
eters: h the amplitude of the wave at the onset of fragmentation,b a geometrical parameter
corresponding to the horizontal distance between the base of the wave and the location of the
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amplitudeh at the onset of fragmentation, the entrained volume is foundout by simple itera-
tions on the sizeb until the force balance is checked. This assumes to know the evolution of the
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[8] D. Barnea and Y. Taitel. Kelvin-helmholtz stability criteria for stratitfied flow: viscous
versus non viscous (inviscid) approaches.Int. J. Multiphase Flow, 19:639–649, 1993.

[9] P. Y. Lin and T. J. Hanratty. Prediction of initiation of slugs with linear stability theory.
Int. J. Multiphase Flow, 12:79–98, 1986.

[10] P. Y. Lin and T. J. Hanratty. Effect of pipe diameter on the interfacial configurations for
air-water flow in horizontal pipes.Int. J. Multiphase Flow, 13:549–563, 1987.

[11] D. Barnea and Y. Taitel. Transient-formulation modes and stability of steady-state annular
flow. Chemical Engineering Science, 44:325–332, 1989.

[12] Y. Taitel and A. E. Dukler. A model for prediction of flow regime transitions in horizontal
and near horizontal gas-liquid flow.AIChE J., 22:47–55, 1976.

13/13


