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Abstract

Two-phase flow of gases and liquids or vapors and liquids in pipes, channels, equipment, etc. is
frequently encountered in industry and has been studied intensively for many years. The reliable
prediction of pressure drop in two-phase flow is thereby an important aim. Because of the com-
plexity of these types of flow, empirical or semiempirical relationships are only of limited reliability
and pressure drops predicted using leading methods may differ by up to 100%. In order to improve
prediction methods, this work presents an experimental and analytical investigation of two-phase
pressure drops during evaporation in horizontal tubes. The goal of the experimental part was
to obtain accurate two-phase pressure drop values over a wide range of experimental conditions.
The existing LTCM intube refrigerant test loop has been modified and adapted to the new test
conditions and measurement methods. Two new test sections have been also implemented into
the modified test rig. The new test section consists of two zones: diabatic and adiabatic. This
configuration allows tests to be run that obtain experimental two-phase pressure drop values un-
der diabatic and adiabatic conditions simultaneously. The experimental campaign acquired 2543
experimental two-phase pressure drop values. Based on a comprehensive state-of-the-art review
and comparison with two-phase frictional pressure drop prediction methods, it is proven that none
of these methods were able to accurately, reliably predict the present experimental values. In the
second part of this work, an analytical study was undertaken in order to develop a new two-phase
frictional prediction method. It has been shown in the literature that the so called ”phenomenolog-
ical approach” tends to provide more accurate and realistic predictions as the interfacial structure
between the phases is taken into account. Based on that, a phenomenological flow pattern approach
was chosen in the present study. The recent Wojtan-Ursenbacher-Thome [155] map was chosen to
provide the corresponding interfacial structure. The new model treats each flow regime (i.e. inter-
facial structure) separately and then ensures a smooth transition in between, being in agreement
with the experimental observations. Another important feature of the proposed model is that it
matches the correct limits at x = 0 (single-phase liquid flow) and x = 1 (single-phase gas flow).
Based on a statistically comparison, it is concluded that the new two-phase frictional pressure drop
model based on flow pattern map successfully predicts the new experimental data. The present
work completes the fourth basic step in LTCM’s flow pattern based work on two-phase flow and
heat transfer inside horizontal round tubes: (i) generalized flow pattern map, (ii) flow boiling heat
transfer model, (iii) convective condensation model and (iv) two-phase frictional pressure drop
model.
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Résumé

Les écoulements biphasiques liquide/gaz ou liquide/vapeur en tubes, canaux ou dans différentes
géométries sont un problème fréquemment rencontré dans les applications industrielles et ont été
largement étudiés ces dernières années. De par leur importance pratique, la prédiction des pertes de
charges des écoulements biphasiques doit être précise. La complexité de ces types d’écoulements fait
que les relations empiriques ou semi-empiriques usuelles sont peu précises et leurs prédictions peu-
vent différer parfois de 100%. Ce travail présente une investigation expérimentale et analytique des
pertes de charges biphasiques durant l’évaporation en tubes horizontaux en vue d’en améliorer les
méthodes de prédiction. La campagne expérimentale a permis d’obtenir une base de données élargie
et fiable de pertes de charges biphasiques. Une boucle de test existante au LTCM pour l’étude des
réfrigérants dans des tubes a été modifiée et adaptée aux nouvelles conditions de test et méthodes
de mesures. Deux nouvelles sections de tests ont été implantées dans la boucle modifiée. Elles
sont composées de deux zones : l’une adiabatique et l’autre non adiabatique. Cette configuration
permet d’étudier simultanément les pertes de charges biphasiques en zone adiabatique et en zone
non adiabatique. La campagne expérimentale a permis d’obtenir 2543 valeurs de pertes de charges
biphasiques. Une étude bibliographique approfondie et une comparaison avec différentes méthodes
de prédiction de pertes de charges biphasiques ont montré qu’aucune de ces méthodes ne permettait
une prédiction précise et fiable des ces résultats expérimentaux. Dans la seconde partie de ce tra-
vail, une étude analytique a été réalisée afin de développer une nouvelle méthode de prédiction des
pertes de charges biphasiques par frottement. Une approche phénoménologique a été adoptée dans
cette étude car il a été démontré dans la littérature qu’elle permet des prédictions plus réalistes
et plus précises en prenant en compte la structure de l’interface entre les phases. Cette structure
de l’interface entre les phases a été obtenue en se basant sur la carte d’écoulement de Wojtan-
Ursenbacher-Thome [155]. Ainsi le nouveau modèle traite chaque type d’écoulement séparément
et assure également des transitions correctes, en accord avec les observations expérimentales. Une
autre innovation importante de ce nouveau modèle est qu’il prend correctement en compte les deux
limites a x = 0 (écoulement monophasique liquide) et x = 1 (écoulement monophasique gazeux).
Une étude statistique a permis de conclure que ce nouveau modèle basé sur les cartes d’écoulements
prédit avec succès les résultats expérimentaux. Ainsi cette étude complète la démarche en 4 étapes
du LTCM concernant les écoulements biphasiques et les transferts de chaleur internes dans des
tubes horizontaux circulaires: (i) carte d’écoulement non adiabatique généralisée, (ii) modèle de
transfert de chaleur en ébullition, (iii) modèle de transfert de chaleur en condensation et (iv) modèle
de pertes de charges biphasiques.
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Chapter 1

Introduction

Liquid-vapor phase-change processes play a very important role in many technological applications.
The virtually isothermal heat transfer associated with boiling and condensation processes makes
their inclusion in power and refrigeration cycles very advantageous from a thermodynamic effi-
ciency viewpoint. In addition boiling and condensation can achieve large heat transfer rates with
small temperatures differences. Processes associated with phase-change phenomena are among
the most complex transport processes encountered in engineering applications. These processes
include all the complexity of single-phase convective transport (non-linearities, transition to turbu-
lence, instabilities) and additional elements resulting from the motion of the vapor-liquid interface,
non-equilibrium effects and interactions between the phases.

Two-phase flow of gases and liquids or vapors and liquids in pipes, channels, equipment, etc. is
frequently encountered in industry and has been studied intensively for many years. The reliable
prediction of pressure drop in two-phase flows is thereby an important aim. Because of the com-
plexity mention above, empirical or semiempirical relationships are only of limited applicability.
Yet, pressure drops predicted using leading methods differ by up to 100% according to Ould Didi,
Kattan and Thome [105] and Moreno Quibén and Thome [93]. Hence, increasingly, attempts are
being made to develop prediction methods which are based on physical models and which can be
correlated with the measured results. The mathematical content is kept as small as possible in
order to keep the application practical.

Kattan, Thome and Favrat [76, 77, 78] proposed a new physically based (based on a simplified
interfacial two-phase structure) flow pattern oriented model to predict heat transfer coefficients
during evaporation in horizontal tubes. The new heat transfer model was a significant step ahead,
improving significantly the predictive accuracy. In addition, in the previously mentioned study by
Ould Didi et al. it is shown that classifying the flow by local flow pattern and then using the best
two-phase pressure drop prediction method for that particular flow pattern results in a significant
improvement in accuracy.

Based on that, the idea is to extend this physically based approach to the development of a
two-phase pressure drop prediction method. Hence, in order to develop this approach an experi-
mental and analytical study was undertaken. The main experimental objectives of this study are
to: (i) accurately and reliably measure two-phase pressure drops over a wide range of experimental
conditions and (ii) be able to obtain experimental two-phase pressure drop values in the different
flow regimes by a consequent design of the test sections. The analytical objective of this study is
then the development of a flow pattern based pressure drop model that respects the two-phase flow
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structure of the various flow regimes as much as possible while maintaining a degree of simplicity.

The present work will complete the fourth basic step in LTCM’s flow pattern based work on
two-phase flow and heat transfer inside horizontal round tubes: (i) generalized flow pattern map,
(ii) flow boiling heat transfer model (iii) convective condensation model and (iv) two-phase frictional
pressure drop model.

The expected result from this project is a much better two-phase pressure drop prediction method
and therefore a more accurate design method that better simulates experimental trends and the
effects of the principal variables on the process.

The manuscript is organized as follows:

• Chapter 1 - Introduction: Background and purpose of the present study.

• Chapter 2 - Fundamentals: Definition of the main variables and basic equations used in
two-phase flow and two-phase pressure drop analysis.

• Chapter 3 - Overview of flow pattern maps: Presentation of the state-of-the-art of existing
flow pattern maps.

• Chapter 4 - Two-phase pressure drop models: State-of-the-art of two-phase pressure drop
models.

• Chapter 5 - Description of experiments: Test facility and data collection methods are de-
scribed.

• Chapter 6 - Experimental results: Results of the two-phase pressure drop measurements are
presented and analyzed.

• Chapter 7 - New two-phase pressure drop flow pattern based model: Presentation of a new
flow pattern based, two-phase frictional pressure drop model.

• Chapter 8 - Conclusions: General conclusions of this present study are summarized.



Chapter 2

Fundamental Definitions in
Two-Phase Flow

This chapter introduces the primary variables used throughout this work and derives some simple
relationships between them for the case of one-dimensional flow. To distinguish between gas and
liquid the subscripts ’L’ for liquid and ’G’ for vapor will be used. Basic equations for two-phase
flows are also introduced at the end of the chapter.

2.1 Two-phase flow

Classical thermodynamics tell us that a phase is a macroscopic state of matter which is homogeneous
in chemical composition and physical structure; e.g. a gas, a liquid or solid of a pure component.
Two-phase flow is the simplest case of multiphase flow in which two phases are present for a pure
component.

In internal convective vaporization and condensation processes, the vapor and liquid are in si-
multaneous motion inside the pipe. The resulting two-phase flow is generally more complicated
physically than single-flow. In addition to the usual inertia, viscous, and pressure forces present in
single-phase flow, two-phase flows are also affected by interfacial tension forces, the wetting char-
acteristics of the liquid on the tube wall, and the exchange of momentum between the liquid and
vapor phases in the flow.

2.2 Vapor quality

The vapor quality (x) is defined to be the ratio of the vapor mass flow rate (ṀG [kg s−1]) divided
by the total mass flow rate (ṀG + ṀL):

x =
ṀG

ṀG + ṀL

(2.1)

When phase change does not take place in the channel, one needs to measure the mass flow rate
of each phase, and the quality is then determined for the entire channel. In case there is a phase
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change in the channel, e.g. if the channel is heated and boiling takes place, then the quality will
increase (inverse for condensation) downstream with the flow.

Since often there is not thermal equilibrium between the phases, one cannot calculate the quality
merely by knowing the inlet quality and the heat flux from the wall. Unfortunately, it is very
difficult to measure or calculate with precision the quality of the liquid-vapor mixture flowing in
a channel where a change of phase takes place. A fictitious quality, the so called thermodynamic
equilibrium quality can be calculated by assuming that both phases are saturated, i.e., that their
temperatures are equal to the saturation temperature corresponding to their common pressure.
The so-called thermodynamic equilibrium quality can be calculated as:

x =
h(z) − hL

hLG
(2.2)

where hL [J kg−1] is the enthalpy of the saturated liquid, hLG [J kg−1] is the latent heat of vapor-
ization, and h(z) [J kg−1] is the enthalpy at a cross section z, which can be calculated from:

h(z) = hinlet +
1
Ṁ

∫ z

0
q′(z)dz (2.3)

where hinlet is the enthalpy of the fluid at the inlet and q′(z) [W m−1] is the heat input per unit
length of channel.

2.3 Void fraction

In two-phase flow, void fraction is one of the most important parameters to be defined. It defines
the cross-sectional area occupied by each phase. As it determines mean velocities of the liquid and
the vapor, it represents a fundamental parameter in the calculation of pressure drop, flow pattern
transitions and heat transfer coefficients.

� � � � �

� � � 	 � 


Figure 2.1: Cross-sectional void fraction (ε).

The void fraction of the vapor is defined as:

ε =
AG

AG +AL
(2.4)

where AG is the sum of areas occupied by voids and AL is the sum of areas occupied by the liquid.
The total cross-sectional area of the channel is called A.
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2.4 Velocities

In two-phase flow there are a number of velocities that can be defined. Also, in general, the phases
will not have the same velocity and there will be a relative velocity between them.

True average velocities

The true average velocities (also called actual velocities) of the phases uG and uL are the velocities
by which the phases actually travel. The cross sectional average true velocities are determined by
the volumetric flow rates Q̇G and Q̇L [m3s−1] of the vapor and liquid divided by the cross-sectional
areas occupied by the respective phases:

uG =
Q̇G

AG
=
Q̇G

εA
(2.5)

uL =
Q̇L

AL
=

Q̇L

(1 − ε)A
(2.6)

From the equation of continuity it is possible to define liquid and vapor true mean velocities referred
to their own cross sectional areas and their own mass flow rates as follows:

uG =
x

ε

Ṁ

ρGA
=

G

ρG

x

ε
(2.7)

uL =
1 − x

1 − ε

Ṁ

ρLA
=

G

ρL

1 − x

1 − ε
(2.8)

Superficial velocities

The superficial velocities (also called volumetric fluxes) of the phases jG and jL are defined as the
volumetric flow rate of the phase through the total cross-sectional area of the two-phase flow. It
might also be expressed as the phase velocity if it would flow alone in the entire cross section. Thus:

jG =
Q̇G

A
=

G

ρG
x = ε uG (2.9)

jL =
Q̇L

A
=

G

ρL
(1 − x) = (1 − ε)uL (2.10)

The total superficial velocity is defined as:

j = jG + jL (2.11)
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Drift velocities

The drift velocities of the phases VGj and VLj are defined as the true average velocity of the phase
in relation to the total superficial velocity, namely:

VGj = uG − j (2.12)

VLj = uL − j (2.13)

The drift fluxes of the phases jGj and jLj are defined as follows:

jGj = εVGj = ε(uG − j) (2.14)

jLj = εVLj = (1 − ε)(uL − j) (2.15)

It follows, from equations (2.14), (2.15) and (2.11) that:

jGj + jLj = 0 (2.16)

Mass velocity

The mass velocity (G) is defined to be the ratio of the mass flow rate (Ṁ ) divided by the cross-
sectional area of the flow channel:

G =
Ṁ

A
(2.17)

Considering the continuity law, the mass velocity is the expression of the mean flow velocity mul-
tiplied by the mean density. The mass velocity has units of [kg/m2s].

2.5 Definition of non-dimensional numbers

The principal non-dimensional numbers used in the present study are defined below. Different
definitions of main non-dimensional numbers, particularly for the Reynolds and Froude number,
can be found in the literature. In order to be coherent in this work, the corresponding used here
definitions are introduced.

Reynolds number

The Reynolds number represents the ratio of the inertial forces to the viscous forces. For the
particular case of forced convection inside a tubular channel, the liquid Reynolds number for a
single-phase in a channel can be expressed in the following form:
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ReL =
ρLuLDh

µL
(2.18)

where Dh is the hydraulic diameter defined as the ratio of the cross-sectional A to the wetted
perimeter PL and is calculated as follows:

Dh =
4A
PL

(2.19)

In the particular case of circular tubes, Dh = D.

Considering one-dimensional flow and using the definition of the true mean velocity from equation
(2.6), the liquid Reynolds number in a two-phase flow can be expressed as:

ReL =
GDh

µL

1 − x

1 − ε
(2.20)

where Dh for the liquid phase is expressed in the following form:

Dh =
4AL

PL
=

4(1 − ε)A
PL

(2.21)

Substituting equation (2.21) into (2.20) the liquid Reynolds number is defined as:

ReL =
4G(1 − x)A

µLPL
(2.22)

The same approach will be used for the vapor Reynolds number which is defined as:

ReG =
GDh

µG

x

ε
(2.23)

where the Dh for the vapor phase is expressed as:

Dh =
4AG

PL
=

4Aε
PL

(2.24)

Finally, substituting equation (2.24) into (2.23), the vapor Reynolds number is expressed as:

ReG =
4GxA
µGPL

(2.25)

Kattan et al. ([76],[77],[78]) and Wojtan [153] assumed that the hydraulic diameter Dh for the vapor
phase is equal to the tube diameter D like in single-phase flow. As the void fraction increased very
rapidly with increasing the vapor quality, this assumption seems to be reasonable. Assuming this
assumption, the vapor Reynolds number, equation (2.23), can be expressed as:

ReG =
GD

µG

x

ε
(2.26)
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Nusselt number

The Nusselt number expresses the ratio of convective to conduction temperature gradient. In
internal forced convection, the reference length is the tube diameter:

Nu =
hD

λ
(2.27)

where h is the heat transfer coefficient, D is the tube diameter, λ is the thermal conductivity.

Liquid Froude number

The Froude number represents the ratio of the inertia forces to the gravitational forces. The general
expression is:

Fr =
u2

gL
(2.28)

Wojtan [153], based on existing flow boiling correlations that use a different Froude number defi-
nition, uses the following form of the liquid Froude number:

FrL =
G2

ρLgD
(2.29)

In order to be coherent with the mentioned previous work, the same expression will be used through-
out this work.

Liquid Weber number

The liquid Weber number expresses the ratio of inertia to surface tension forces. As for the Nusselt
number, the reference length is the tube diameter.

It is expressed for liquid phase as:

WeL =
ρLu

2
LD

σ
(2.30)

Prandtl number

The Prandtl number is the ratio between the momentum diffusivity and the thermal diffusivity.

It is expressed for a liquid as:

PrL =
cpL

µL

λL
(2.31)

The same expression for a vapor is:
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PrG =
cpG

µG

λG
(2.32)

Martinelli parameter

The Martinelli parameter [90] is defined as the ratio between the theoretical pressure gradients
which would occur if either fluid were flowing alone in the pipe with the original flow rate of each
phase. The Martinelli parameter Xtt is calculated as:

X2
tt =

(∆pF /∆L)L0

(∆pF/∆L)G0
(2.33)

X2
tt is void fraction independent and is a measure of the degree to which the two-phase mixture

is closer to being a liquid, i.e. X2
tt >> 1, or to being a gas, i.e. X2

tt << 1. The subscript tt is
sometimes used and signifies that both phases are turbulent.

Modelling the pressure drop of each phase with its superficial velocity and friction factors in the
classical form:

fL = CLRe
−n
L (2.34)

fG = CGRe
−m
G (2.35)

and assuming the same friction model for both phases (both turbulent or both laminar) which
means that m = n and CL = CG, equation (2.33) reduces to:

Xtt =
(

1 − x

x

)(−n+2)/2 (µL

µG

)n/2 (ρG

ρL

)1/2

(2.36)

Based on equation (2.34) Lockhart and Martinelli [90] and then Taitel and Dukler [126] used
n = m = 0.2 and CL = CG = 0.046 for a smooth pipe. Steiner [137], Kattan [75] and Zürcher [162]
used n = m = 0.25 and CL = CG = 0.3146 for a smooth pipe. In this work the same expression as
Steiner, Kattan and Zürcher will be used:

Xtt =
(

1 − x

x

)0.875 (µL

µG

)0.125 (ρG

ρL

)0.5

(2.37)

2.6 Basic equations of two-phase flow

Developments of the full governing equations for three-dimensional, time-varying two-phase flow
can be found in Ishii [67], Bouré [20] and Delhaye [37]. The form of the governing equations
can be simplified by invoking time and/or space averaging. The averaging processes make the
equations more tractable but, at the same time, useful information about the flow is lost at each
simplifying step. In the present context, for sake of simplicity, the flow is considered to be steady
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Figure 2.2: Idealized model for multiphase-flow in an inclined channel.

and one-dimensional in the sense that all dependent variables are idealized as being constant over
any section of the tube, varying only in the axial direction.

To facilitate development of a one-dimensional analysis of multi-phase flow, we will consider the
system shown in Fig. (2.2). A stratified flow is chosen to allow the equations to be derived for
the general case where each phase is in contact with the channel wall as well as having a common
interface. It is further assumed that the pressure across any phase normal to the channel is uniform.
Mean values of velocity and density of each phase are assumed to exist across any phase normal to
the flow.

2.6.1 Conservation of mass

The equation expressing the conservation of mass in the absence of any removal or addition of fluid
through the channel walls for phase k is:

∂

∂t
(Aεkρk) +

∂

∂z
(Aεkρkuk) = Γk (2.38)

where εk is the void fraction of phase k, ρk is the density of phase k, uk is the true average velocity
of phase k and Γk is the mass transfer (mass flow rate Ṁ per unit length) to phase k from the
various interphase mass transfer, where:

∑
k

Γk = 0 (2.39)

For the particular case of steady state two-phase gas(G)/liquid(L) flow in a constant area channel
this reduces to two expressions:
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d

dz
(AG ρG uG) = ΓG

d

dz
(AL ρL uL) = ΓL (2.40)

and

ΓG = −ΓL =
dṀG

dz
= −dṀL

dz
(2.41)

2.6.2 Conservation of momentum

The rate of creation of momentum of phase k plus the rate of inflow of momentum is balanced
against the sum of the forces acting on that phase plus the momentum generation due to mass
transfer,as follows:

∂

∂t
(Ṁkδz) +

(
Ṁkuk + δz

∂

∂z
(Ṁkuk)

)
− Ṁkuk

1

=

[
Aεkp−

(
Aεkp+ δz

∂

∂z
(Aεkp)

)
+

{
p

(
−δz ∂

∂z
(Aεk)

)}]
2

−

Aεkρkδz gsinθ
3
− τkwPkwδz 4

+
n∑
1

τknzPknδz

5

+ ukΓk 6
(2.42)

A brief discussion of the terms in this equation is given below:

• the terms in box 1 represent the rate of creation of momentum plus the rate of inflow of
momentum within the control element.

• the terms in box 2 represent the pressure forces in the control element.

• the term in box 3 represents the gravitational forces.

• the term in box 4 represents the wall shear force (dFk), where τkw is the wall shear stress
between the phase k and the channel wall and Pkw is the contact perimeter between the wall
and phase k.

• the term in box 5 represents the sum of the interfacial shear forces (S1, S2, . . . ), where where
τknz is the z component of the interfacial shear stress between phase k and phase n and Pkn

is the contact perimeter between phase k and phase n.

• the term in box 6 represents the rate of generation of momentum of phase k due to mass
transfer assuming that that the mass transferred across the interface is accelerated to the
mean velocity of the receiving phase.



30 CHAPTER 2. FUNDAMENTAL DEFINITIONS IN TWO-PHASE FLOW

Rearranging terms, equation (2.42) can be written as:

−Aεk ∂p
∂z

− τkwPkwδz +
n∑
1

τknzPknδz −Aεkρkδzgsinθ + ukΓk =

∂

∂t
(Ṁkδz) + δz

∂

∂z
(Ṁkuk) (2.43)

Thus for a steady-state two-phase gas(G)/liquid(L) flow in a constant area channel, we have for the
gas phase

−AGdp− τGWPGwdz + τGLPGLdz −AGρG dz g sinθ + uGΓG = ṀGduG (2.44)

and for the liquid phase

−ALdp − τLwPLwdz + τLGPLGdz −ALρL dz g sinθ + uLΓL = ṀLduL (2.45)

Adding equations (2.44) and (2.45) and using the conservation of momentum across the interface

τGLPGLdz + uGΓG = τLGPLGdz + uLΓG (2.46)

we obtain the following equation which represents the basic differential equation for this simplified
approach

−Adp+ τGwPGwdz − τLwPLwdz − g sinθ[ALρL +AGρG] = d(ṀLuL + ṀGuG) (2.47)

The net frictional force acting on each phase may be expressed in terms of the ones occupied by
each phase

(dFG + S) = −τGwPGwdz − τGLPGLdz = −AG

(
dp

dz
F

)
G

dz (2.48)

(dFL − S) = −τLwPLwdz + τGLPGLdz = −AL

(
dp

dz
F

)
L

dz (2.49)

Adding equations (2.48) and (2.49), we obtain the expression for the total net frictional force

(dFG + dFL) = −τGwPGwdz − τLwPLwdz = −A
(
dp

dz
F

)
dz (2.50)

where the term
(
dp

dz
F

)
represents the part of the overall pressure gradient required to overcome

friction.

Substitution of equation (2.50) into equation (2.47) and rearrangement yields

(
dp

dz

)
=

(
dp

dz
F

)
+

(
dp

dz
a

)
+

(
dp

dz
z

)
(2.51)
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where the term
(
dp

dz
a

)
reflects the change in kinetic energy of the flow and can be expressed, using

relationships introduced in this chapter, as:

−
(
dp

dz
a

)
=

1
A

d

dz

(
ṀGuG + ṀLuL

)
= G2 d

dz

[
x2

ε ρG
+

(1 − x)2

(1 − ε) ρL

]
(2.52)

and the term
(
dp

dz
z

)
reflects the change in static head and can be expressed as:

−
(
dp

dz
z

)
= g sinθ

[
AG

A
ρG +

AL

A
ρL

]
= g sinθ [ερG + (1 − ε)ρL] (2.53)

The above derivation introduces the use of the momentum equation to relate the total pressure
gradient in terms of its three separate components: friction, acceleration and static head. It should
be explained at this point that the frictional component has been derived in terms of the total wall
shear force (dFG + dFL).

2.6.3 Conservation of energy

The rate of increase of total energy for phase k (internal plus kinetic energy) within the control
element plus the rate at which total energy is convected into the control element is balanced against
the rate at which heat is added to phase k plus the rate at which work is done on phase k plus the
rate at which energy energy is transferred across the interface to the control element. The equation
expressing the differential energy balance is:
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Ṁkp

ρk

))]
3

−
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(2.54)

A brief discussion of terms in this equation is given below:

• the terms in box 1 represent the rate of increase of total energy plus the rate at which energy
enters within the control element in the absence of the addition or subtraction of mass through
the channel walls.

• the terms in box 2 represent the rate at which heat enters phase k within the control volume,
namely: the heat flow via the channel wall over the perimeter Pkw, the heat flow via the
various interfaces with the other n phases and the internal heat generation for phase k within
the control element itself.

• the terms in box 3 represent the work done by pressure forces.
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• the terms in box 4 represent the work done by body forces.

• the terms in box 5 represent the work done by shear and pressure forces at the interface with
other phases.

• the term in box 6 represents the rate at which energy is added to phase k by virtue of mass
transfer across the interface.

Rearranging terms, equation (2.54) may be written as:
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where ik represents the enthalpy of phase k per unit of mass

ik = uk +
p

ρk
(2.56)

For the particular case of steady-state, two-phase gas(G)/liquid(L) flow in a constant area channel
with no internal heat generation (φ̇k), equation (2.55) reduces to the following expressions for the
vapor and liquid phases:
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Adding equations (2.57) and (2.58) and taking into account the conservation of energy across the
interface, the results gives:
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2

)
+ φGLPGL + uG τGLPGL = ΓL

(
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u2
L

2

)
+ φLGPLG + uL τLGPLG (2.59)

We can now obtain the following differential equation for this simplified approach:
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d
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where the term QwL (= φwLPwL + φwGPwG) represents the heat transferred to the fluid across the
channel length per unit of wall.

Using relationships introduced in this chapter, equation (2.60) may be written
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where E = x eG + (1 − x) eL is the flow-weighted mixture internal energy per unit of mass.

The above equation shows that the total pressure gradient can be expressed in terms of a frictional
dissipation term (first bracketed term), an accelerational term (second bracketed term) and a static
head term (final term).

It should pointed out that the frictional dissipation term
(
dE

dz
− QwL

ṀG + ṀL

)
includes the dissipa-

tion of mechanical energy not only within the fluid due to friction at the channel walls but also at
the interface due to the relative motion of the phases.
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Chapter 3

Overview of Flow Pattern Maps

For two-phase flow, the respective distribution of the liquid and vapor phases is an important
factor of their description. Their respective distribution take on some commonly observed flow
structures, which are defined as two-phase flow patterns or flow regimes, and they present
particular identifying characteristics. In fact, pressure drops and heat transfer coefficients are
closely related to the local flow structure of the fluid, and thus two-phase flow pattern prediction
is an important aspect of modelling evaporation and condensation. Hence, in order to obtain local
flow pattern based models, a reliable flow pattern map to identify what type of flow pattern
exists at the local flow conditions is needed. Analogous to predicting the transition from laminar
to turbulent flow in single-phase flows, two-phase flow pattern maps are used for predicting the
transition from one type of two-phase flow pattern to another.

In this chapter, first the geometric characteristics of flow patterns inside horizontal tubes will be
described. Second, several widely quoted, older flow pattern maps for horizontal flows will be
presented. Finally, a recent flow pattern map and corresponding flow regime transition equations
specifically for diabatic flows and in particular for evaporation in horizontal tubes will be presented.

3.1 Flow patterns in horizontal flow

Flow patterns for co-current flow of gas and liquid in a horizontal tube are strongly influenced by
gravity that acts to stratify the liquid to the bottom of the tube and the gas to the top. The liquid
and gas phases distribute themselves into several recognizable flow structures. These are referred
to as flow patterns or flow regimes and they are shown in Fig. (3.1) and can be described as follows:

• Bubbly flow. The gas bubbles are dispersed in the liquid with a high concentration of
bubbles in the upper half of the tube due to their buoyancy. When shear forces are dominant,
the bubbles tend to disperse uniformly in the tube. For horizontal flows, this regime only
occurs at high mass flow rates.

• Stratified flow. At low liquid and gas velocities, complete separation of the two phases
occurs. The gas goes to the top and the liquid to the bottom of the tube. Both phases are
separated by an undisturbed flat interface. Therefore, the liquid and gas are fully stratified
in this regime.

35
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Figure 3.1: Two-phase flow patterns in horizontal flow.

• Stratified-wavy flow. Increasing the gas velocity in a stratified flow, waves are formed on
the interface and travel in the direction of the flow. The amplitude of the waves is notable
and depends on the relative velocity of the two phases; however, their crests do not reach the
top of the tube. The waves climb up the sides of the tube, leaving behind thin films of liquid
on the wall.

• Intermittent flow. Further increasing the gas velocity, these interfacial waves become large
enough to wash the top of the tube. This regime is characterized by large amplitude waves
intermittently washing the top of the tube with smaller amplitude waves in between. Large
amplitude waves often contain entrained bubbles. The top wall is nearly continuously wetted
by the large amplitude waves and the thin liquid films left behind. Intermittent flow is also a
composite of the plug and slug flow regimes. These subcategories are characterized as follows:

– Plug flow. This regimen has liquid plugs that are separated by elongated bubbles. The
diameters of the elongated bubbles are much smaller than the tube such that the liquid
phase is continuous along the bottom of the tube below the elongated bubbles.

– Slug flow. At higher gas velocities, the diameters of elongated bubbles become similar
in size to the channel height. The liquid slugs separating such elongated bubbles can
also be described as large amplitude waves.

• Annular flow. At even larger gas flow rates, the liquid forms a continuous film around
the perimeter of the tube. The interface between the liquid annulus and the vapor core is
disturbed by small amplitude waves and droplets may be dispersed in the gas core. At high
gas fractions, the top of the tube with its thinner film becomes dry first, so that the annular
film covers only part of the tube perimeter and thus this is then classified as stratified-wavy
flow.



3.2. FLOW PATTERN MAPS IN HORIZONTAL FLOW 37

• Mist flow. At very high velocities most of the liquid is entrained as spray by the gas. The
spray appears to be produced by the high velocity gas ripping the annular liquid film off from
the wall.

3.2 Flow pattern maps in horizontal flow

The analysis of single-phase flow is made easier if one can establish that the flow is either laminar or
turbulent and whether any separation or secondary flow effect occurs. This information is equally
important in the study of gas-liquid flow. However, perhaps of greater importance in the latter
case is the topology or geometry of the flow, i.e. the corresponding flow patterns or flow regimes.
Fig. (3.2) shows a schematic representation of a horizontal tubular channel heated by a uniform
low heat flux and fed with liquid just below the saturation temperature.

Figure 3.2: Flow patterns during evaporation in a horizontal tube ([35]).

To predict the local flow pattern in a tube, a flow pattern map is used. These are an attempt,
on a two-dimensional graph, to separate the space into areas corresponding to the various flow
regimes. It should be pointed out that the flow pattern is also influence by a number of secondary
variables but it is not possible to represent their influence using only a two-dimensional plot. One
should be aware that transition curves on flow pattern maps should be considered as transition
zones analogous to that between laminar and turbulent flows.

3.2.1 Baker flow pattern map

The first to recognize the importance of the flow pattern as a starting point for the calculation of
pressure drop, void fraction, and heat and mass transfer was Baker [7] in 1954. He published the
earliest flow pattern map for horizontal flow, presented in Fig. (3.3).

To utilize this map, first the mass velocities of the liquid GL and vapor GG must be determined.
Then the gas-phase parameter λ and the liquid-phase parameter ψ are calculated as follows:

λ =
(
ρG

ρair

ρL

ρwater

)1/2

(3.1)
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Figure 3.3: Baker (1954) flow pattern map for horizontal flow in a tube.

ψ =
(σwater

σ

)[(
µL

µwater

)(
ρwater

ρL

)2
]1/3

(3.2)

where ρG, ρL, µL and σ are the properties of the fluid and ρwater, ρair, µwater and σwater are
the reference properties of air and water at standard atmospheric pressure and room temperature.
This map was developed based on air-water data. Note that λ and ψ are standard dimensionless
parameters that should take into account the variation in the properties of the fluid.

3.2.2 Mandhane et al. flow pattern map

In the interest of simplicity, Mandhane et al. [91] in 1974 proposed a basic flow pattern map based on
air-water data, and then attempt to apply physical property corrections. While this was certainly
not a new approach, previous workers did not have access to the amount of data that were available
for this study. The proposed flow pattern map is shown in Fig. (3.4). It should be noted that the
transition between adjacent flow patterns do not occur suddenly but over a range of flow rates.
Thus, in this figure, transitions between flow patterns are shown as broad bands instead of lines.

The transition boundaries indicated were located on the basis of a log VSL vs. log VSG plot of the
1178 observations for the air-water system, where VSL(jL) and VSG(jG) are respectively the liquid
and vapor superficial velocities. One of the mayor improvements of this approach was that they
showed that the effect of tube diameter was adequately taken into account by using the superficial
velocities, VSL and VSG, as the coordinate axes.
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Figure 3.4: Mandhane (1974) flow pattern map for horizontal flow in a tube.

As pointed out, the Mandhane et al. flow pattern map was developed using air-water data. In order
to take into account the variation in the properties of the fluid, they proposed two dimensionless
parameters. These factor are applied to the flow pattern boundaries rather than to the axes of the
map following the procedure well described in their paper. The proposed map, and the physical
property correction procedure were then compared with a huge data bank.

3.2.3 Taitel and Dukler flow pattern map

Taitel and Dukler [125] proposed in 1976 a flow pattern map for horizontal flow in tubes. This map
is shown in Fig. (3.5) and is based on their analytical analysis of the flow transition mechanisms
together with empirical selection of several parameters. The proposed map has a better scientific
basis than many of the previous attempts and thus extrapolates better than the others maps. The
map uses the Martinelli parameter X, the gas Froude number FrG and the parameters T and K
and is composed of three graphs.

The Martinelli parameter is:

X =
[

(dp/dz)L
(dp/dz)G

]1/2

(3.3)
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Figure 3.5: Taitel and Dukler (1976) flow pattern map for horizontal flow in a tube.

The gas-phase Froude number is:

FrG =
GG

[ρG(ρL − ρG)Dg]1/2
(3.4)

Their parameter T is:

T =
[ |(dp/dz)L|
g(ρL − ρG)

]1/2

(3.5)

Their parameter K is:

K = FrGRe
1/2
L (3.6)
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where the liquid-phase and vapor-phase Reynolds numbers are:

ReL =
GLD

µL
(3.7)

ReG =
GGD

µG
(3.8)

The pressure gradient of the flow for phase k (where k is either L or G) is:

(dp/dz)k = −2fkG
2
k

ρkD
(3.9)

For Rek ≤ 2000, the laminar flow friction factor is used:

fk =
16
Rek

(3.10)

For Rek > 2000, the turbulent flow friction factor equation is used:

fk =
0.079

Re
1/4
k

(3.11)

To implement the map, one first determines the Martinelli parameter X and FrG. Using these
two parameters on the top graph, if their coordinates fall in the annular flow regime, then the flow
pattern is annular. If the coordinates of X and FrG fall in the lower left zone of the top of the
graph, then K is calculated. Using K and X in the middle graph, the flow regime is identified
as either stratified-wavy or fully stratified. If the coordinates of X and FrG fall in the right zone
on the top graph, then T is calculated. Using T and X in the bottom graph, the flow regime is
identified as either bubbly flow or intermittent (plug or slug) flow.

3.2.4 Hashizume flow pattern map

Hashizume [59] in 1983 performed flow pattern observation experiments for refrigerant two-phase
flow in a horizontal tube. He showed that the flow pattern boundaries of refrigerant two-phase flows
differ considerably from those of Baker map, which was based on air-water data. He concluded that
the flow patterns of refrigerant two-phase flows can be presented on a revised Baker map, where
the property correction factor on surface tension was modified. The revised Baker map is shown
in Fig. (3.6).

The modified property correction factor proposed is:

ψ′ =
(σwater

σ

)1/4
[(

µL

µwater

)(
ρwater

ρL

)2
]1/3

(3.12)

Because the correction term (σwater/σ) for the air-water system is nearly unity, the modified Baker
map with Eq. (3.12) is practically identical to the original Baker map for air-water system.
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Figure 3.6: Hashizume (1983) flow pattern map for horizontal flow in a tube.

In fact, Hashizume was one of the first to propose a flow pattern map based on observations for
refrigerants instead of air-water as in most of previous work.

3.2.5 Kattan-Thome-Favrat flow pattern map

These above flow patterns maps were all developed for adiabatic two-phase flows but are often
extrapolated for use with the diabatic process of evaporation. As with any extrapolation, this may
or may not produce reliable results. Important factors influencing the flow during evaporation,
which may have an effect on transition between flow regimes, are nucleate boiling, evaporation of
liquid films and the accelerational of the flow due to the phase change. It is desirable to define for
this type of flow a flow pattern map that includes the influences of heat flux and dryout on the flow
pattern transition boundaries and one one which is also easier to implement than the frequently
used log − log format. As a first step in this direction Kattan,Thome and Favrat [76, 77, 78]
proposed a modification of the Steiner [122] map, which is itself a modified Taitel-Dukler map,
and included a method for predicting the onset of dryout at the top of the tube in evaporating
annular flows. This flow pattern map will be presented here and the corresponding flow regime
transition boundaries are depicted in Fig. (3.7) (bubbly flow occurs at very high velocities and is not
shown). This map provides the transition boundaries (calculated from their underlying transitions
equations) on a linear-linear graph with mass velocity plotted versus gas or vapor fraction for the
particular fluid and flow channel, which is much easier to use than the log − log format of other
maps.

For the sake of simplicity, the transition between stratified and stratified-wavy flow will be des-
ignated as ”S-SW”, between stratified-wavy and intermittent/annular as ”SW-I/A”, between
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intermittent and annular as ”I-A”, between annular and mist flow ”A-M” and between intermit-
tent and bubbly flow as ”I-B”.
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Figure 3.7: Kattan (1998) flow pattern map (solid lines) evaluated for refrigerant R-410A at
Tsat = 5oC in 13.84mm internal diameter tube.

The transition ”S-SW” is given by the expression:

Gstrat =
{

(226.3)2ALDA
2
GDρG(ρL − ρG)µLg

x2(1 − x)π3

}1/3

(3.13)

The transition ”S-I/A” is:

Gwavy =

{
16A3

GDgDρLρG
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[
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25h2
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+ 50 (3.14)

The high vapor quality portion of this curve depends on the ratio of the Froude number (FrL)
to the Weber number (WeL), where FrL is the ratio of the inertia to the surface tension forces
while WeL is the ratio of inertia to gravity forces. The transition ”A-M” is given by the following
expression:

Gmist =
{

7680A2
GDgDρLρG

x2π2ξPh

(
Fr

We

)
L

}0.5

(3.15)
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Evaluating the above expression for the minimum mass velocity of the mist transition gives the
value of xmin, and when x > xmin:

Gmist = Gmin (3.16)

The transition threshold into bubbly flow (not shown in Fig. (3.7)) is given by:

Gbubbly =
{

256AGDA
2
LDD

1.25ρL(ρL − ρG)g
0.3164(1 − x)1.75π2PiDµ0.25

L

}1/1.75

(3.17)

In the above equations, the ratio of We to Fr is

(
We

Fr

)
L

=
gD2ρL

σ
(3.18)

and the friction factor is

ξPh =
[
1.138 + 2log

(
π

1.5ALD

)]−2

(3.19)

The non-dimensional empirical exponents F1(q) and F2(q) in the ”S-SW” boundary equation
include the effect of heat flux on the onset of dryout of the annular film, i.e. the transition from
annular flow into annular flow with partial dryout around the upper perimeter of thr tubr, the
latter is classified as stratified-wavy flow by the map. They are given as:

F1(q) = 646.0
(

q

qcrit

)2

+ 64.8
(

q

qcrit

)
(3.20)

F2(q) = 18.8
(

q

qcrit

)
+ 1.023 (3.21)

The Kutateladze [85] correlation for the heat flux at the departure from nucleate boiling, qcrit, is
used to normalize the local heat flux:

qcrit = 0.131ρ1/2
G hLG [g(ρL − ρG)σ]1/4 (3.22)

The transition ”I-A” is assumed to occur at a fixed value of the Martinelli parameter, Xtt equal to
0.34. Solving for x in Eq. (2.37), the threshold line intermittent-to-annular flow transition at xIA

is:

xIA =

{[
0.2914

(
ρG

ρL

)−1/1.75 (µL

µG

)−1/7
]

+ 1

}−1

(3.23)

Fig. (3.8) defines the geometrical dimensions of the flow where PL is the wetted perimeter of the
tube, PG is the dry perimeter in contact with only vapor, hL is the height of the completely stratified
liquid layer, and Pi is the length of the phase interface. Similarly AL and AG are the corresponding
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Figure 3.8: Cross-sectional and peripheral fractions in a circular tube.

cross-sectional areas. Normalizing with the tube internal diameter, D, six dimensionless variables
are obtained:

hLD =
hL

D
; PLD =

PL

D
; PGD =

PG

D
; PiD =

Pi

D
ALD =

AL

D2
; AGD =

AG

D2
; (3.24)

The dimensionless peripheral and cross-sectional area variables that are required for analysis can
be derived from the geometry for a given liquid height hL or for a reference liquid level hLD.

For hLD ≤ 0.5:

PLD =
(
8(hLD)0.5 − 2(hLD(1 − hLD))0.5

)
/3 (3.25)

PGD = π − PLD (3.26)

ALD =
(
12(hLD(1 − hLD))0.5 + 8(hLD)0.5

)
hLD/15 (3.27)

AGD =
π

4
−ALD (3.28)

For hLD > 0.5:

PGD =
(
8(hLD)0.5 − 2(hLD(1 − hLD))0.5

)
/3 (3.29)

PLD = π − PGD (3.30)

AGD =
(
12(hLD(1 − hLD))0.5 + 8(hLD)0.5

)
hLD/15 (3.31)

ALD =
π

4
−AGD (3.32)
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For 0 ≤ hLD ≤ 1:

PiD = 2 (hLD(1 − hLD))0.5 (3.33)

Since hL is unknown, an iterative method utilizing the following equation is necessary to calculate
the reference liquid level hLD:

X2
tt =

[(
PGD + PiD

π

)1/4 ( π2

64A2
GD

)(
PGD + PiD

AGD
+
PiD

ALD

)](
π

PLD

)1/4 (64A3
LD

π2PLD

)
(3.34)

Once the reference liquid level hLD is known, the dimensionless variables are calculated from
Eqs. (3.25) to (3.33) and the transition curves for the flow pattern map are determined with
Eqs. (3.13) to (3.23).

An improved version of this map was proposed by Zürcher et al. [165] (1999), Zürcher [166] (2000)
and Zürcher et al. [163] (2002), respectively. This improved version of Kattan flow pattern map
respects their ammonia flow pattern observations but is in fact quite complex to implement. It
used the Taitel and Dukler [125] (1976) void fraction model for fully stratified flows, the Rouhani-
Axelsson [110] (1970) void fraction model for intermittent and annular flows and interpolates be-
tween these two for stratified-wavy flows. Also, its includes a dissipation function in the ”SW-A/I”
transition curve. The entire set of equations of this improved flow pattern map must be iteratively
solved to find the transition curves, which is physically logical but difficult to implement for general
practice.

3.2.6 Thome and El Hajal flow pattern map

An easier to implement version of the above maps was proposed by Thome and El Hajal [131].
In the previously presented flow pattern maps, the dimensionless variables ALD, AGD, hLD and
PiD were calculated following an iterative procedure using the stratified flow void fraction model
of Taitel-Dukler [125]. On the other hand, the flow pattern based heat transfer model of Kattan et
al. [78] uses the Steiner [122] version of the Rouhani-Axelsson [110] drift flux model for horizontal
tubes to predict the void fraction ε:

ε =
x

ρG

[
(1 + 0.12(1 − x))

(
x

ρG
+

(1 − x)
ρL

)
+

1.18(1 − x)[gσ(ρL − ρG)]0.25

G2ρ0.5
L

]−1

(3.35)

This drift flux void fraction model is easy to apply and gives the void fraction as an explicit function
of total mass flux, which the method of Taitel-Dukler does not. Therefore, it makes sense to use the
same void fraction model in both the flow pattern map and the flow boiling heat transfer model,
for which the Rouhani-Axelsson model is a better choice as a general method. This was latter
proven experimentally by making 238 void fraction measurements for R-22 and R-410A in Wojtan
et al. [154].

Then, knowing the cross-sectional area of the tube, the values ALD and AGD are determinable as:

ALD =
A(1 − ε)
D2

(3.36)
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Figure 3.9: Stratified angle in two-phase flow.

AGD =
Aε

D2
(3.37)

The dimensionless liquid height hLD and the dimensionless length of the liquid interface PiD can
be expressed as a function of stratified angle θstrat:

hLD = 0.5
(

1 − cos
(

2π − θstrat

2

))
(3.38)

PiD = sin
(

2π − θstrat

2

)
(3.39)

Avoiding any iteration, the stratified angle θstrat can be calculated from an approximate expression,
evaluated in terms of void fraction, proposed by Biberg [16] as follows:

θstrat = 2π − 2

{
π(1 − ε) +

(
3π
2

)1/3 [1 − 2(1 − ε) + (1 − ε)1/3 − ε1/3]
− 1

200 (1 − ε)ε[1 − 2(1 − ε)[1 + 4((1 − ε)2 + ε2]

}
(3.40)

The transition curve ”SW-I/A” is determined using the updated expression of Zürcher et al. [165]
for Gwavy, where Gwavy is in kg/m2s:

Gwavy =

{
16A3

GDgDρLρG

x2π2 (1 − (2hLD − 1)2)0.5

[
π2

25h2
LD

(1 − x)−F1(q)

(
We

Fr

)−F2(q)

L

1

]}0.5

(3.41)

+50 − 75 e
−

„
(x2−0.97)2

x(1−x)

«

Similarly, the transition curve from ”S-SW” is determined using the other expression of Zürcher et
al. [165] for Gstrat, where Gstrat is in kg/m2s:

Gstrat =
{

(226.3)2ALDA
2
GDρG(ρL − ρG)µLg

x2(1 − x)π3

}1/3

+ 20x (3.42)
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Figure 3.10: Thome-El Hajal (2002) flow pattern map or refrigerant R-22 at Tsat = 5oC and
qflux = 7.5 kW/m2 in 13.84mm internal diameter tube.

The non-dimensional empirical exponents F1(q) and F2(q) were added to the Gwavy expression to
include the effect of heat flux on the onset of dryout of the annular film, i.e. the transition from
annular flow into annular flow with partial dryout. These parameters are determined as:

F1(q) = 646.0
(
q/2
qcrit

)2

+ 64.8
(
q/2
qcrit

)
(3.43)

F2(q) = 18.8
(
q/2
qcrit

)2

+ 1.023 (3.44)

where again the Kutateladze correlation Eq. (3.22) for the critical heat flux qcrit was used to
normalize the local heat transfer.

The ”A-M”, ”I-A” and ”I-B” transition boundaries have not been changed and it is recommended
to use them in the same form proposed by Kattan et al. [76].

3.2.7 Wojtan-Ursenbacher-Thome flow pattern map

Based on information obtained from dynamic void fraction measurements and observations of the
cross-sectional locus of the liquid-vapor interface, a more recent version of the Kattan et al. flow
map has been proposed by Wojtan et al. [155], and also includes the effect of heat flux on the
transition to mist flow.
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This new map is illustrated in Fig. (3.11) where S= stratified flow, SW= stratified-wavy flow, I=
intermittent flow, A= annular flow, M= mist flow and D represents the transition zone between
annular and mist flow.

Figure 3.11: Flow pattern map for R-22 at Tsat = 5oC in a 13.84mm internal diameter tube at
G = 100 kg/m2s and q = 2.1kW/m2.

The implementation procedure for the updated version is as follows:

1. First, the geometrical parameters ε,ALD, AV D, θstrat, hLD and Pid are calculated from the
following equations:

ε =
x

ρG

[
(1 + 0.12(1 − x))

(
x

ρG
+

(1 − x)
ρL

)
+

1.18(1 − x)[gσ(ρL − ρG)]0.25

G2ρ0.5
L

]−1

(3.45)

ALD =
A(1 − ε)
D2

(3.46)

AGD =
Aε

D2
(3.47)

θstrat = 2π − 2

{
π(1 − ε) +

(
3π
2

)1/3 [1 − 2(1 − ε) + (1 − ε)1/3 − ε1/3]
− 1

200(1 − ε)ε[1 − 2(1 − ε)[1 + 4((1 − ε)2 + ε2]

}
(3.48)

hLD = 0.5
(

1 − cos
(

2π − θstrat

2

))
(3.49)
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PiD = sin
(

2π − θstrat

2

)
(3.50)

2. The S-SW transition is calculated from:

Gstrat =
{

226.32ALDA
2
GDρG(ρL − ρG)gµL

x2(1 − x)π3

}1/3

(3.51)

where Gstrat = Gstrat(xIA) at x < xIA.

The flow is stratified whenever G < Gstrat.

3. The SW-I/A boundary is calculated from the following equation:

Gwavy =

{
16A3

GDgDρLρG

x2π2(1 − (2hLD − 1)2)0.5

[
π2

25h2
LD

(
We

Fr

)−1

L

+ 1

]}0.5

+ 50 (3.52)

The stratified-wavy region lies above the stratified region and is then subdivided into three
zones:

• G > Gwavy(xIA) gives the SLUG zone;

• Gstrat < G < Gwavy(xIA) and x < xIA give the SLUG/STRATIFIED-WAVY zone;

• x ≥ xIA gives the STRATIFIED-WAVY zone.

4. The I-A transition is calculated from the equation below and is extended down to its inter-
section with Gstrat:

xIA =

{[
0.341/0.875

(
ρG

ρL

)−1/1.75 (µG

µL

)1/7
]

+ 1

}−1

(3.53)

5. The A-D boundary is calculated from:

Gdryout =

⎡
⎣ 1

0.235

(
ln

(
0.58
x

)
+ 0.52

) (
D

ρGσ

)−0.17
·(

1
gDρG(ρL−ρG)

)−0.37 (
ρG
ρL

)−0.25 (
q

qcrit

)−0.70

⎤
⎦

0.926

(3.54)

6. The D-M is calculated from:

Gmist =

⎡
⎣ 1

0.0058

(
ln

(
0.61
x

)
+ 0.57

) (
D

ρGσ

)−0.38 ·(
1

gDρG(ρL−ρG)

)−0.15 (
ρG
ρL

)0.09 (
q

qcrit

)−0.27

⎤
⎦

0.943

(3.55)

The following conditions are then applied to define the transitions in the high quality range:

If Gstrat ≥ Gdryout, then Gdryout = Gstrat

If Gwavy ≥ Gdryout, then Gdryout = Gwavy
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The maximum values of x to use in Eqs. (3.54) and (3.55) are 0.99

This updated version provides a more accurate prediction of different flow regimes (in particular
the onset and completion of dryout around the tube perimeter) and does not require any iterative
calculations. Therefore, it can be easily used for flow regime identification.

3.3 Conclusions

Many flow pattern maps are available for predicting adiabatic two-phase flow regimes in horizontal
tubes, but most of them were developed based on air-water data and just few were specifically de-
veloped for refrigerants. In order to overcome this difficulty, some empirical factors were introduced
to extrapolate one of these air-water maps to refrigerants. Another important characteristic is that
most maps were developed for adiabatic conditions and then extrapolated to diabatic conditions.
As it has been pointed out previously, the extrapolation procedure may not always produce reliable
results.

The original Kattan-Thome-Favrat flow pattern map and their respective updates, were developed
specifically for refrigerants under diabatic and adiabatic conditions, overcoming thus the two draw-
backs previously mentioned. Furthermore, the Wojtan-Ursenbacher-Thome version of the original
Kattan-Thome-Favrat flow pattern map includes the influences of heat flux and dryout on the
flow pattern transition boundaries providing a much more accurate prediction of the flow regimes.
Finally this map avoids any iterative calculations and thus can be easily used for flow regime
identification.
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Chapter 4

Two-Phase Pressure Drop Models

Despite numerous theoretical and experimental investigations, no general models are available that
reliably predict two-phase pressure drops. A reason for this is that two-phase flow includes all
the complexities of single-phase like non-linearities, transition to turbulence and instabilities plus
additional two-phase characteristics like motion and deformation of the interface, non-equilibrium
effects and interactions between phases. The prediction of this important design parameter is made
by one of three approaches: empirical correlations, analytical models or phenomenological
models. In this chapter these different approaches are examined and principal advantages and
disadvantages presented. Also in this chapter leading existing methods are presented and critically
reviewed.

4.1 Two-phase pressure drops

The total pressure drop of a fluid is the sum of the variation of potential energy of the fluid, kinetic
energy of the fluid and that due to friction on the channel walls. Thus, the total pressure drop
∆ptotal is the sum of the static pressure drop (elevation head) ∆pstatic, the momentum pressure
drop (acceleration) ∆pmom, and the frictional pressure drop ∆pfrict:

∆ptotal = ∆pstatic + ∆pmom + ∆pfrict (4.1)

For a horizontal tube, there is no change in static head so ∆pstatic = 0. The momentum pressure
drop reflects the change in kinetic energy of the flow and is given by:

∆pmom = G2

{[
(1 − x)2

ρL(1 − ε)
+

x2

ρGε

]
out

−
[

(1 − x)2

ρL(1 − ε)
+

x2

ρGε

]
in

}
(4.2)

where G is the total mass velocity of liquid plus vapor and x is the vapor quality.

The momentum pressure drop reflects the change in kinetic energy of the flow and is calculable,
for evaporating flows in horizontal tubes, by input of the inlet and outlet vapor qualities and
void fractions. When measuring two-phase pressure drop for evaporation in horizontal tubes, the
frictional pressure is obtainable by subtracting the momentum pressure drop from the measured
total pressure drop from the measured total pressure drop since the static pressure drop is zero.

53
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4.2 Empirical methods

This is a commonly used approach in modelling two-phase pressure drop. The main reason in
following this approach is that minimum knowledge of the system characteristics is required. Thus,
empirical models are easy to implement and often they provide good accuracy in the range of the
database available for the correlations development. As a consequence, one of principal disadvan-
tages of this approach is that they are limited by the range of their underlying database. Another
important disadvantage of the empirical approach is that no single correlation is able to provide
an acceptable accuracy for general sense.

Below, the most quoted empirical methods are presented and critically reviewed.

4.2.1 Lockhart-Martinelli [90]

This work will be considered first because of its extensive historical use and the continued references
to it in the literature. In this treatment they postulated that two-phase flow could be divided into
four flow regimes:(1) liquid and gas both turbulent (tt), (2) liquid turbulent and gas viscous (tv),
(3) liquid viscous and gas turbulent (vt), (4) liquid and gas both viscous (vv).

The changeover points were selected to be consistent with single-phase flow and to give the best
correlation of the experimental data. There are two basic postulates on which the analysis is
based: (1) The static pressure drop for liquid and gaseous phases must be equal regardless of the
flow pattern; (2) The volume occupied by the liquid plus the gas at any instant (position) must
equal the total volume of the pipe. These postulates imply that the flow pattern does not change
along the tube length. In effect they eliminate those flows which have large pressure fluctuations,
such slug and intermittent flows, and those with radial pressure gradients, such as stratified and
stratified-wavy flows.

In the final correlation, the two-phase frictional pressure drop based on a two-phase multiplier for
the liquid-phase, or the vapor-phase, respectively, is:

∆pfrict = φ2
L∆pL (4.3)

∆pfrict = φ2
G∆pG (4.4)

where the terms ∆pL and ∆pG represent the frictional two-phase pressure drop that would exist if
the the flow as a liquid or gas, respectively, were assumed to flow alone in the entire cross-section
of the channel, and are calculated as:

∆pL = 4fL

(
L

D

)
G2(1 − x)2

(
1

2ρL

)
(4.5)

∆pG = 4fG

(
L

D

)
G2x2

(
1

2ρG

)
(4.6)

The single-phase friction factors of the liquid fL and vapor fG and Reynolds numbers are calculated
using the classical definition with their respective physical properties:
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fL =
0.079
Re0.25

L

where ReL =
G(1 − x)D

µL
(4.7)

fG =
0.079
Re0.25

G

where ReG =
GxD

µG
(4.8)

Then, Martinelli and his co-workers argued that the two-phase friction multipliers φ2
L and φ2

G could
be correlated uniquely as a function of Martinelli parameter X, which represents the ratio between
the theoretical pressure gradients which would occur if either fluid were flowing alone in the pipe
with the original flow rate of each phase and is calculated with Eq. (2.33), accounting for the flow
regime of each phase. This was verified using their experimental data.

Figure 4.1: Lockhart-Martinelli correlation.

The resulting graphical correlation is shown in Fig. (4.1) where φ (note: not φ2) is plotted against
X. All flow regimes were correlated in this manner and the corresponding φ2

L and φ2
G can be related

to the parameter X by relationships of the form

φ2
L = 1 +

C

X
+

1
X2

(4.9)

φ2
G = 1 + CX +X2 (4.10)
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The curves in Fig. (4.1) are well represented by Eqs. (4.9) and (4.10) when C takes the following
values:

liquid gas C

turbulent turbulent (tt) 20
viscous turbulent (vt) 12
turbulent viscous (tv) 10
viscous viscous (vv) 5

Table 4.1: Values of C to fit the empirical curves of Lockhart and Martinelli.

To use this method to calculate the two-phase frictional pressure drop, it is only necessary to
calculate the frictional pressure drop for each phase flowing alone in the channel and then use
Fig. (4.1) or alternatively Eqs. (4.9) and (4.10). The correlation was developed for horizontal
two-phase flow of two-component systems at low pressures (close to atmospheric) and its application
to situations outside this range of conditions is not recommended.

4.2.2 Bankoff [9]

Bankoff made an extension of the homogeneous two-phase model by including some two-dimensional
effects. He derived expressions for the axial variation of velocity and void fraction in a tube. The
assumption was that the axial variation could be determined using a power law function. His
two-phase frictional pressure gradient is

(
dp

dz

)
fric

=
(
dp

dz

)
L0

φ
7/4
Bf (4.11)

The liquid frictional pressure gradient is

(
dp

dz

)
L0

= fL0
2G2

DρL
(4.12)

and the liquid friction factor fL0 is calculated as follows:

fL0 =
0.079
Re0.25

L0

where ReL0 =
GD

µL
(4.13)

His two-phase multiplier is

φBf =
1

1 − x

[
1 − γ

(
1 − ρG

ρL

)] 3
7
[
1 + x

(
ρL

ρG
− 1

)]
(4.14)

where
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γ =
0.71 + 2.35

(
ρG
ρL

)
1 +

(
1−x

x

) (ρG
ρL

) (4.15)

This method was derived using data for steam-water mixtures and is applicable to vapor qualities
from 0 < x < 1.

4.2.3 Cicchitti et al. [34]

Cicchitti et al. developed a simple correlation for steam-water systems. The experimental test
conditions from which this correlation was developed were far from the normal evaporation situation
in an ordinary evaporator. Despite this, their correlation has proven to work reasonably well for
other systems and is therefore included in this work. Their correlation for predicting frictional
pressure drop is as follows:

(
dp

dz

)
frict

=
0.092
D1.2

G1.8[µL − x(µL − µG)]0.2[νL + x(νG − νL)] (4.16)

where νG and νL are the specific volumes of gas and liquid, respectively.

4.2.4 Thom [129]

Thom proposed a simplified scheme for the calculation of pressure drop during forced circulation of
a two-phase flow of boiling water and steam. He gave curves from which frictional, accelerational,
and gravitational two-phase pressure drops could be estimated from the outlet vapor quality and
the operating pressure. These curves were derived using an extensive set of experimental data for
steam-water pressure drops on heated and unheated horizontal and vertical tubes.

The pressure drop is given by the following expression:

∆ptotal = ∆pstatic + ∆pmom + ∆pfrict =

G2

(
1
ρL

)
r2 + 4fL0

(
L

D

)
G2

(
1

2ρL

)
r3 + ρLgLr4 (4.17)

where the values r2, r3 and r4 are determined from curves in Fig. (4.2) and the friction factor fL0

is obtained with Eq. (4.13).

4.2.5 Pierre [107]

Pierre measured both heat transfer and pressure drop for refrigerants evaporating in horizontal
tubes. He derived an equation that would predict both the frictional pressure drop and accelera-
tional pressure drop. From an energy equation Pierre derived the following expression for the total
pressure drop:
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Figure 4.2: Multipliers r2, r3, and r4 for boiling flow of water and steam (Thom 1964).
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∆ptotal = ∆pfrict + ∆pmom =
[
fBP +

(xout − xin)D
xL

]
G2xνGL

D
(4.18)

The two-phase friction factor for pure refrigerant fBP , valid for the case when Re/Kf > 1, is
expressed as:

fBP = 0.0185(Kf /ReL0)0.25 (4.19)

where, ReL0 is the all liquid Reynolds number calculated using Eq. (4.13) and Kf is the Pierre
boiling number defined as follows

Kf =
∆xhLG

Lg
(4.20)

4.2.6 Baroczy [11]

Baroczy described a systematic correlation for the prediction of two-phase frictional pressure drop
for both single component flow and two-component flow. The correlation considered fluid proper-
ties, vapor quality and mass velocity.

The method of calculation employs two separate sets of curves. The first of these plots, Fig. (4.3),
is a plot of the two-phase frictional multiplier φ2

fo as a function of a physical properties index
[(µf/µg)0.2(vf/vg)] with vapor quality x as a parameter for a reference mass velocity of 1356 kg/m2s.

The second, Fig. (4.4), is a plot of a correction factor Ω expressed as a function of the same
physical property index for mass velocities of 339, 678, 2712, and 4068 kg/m2s with vapor quality
as a parameter. This plot serves to correct the value of φ2

fo obtained from Fig. (4.3) to the
appropriate value of mass velocity. Thus,

(
dp

dz

)
frict

=
2ffoG

2νf

D
φ2

fo(G=1356)Ω (4.21)

where νf (νL) and νg(νG) are the respective vapor and liquid specific volumes and ffo is obtained
with Eq. (4.13).

The correlation was based on data for steam, water-air, and mercury-nitrogen for a wide range
of vapor qualities and mass velocities. His method was tested against a wide range of systems
including both liquid metals and refrigerants with satisfactory agreement between the measured
and calculated values. This correlation has the disadvantage of being graphic in nature.

4.2.7 Chawla [27]

Chawla suggested the following method based on the vapor pressure gradient:

(
dp

dz

)
frict

=
(
dp

dz

)
G0

φChaw (4.22)
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Figure 4.3: Two-phase frictional pressure drop correlation (Baroczy 1965).
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Figure 4.4: Mass velocity correction vs property index (Baroczy 1965).
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The vapor frictional pressure gradient is calculated from:

(
dp

dz

)
G0

= fG0
2G2

DρG
(4.23)

where the vapor friction factor fG0 is obtained as follows:

fG0 =
0.079
Re0.25

G0

where ReG0 =
GD

µG
(4.24)

His two-phase multiplier is

φChaw = x1.75

[
1 + S

(
1 − x

x

ρG

ρL

)]2.375

(4.25)

and his slip ratio S is:

S =
uG

uL
=

1

9.1
[

1−x
x (ReG0 FrH)−0.167

(
ρL
ρG

)−0.9 (
µL
µG

)−0.5
] (4.26)

where ReG0 = GD/µG and FrH is determining using the following expression:

FrH =
G2

gDρ2
h

(4.27)

using the following expression to determine the homogeneous density ρh

ρh =
(
x

ρG
+

1 − x

ρL

)−1

(4.28)

His method is valid for vapor qualities from 0 < x < 1. Due to fact that this model uses the vapor
phase as the starting point, it works reasonably well for high vapor qualities in the annular flow
regime.

4.2.8 Chisholm [31]

Chisholm transformed the graphical procedure of Baroczy [11] to enable a more convenient applica-
tion to the case evaporating turbulent flow of two-phase mixtures in smooth tubes. His two-phase
frictional pressure gradient is given as

∆pfrict = φ2
Ch∆pL0 (4.29)

The frictional pressure drops for the liquid and vapor phases are calculated as follows:
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∆pL0 = 4fL0

(
L

D

)
G2

(
1

2ρL

)
(4.30)

∆pG0 = 4fG0

(
L

D

)
G2

(
1

2ρG

)
(4.31)

The friction factors are obtained for turbulent flows as:

fL0 =
0.079
Re0.25

L0

where ReL0 =
GD

µL
(4.32)

fG0 =
0.079
Re0.25

G0

where ReG0 =
GD

µG
(4.33)

while for laminar flows (Re < 2000) the corresponding friction factors are calculated with the
following expression:

f =
16
Re

(4.34)

The flow is considered here fully turbulent at Re ≥ 2000 to avoid an undefined transition flow
interval interval in his method.

The parameter Y is obtained from the ratio of the frictional pressure drops as follows:

Y 2 =
∆pG

∆pL
(4.35)

Then, his two-phase multiplier is determined as:

φ2
Ch = 1 + (Y 2 − 1)[Bx(2−n)/2(1 − x)(2−n)/2 + x2−n] (4.36)

where n is the exponent from the friction factor expression of Blasius (n = 0.25).

Finally, Chisholm’s parameter B is then determined following the procedure described below:

For 0 < Y < 9.5, B is calculated as:

B =
55
G1/2

for G ≥ 1900 kg/m2s

B =
2400
G

for 500 < G < 1900 kg/m2s (4.37)

B = 4.8 for G ≤ 500 kg/m2s

For 9.5 < Y < 28, B is calculated as:
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B =
520
Y G1/2

for G ≤ 600 kg/m2s

B =
21
Y

for G > 600 kg/m2s (4.38)

For Y > 28, B is calculated as:

B =
1500
Y 2G1/2

(4.39)

Once the value of B is determined, the two-phase multiplier can be calculated and therefore the
frictional pressure drop can be determined.

It is important to note that, while the procedures developed for smooth tubes gave satisfactory
agreement with steam/water mixtures in vertical channels, these procedures considerably under-
estimated experimental air-water flow data in horizontal tubes when the mass velocity was below
700 kg/m2s.

4.2.9 Friedel [46]

One of the most accurate two-phase pressure drop correlations is said to be that of Friedel. It was
obtained by optimizing an equation for φ2

fo using a large data base of two-phase drop measurements.

This method is for vapor qualities from 0 ≤ x < 1 and utilizes a two-phase multiplier as:

∆pfrict = ∆pL0φ
2
f0 (4.40)

where ∆pL0 is determined from Eq. (4.30) and the corresponding values of liquid friction factor
and liquid Reynolds numbers are obtained from Eq. (4.32). His two-phase multiplier is correlated
as:

φ2
f0 = E +

3.24FH
Fr0.045

H We0.035
L

(4.41)

where FrH , E, F and H are as follows:

FrH =
G2

gDρ2
h

(4.42)

E = (1 − x)2 + x2 ρLfG0

ρGfL0
(4.43)

F = x0.78(1 − x)0.224 (4.44)
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H =
(
ρL

ρG

)0.91 (µG

µL

)0.19 (
1 − µG

µL

)0.7

(4.45)

His liquid Weber WeL is defined as:

WeL =
G2D

σρh
(4.46)

and his definition of the homogeneous density ρh is:

ρh =
(
x

ρG
+

1 − x

ρL

)−1

(4.47)

The correlation is applicable to vertical upflow and to horizontal flow. This method is known to
work well when the ratio µL/µG < 1000, which is the case for most working fluids and operating
conditions.

4.2.10 Grönnerud [53]

This method was developed specifically for refrigerants and is as follows:

∆pfrict = φgd∆pL0 (4.48)

and his two-phase multiplier is

φgd = 1 +
(
dp

dz

)
Fr

⎡
⎢⎣

(
ρL
ρG

)
(

µL
µG

)0.25 − 1

⎤
⎥⎦ (4.49)

where Eq. (4.30) is used for ∆pL0. His frictional pressure gradient depends on the Froude number
and is given as:

(
dp

dz

)
Fr

= fFr[x+ 4(x1.8 − x10f0.5
Fr )] (4.50)

When applying this expression, if the liquid Froude number FrL ≥ 1, then the friction factor
fFr = 1.0, or if FrL ≤ 1, then:

fFr = Fr0.3
L + 0.0055

(
ln

1
FrL

)2

(4.51)

where

FrL =
G2

gDρ2
L

(4.52)
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The correlation of Grönnerud is applicable to vapor qualities from 0 ≤ x < 1.

In a recent experimental study, Moreno Quibén and Thome [93] compared experimental results
from three different refrigerants and a wide range of operating conditions to three leading existing
methods (Friedel, Grönnerud, Müller-Steinhagen and Heck) recommended by Ould Didi, Kattan
and Thome [105]. Moreno Quibén and Thome showed that while all three provided a reasonable
agreement at one of the mass velocities studied, they either significantly overpredicted or under-
predicted the data at the other mass velocities. Also, the methods did not reliably capture the
variation in two-phase frictional pressure drop versus vapor quality. Despite these drawbacks, the
Grönnerud method was found to provide the most accurate predictions.

4.2.11 Müller-Steinhagen and Heck [97]

This method [97] proposed a two-phase frictional pressure gradient correlation that is in essence a
clever empirical interpolation between all liquid flow and all vapor flow:

(
dp

dz

)
frict

= F (1 − x)1/3 +Bx3 (4.53)

where the factor F is

F = A+ 2(B −A)x (4.54)

The factors A and B are the frictional pressure gradients for all liquid (dp/dz)L0 and all vapor
(dp/dz)G0 flow and are defined as:

(
dp

dz

)
L0

= fL0
2G2

DρL
(4.55)

(
dp

dz

)
G0

= fG0
2G2

DρG
(4.56)

The friction factors are obtained with Eqs. (4.32) and (4.33).

This new correlation for the prediction of frictional pressure drop for two-phase flow in pipes
is simple and more convenient to use than other methods. To determine their reliabilities, the
authors checked the present correlation, as well as fourteen correlations from the literature, against
an extensive data bank with measurements of frictional pressure drop in pipes. They found that
the best agreement between predicted and measured values was obtained by the correlation of
Bandel [8] which, however, is quite complex to implement and use. The correlation suggested
in their paper still predicted the frictional pressure drop with reasonable accuracy. It includes
single-phase liquid and gas pressure drops and predicts correctly the influence of flow parameters.

4.3 Analytical methods

Two-phase pressure drop models developed following this approach are general models since no
empirical information is used in their development. Besides this obvious positive aspect, the corre-
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sponding mathematical models are very complex and often iterative and numerical procedures are
required resulting in time consuming calculations.

Several two-phase pressure drop models developed following this approach can be found in litera-
ture. Nevertheless the complete set of equations describing these models, as well as the complex
resolutions procedures, will not be given in this section due to their size.

4.4 Phenomenological methods

Two-phase pressure drop models developed following a phenomenological approach are theoretical
based methods as the interfacial structure is taken into account. Thus, they are not blind to the
different flow regimes resulting in general applicability models. Despite this obvious advantage,
an important drawback of this approach is that some empiricism is still required in order to close
these models and be able to solve for the two-phase frictional pressure gradent. Another important
aspect is that no general flow pattern based model is yet available. In fact, they are only available
for individual flow patterns or flow structures. This observation preludes one of the major difficulty
in following this approach,that is they need a very reliable flow pattern map in order to be able
predict the different interfacial structures.

In what follows in this section, the existing two-phase pressure drop models developed pursuing
this approach are presented and critically reviewed.

4.4.1 Bandel [8]

Bandel assumed that the pressure drop is dependent only upon three different flow regimes, the
annular flow regime, the stratified flow regime and the transitional flow regime. He derived an
iterative procedure to calculate the frictional pressure drop for the annular flow regime and the
stratified flow regime. In these iterative procedures conditions for the different flow regimes were set
up, and from these conditions the flow regime was determined. If the flow is within the transitional
region, the pressure drop is determined via an interpolation from the results of the annular and the
stratified flow calculations.

The complete set of equations will not be given here due to their complexity and length but the
calculating procedure is given in a simple form in the paper by Müller-Steinhagen and Heck [97].

4.4.2 Beattie and Whalley [14]

Beattie and Whalley proposed a theoretically based flow pattern dependent calculation method. In
fact, they adapted an existing mixing-length theory model of two-phase pressure drop (Beattie [13])
to give a simple calculation method, of the same form as that used for single-phase flow, in which
flow pattern influences are partially allowed for in an implicit manner and therefore need not be
explicitly taken into account when using the method. They postulated that if it is assumed that
coefficients appearing in mixing-length theory are the same as those in the single-phase application
of the theory, loss of generality occurs. However the familiar Colebrook-White equation relating
friction factor f , Reynolds number Re, and surface roughness/diameter ratio k/D:
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1√
f

= 3.48 − 4 log
[
2k
D

+
9.35
Re

√
f

]
(4.57)

remains valid for many two-phase situations provided flow pattern effects are considered in the
definition of the friction factor and Reynolds number. For Re and f they used the same defintions
as in the homogeneous model:

(
dp

dz

)
frict

=
2fG2

ρD
(4.58)

Re =
GD

µ
(4.59)

and
−
ρ is the homogeneous density given by:

−
ρ =

(
x

ρG
+

1 − x

ρL

)−1

(4.60)

They proposed the following hybrid definition for the viscosity µ, allows flow pattern influences to
be taken into account

µ = µL(1 − β)(1 + 2.5β) + µGβ (4.61)

where β is the homogeneous void fraction defined as:

β =
ρLx

ρLx+ ρG(1 − x)
(4.62)

A special feature of this model is the use of Eq. (4.57) for all values of Re, even for those where
single-phase behaviour would suggest its replacement by a laminar flow relation. This is because
turbulent-like characteristics can extend to very low Reynolds numbers in two-phase flows. This
is not surprising because even in the absence of turbulence, Reynolds stresses can be expected
in two-phase flows due to the interaction of gas-liquid interfaces with the flow field. The authors
compared their method to an extensive adiabatic round tube data bank and it showed to be, despite
its simplicity, as good as most alternative, more complex methods.

4.4.3 Hashizume et al. [61]

Based on experimental two-phase flow refrigerant data in a horizontal pipe, Hashizume [60] pro-
posed a modified version of Baker flow pattern map. The boundaries for the flow transitions in
their modified version were approximated by the following correlations:

Stratified to wavy: Y = [(13.6X−0.1776)−1 + (972X−1.429)−1]−1 (4.63)
Wavy to slug: Y = 972X−1.429 (4.64)

Wavy to annular: Y = 28.05X−0.1436 (4.65)
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Here, X,Y, λ and ψ
′
are

X =
(1 − x)
x

λψ
′

(4.66)

Y =
Gx

λ
(4.67)

λ =
[(

ρG

ρAA

)(
ρL

ρWA

)]1/2

(4.68)

ψ
′
=

(
σWA

σL

)1/4
[(

µL

µWA

)(
ρWA

ρL

)2
]1/3

(4.69)

where σ represents the surface tension and the subscripts AA and WA denote the air and water
at ambient conditions, respectively. A graphical version of this modified Baker map was already
introduced in Chapter 2.

The authors argued that typical flow patterns in horizontal two-phase flow are annular and strat-
ified. On this basis, simplified models for annular and stratified flow were proposed. Since both
configurations consist of a continuous liquid (film) flow and a gas (core) flow, and their both have
a free surface as a boundary, their characteristics were supposed to be different from those of
single-phase flow. In fact, the corresponding velocity profiles were described with the Prandtl mix-
ing theory. From this analysis, and once the flow pattern configurations were determined using
the proposed map, the frictional pressure drop for both types of regimes were determined. The
intermediate region, i.e. wavy flow, was interpolated between annular and stratified flow. The
proposed simplified models for annular and stratified flows are presented below.

Annular flow

The proposed simplified model for annular flow consisted of a liquid film and a gas core. Entrain-
ment was neglected and the liquid film was assumed to be smooth and have uniform thickness in
the circumferential direction. With these assumptions and the mentioned mixing length theory,
the following equations were deduced:

1
4
ReL =

∫ Re+/2

0
u+dy+ , for liquid phase (4.70)

1
4
ReL

x

1 − x
Γ =

∫ Re+/2

δ+

(
1 − 2y+

Re+

)
u+dy+ , for gas phase (4.71)

the two unknowns Re+ and δ+ can be solved for given values of ReL(= G(1 − x)D/ρL), x and
Γ(= ρL/ρG) using an iterative procedure. The frictional Reynolds number Re+ and dimensionless
liquid film thickness δ+ definitions are:

Re+ =
ρLu

∗D
µL

(4.72)
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δ+ =
ρLu

∗δ
ρL

(4.73)

Here, u∗ is the friction velocity u∗ =
√
gδ, u+ is the dimensionless velocity u+ = u/u∗, and y+

dimensionless distance y+ = ρLu
∗y/ρL.

Once Re+ value is known from the equations above, the pressure drop can be obtained from the
relationship between wall shear stress and pressure drop:

dp

dz
=

4
D
τw =

4(Re+)2µ2
L

ρLD3
(4.74)

Stratified flow

In the same way as for annular flow, Re+ and δ+ can be calculated from Eqs. (4.70) and (4.71) for
given values of ReL, x and Γ.

In the case of stratified flow, flow in the pipe was modeled as flow between two parallel plates.
Therefore, the relationship between the distance between the upper and lower plates De and the
pipe diameter D has to be found. Comparison was made with experimental data on refrigerants in
the stratified region, presented in Hashizume [60], to seek a suitable equivalent value with which
the analytically obtained pressure drop agreed with experimental data. The following expression
was found:

De

D
= [(x5.0/Γ)−2 + (1.22x−1.42)−2]−0.5 (4.75)

Transition flow

The variation of pressure drop versus mass flux under a constant quality showed characteristic
slopes on a log log plot. Each of these slopes corresponds to stratified, transient and annular flow.
Therefore, the expression below was proposed to calculate pressure drop in the transient region by
interpolation between stratified and annular flow

(
dp

dL

)
transient

=
(
dp

dL

)
SC

(
G

GSC

)log[(dp/dL)AC/(dp/dL)SC ] log[GAC/GSC ]

(4.76)

where the subscripts SC and AC denote the critical values (at fixed vapor quality) for stratified
and annular flow. To predict GSC and GAC the modified Baker map is used.

Comparisons of this analysis with existing experimental data on refrigerants showed good agree-
ment.

4.4.4 Olujić [104]

Olujić proposed a general correlation based on the fact that in horizontal two-phase flow two
extremely different flow regimes exist: a β region, in which the velocities of the two phases are
nearly equal (bubble and plug flow), and an α region, in which the velocity of the gas phase
is higher than that of the liquid phase (wavy, slug and annular flow). In his approach, separate
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Figure 4.5: Linear interpolation for transient flow (Hashizume 1985).

correlations were developed for the two regions, with the demarcation of the valid range expressed in
terms of a relationship for the ratio of phase-volume flow rates, and a dimensionless ratio containing
a modified Froude number.

Pressure drop in β-region:

In the range of low quality flow, where the average liquid velocity, uL, is approximately equal to
the average gas velocity, uG, the simplest approach is to consider the gas-liquid mixture to be a
homogeneous flow. However, the simple homogeneous model does not ensure accurate predictions
of frictional pressure drop. Hence, he used the following expression:

(dp/dz)fric,β

(dp/dz)fric,h
= [1 − x(R− 1)(K2 − 1)] (4.77)

The homogeneous frictional pressure drop (dp/dz)fric,h is calculated from:

(dp/dz)fric,h = f

(
G2

2DρL

)
[1 + x(R − 1)] (4.78)

where R is the density ratio of the phases R = ρL/ρG, and f is the Darcy friction factor for smooth
and rough tubes estimated from:

f =
{
−2 log

[
k/D

3.7
− 5.02

Re
log

(
k/d

3.7
+

14.5
Re

)]}
(4.79)

Here, k/D = relative roughness; Re = GD/µtp ; and µtp = µL[1 − x(1 − θ)] with θ = µL/µG.
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The parameter K2 in Eq. (4.77) is determined from

K2 = 1.2
(7 + 8n)(7 + 15n)
(7 + 9n)(7 + 16n)

(4.80)

where n is calculated using

n = (0.617/β)[1 + (1 + 0.907β)1/2] (4.81)

and β is the volume-flow ratio of the phases

β =
ρGṀG

ρLṀL

(4.82)

Pressure drop in α-region:

In the range uG >> uL, the frictional pressure drop, as well as the void fraction, is affected by the
momentum exchange between the phases. For this region the proposed correlation is:

(dp/dz)fric,α = (dp/dz)SG

[
1 +

(1 − x)
xRεT

]19/8

(4.83)

where the superficial frictional gas pressure drop (dp/dz)SG is calculated as follows:

(dp/dz)SG = f

[
(Gx)2

2DρG

]
(4.84)

where the parameter εT is determined from the following equations:

εT = (ε−3
1 + ε−3

2 )−1/3 (4.85)

ε1 = 0.77R−0.55Γ(0.266R0.057) (4.86)

ε2 = 2.19R−0.61Γ(1.78R0.078) (4.87)

Γ =
(

1 − x

x

)[
G2(1 − x)2

ρ2
LgD

](
ρL

ρG

)−1/2 (µL

µG

)−1/8

(4.88)

R =
ρL

ρG
(4.89)

The proposed method was compared with experimental data from different sources. In general, the
predictions agreed well with a variety of published data for adiabatic gas-liquid flows in horizontal
pipes.
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4.4.5 ARS Model [58]

Hart, Hamersma and Fortuin [58] presented a phenomenological model, called ARS (Apparent
Rough Surface), to calculate the value of the frictional pressure drop in gas-liquid pipe flow with a
small liquid holdup, εL < 0.06 (ε > 0.94), covering the stratified, wavy and annular flow regimes.
For this kind of flow it was shown that liquid, flowing along the tube wall, may be considered as
a local roughness over a fraction θ = α/2π of the tube wall, see Fig. (4.6). The interfacial shear
stress τi exerted by the gas on the liquid film may considered as shear stress exerted by the gas
phase on a rough wall.

Figure 4.6: Schematic representation of gas-liquid flow with a small liquid holdup εL in straight
smooth tubes (ARS 1989).

These assumptions led to the following correlation for the two-phase pressure drop ∆PTP :

∆PTP = 4fTP

(
L

D

)
1
2
ρGu

2
G for uG � ui (4.90)

where fTP is the two-phase friction factor and uG is the vapor mean velocity defined in Chapter 2.

The complete procedure for the calculation of fTP and afterwards ∆PTP is as follows:

1. The value of the liquid holdup εL is calculated from:

εL
1 − εL

=
jL
jG

{
1 +

[
10.4Re−0.363

SL

(
ρL

ρG

)1/2
]}

(4.91)

where superficial velocities jG and jL are calculated from Eqs. (2.9) and (2.10) introduced in
Chapter 2 and ReSL(= jLD/µL) is the liquid Reynolds number based on superficial liquid
velocity.

2. Vapor mean velocity uG and liquid mean velocity uL are calculated using Eqs. (2.5) and (2.6).

3. Modified Fr and the Re of the gas phase are calculated with

Fr =
u2

LρL

gD(ρL − ρG)
ReG =

uGD

µG
(4.92)
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4. The value of the wetted wall fraction θ is calculated by means of the following correlation:

θ = θo + 0.26Fr0.58, in which θo = 0.52ε0.374
L (4.93)

If θ > 1 then θ = 1.

5. Apparent relative roughness of the liquid film k/D is determined from:

k

D
= 2.3

(
δ

D

)
� 2.3

( εL
4θ

)
(4.94)

6. Interfacial friction factor fi is calculated with

fi =
0.0625[

log
(

15
ReG

+ k
3.715D

)]2 (4.95)

7. The value of the single-phase friction factor f is calculated with

fG =
0.07725[

log
(

ReG
7

)]2 (4.96)

which is valid for 2100 < ReG < 108.

8. The two-phase friction factor fTP is calculated from proration of the respective wet and dry
perimeters as

fTP = (1 − θ)f + θfi (4.97)

9. Finally, the value of the two-phase pressure drop ∆PTP is calculated with Eq. (4.90).

This model has been verified with experimental data. These data refer to steady-state gas-liquid
flow through horizontal straight smooth tubes and have been obtained both from the literature and
from authors’ own experiments.

4.5 Conclusions

Existing two-phase pressure drop model have been presented and critically reviewed. The models
were classified according to the different approaches used for their development, that is empirical,
analytical and phenomenological. The main advantages and disadvantages of those approaches and
methods were emphasized. While empirical based model are the easiest to implement and provide
a reasonable accuracy within the range of database used in their implementation, their reliability
seemed to be the weakness link due to the amount of empirical information used. In contrast,
the analytical approach provides general models, since no empirical information is used, but their
implementation is very complex and time consuming just to do one calculation. A good compromise
between purely empirical and purely analytical seems to be the phenomenological approach. This
later preserves their general applicability, as they are theoretically based, and introducing some
empiricism they overcome complex calculations resulting in somewhat easy to use models. Despite
this, one needs to know in advance the interfacial structure, introducing the need of a reliable
flow pattern map to allow the prediction of flow patterns or flow regimes. Apparently, no flow
pattern based two-phase frictional pressure model that covers the important flow regimes occurring
in horizontal refrigerant evaporator tubes, is available in the literature. Thus, this proves the
analytical objective of the present work.



Chapter 5

Description of Experimental Test
Facility

The existing LTCM intube refrigerant test loop has been modified and adapted to the new test con-
ditions and measurement methods. Two new test sections have been successively implemented into
the modified test rig. In order to determine pressure drop separately for the different flow regimes,
the new test sections consist of both diabatic and adiabatic zones. The present configuration allows
tests to be run under diabatic and adiabatic conditions simultaneously. All modifications have been
made on the original test rig developed by Kattan [75] and modified afterwards by Zürcher [162].

5.1 General description

The objective of the experimental part of this study was to run in-tube evaporation tests over
a wide range of experimental conditions in order to obtain accurate values of two-phase pressure
drops. The ranges of the experimental conditions are shown in Table (5.1).

Experimental test conditions
Test fluids R134a, R22, R410A
Saturation temperature (Tsat) 5oC

Internal diameter (d) 8.00, 13.8mm
Vapor quality (x) 0 − 1.0 [−]
Mass velocity (G) 70 − 700 kg/m2s

Heat flux (q) 6.0 − 57.5 kW/m2

Table 5.1: Experimental conditions for in-tube evaporation tests.

The existing LTCM test loop, developed by Kattan [75] and modified afterwards by Zürcher [162],
has been adapted to be able to run tests over a wide range of test variables. Two new test sections
have also been implemented into the modified test rig. The new configuration results in very
accurate values of two phase pressure drops. The test facility consists of a refrigerant circuit and
a heating water circuit. An overall view of the modified test facility is shown in Fig. (5.1).

75
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Figure 5.1: Overall view of the modified test facility including the new two-zone test section.

5.2 Refrigerant circuit

A schematic of the refrigerant circuit is depicted in Fig. (5.2). The refrigerant passes first through
a series of electrical preheaters and then though an insulated tube before it enters the two zone test
section. In the first zone (called diabatic zone) refrigerant is heated by a counter-current flow of hot
water in the annulus of the double pipe system. Then, refrigerant passes through a visualization
zone and through the second part of the test section (called diabatic zone) where no heat is added
to or removed from the refrigerant. Refrigerant exits the test section and goes through a condenser,
a magnetically driven gear type pump and finally a Coriolis mass flow meter. The refrigerant circuit
also includes a vapor-liquid reservoir for controlling the amount of refrigerant circulating in the test
rig and thus the operating pressure.

A particularly detailed description of the new two-zone test section is given in Section (5.4) in this
chapter, while a description of other main components of the refrigerant circuit are given below:

Preheater

The electrical preheater is made of six horizontal stainless steel tubes. Internal and external di-
ameters of the tubes are 13mm and 16mm, respectively. The length of each tube is 1.40m and
a 3mm diameter and 10m long hot wire is coiled around the tube. The total maximum heat flux
provided by the preheater is 61.2 kW/m2. Thermocouples are installed on each tube to prevent
operation from reaching the critical heat flux (CHF).
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Figure 5.2: Schematic of the refrigerant circuit.

Condenser

Refrigerant is condensed and subcooled by means of a stainless-steel shell and tube condenser.
Condensation takes place inside the tubes and the chilled liquid receives the heat. The condenser
is composed of 165 stainless steel tubes of 1.5m length. External and internal tube diameters are
6.35mm and 4.55mm, respectively. The total area of heat exchange is 5m2.

Gear pump

To avoid the presence of oil in the experimental test rig, a magnetic drive gear pump has been
used. Both gears are made of nickel-molybdenum-chromium alloy compatible with refrigerants used
during the experimental campaign. The pump provided stable flow in the range from 0.15 kg/min
to 10 kg/min. The regulation of the flow can be done either by a by-pass around the pump or by
pump motor frequency variation.

Flow meters

Two Coriolis type flow meters were installed on the modified test rig. The two flow meters are
fixed securely to the wall to insure steady measurement conditions. A selection of valves allowed
switching between them depending on operating flow rates. The nominal measurement points are
1.5 kg/min and 10 kg/min for the small and big flow meter, respectively. The accuracy of the flow
meters is 0.15% of the measured value. The channels connecting the pump to the flow meter and
flow meter to the preheater are heavily insulated to avoid heat gain from the surroundings.
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5.3 Hot water circuit

A schematic of the hot water circuit is depicted in Fig. (5.3). The hot water circuit reheats water
after it passes through the diabatic zone of the two-zone test section. The hot water flows counter
currently to the refrigerant in the annulus of the diabatic zone of the test section. The water flow
rate is measured by a Coriolis flow meter and the water is circulated by a stainless steel pump. The
operating pressure of water flow is fixed to 2 bars. The inlet water temperature (which determines
heat flux) is controlled by two secondary water circuits using two plate heat exchangers connected to
an industrial cold water circuit. To insure the mixing of the heating water in the annular chamber,
the laminar condition has been avoided. The Reynolds number of flowing water was always higher
than 4500 for the experimental conditions described in Table (5.1).

Figure 5.3: Schematic of the hot water circuit ([75]).

5.4 Test sections

Two test sections have been constructed and implemented into the modified test rig. Each test
section consists of two separate zones called diabatic and adiabatic, respectively. In the first zone
of the test section (diabatic zone), refrigerant is heated by a counter-current flow of hot water in
the annulus of the double pipe system. In the second zone of the test section (adiabatic zone) no
heat is added or removed from the refrigerant. Both test sections were made of copper and have
plain smooth interiors. Internal diameters were 8.00mm (TS1) and 13.8mm (TS2), respectively.
The outer stainless steel annulus has an internal diameter of 14.00mm for TS1 and 20.00mm for
TS2. The internal tubes (only diabatic zone) are perfectly centered within the outer annulus tube
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Figure 5.4: New two-zone test section.

in five positions using centering screws. The external surfaces of both zones of the test section
were heavily insulated to avoid heat gain from surroundings. The main physical properties and
geometrical dimensions of the implemented test sections are shown in Table (5.2), where: D is the
internal diameter of the tube, Dext is the external diameter of the tube, zdiab. is the length of the
diabatic zone, zadiab. is the length of the adiabatic zone, λ is the thermal conductivity and δwat is
the annular gap for the heating water in the diabatic zone.

Internal tube External tube
Mat. Dext D zdiab. zadiab. λ Mat. Dext D δwat

[mm] [mm] [mm] [mm] [W/m◦K] [mm] [mm] [mm]
TS1 Cu 9.53 8.00 2035 980 339 SS 17.40 14.00 2.235
TS2 Cu 15.87 13.8 2026 989 339 SS 23.00 20.00 2.065

Table 5.2: Main properties and geometrical dimensions of the implemented test sections.

A schematic of the two-zone test section is depicted in Fig. (5.4). Refrigerant flows into the internal
tube from left to right, and hot water flows counter-currently into the annulus from right to left.
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5.5 Experimental procedure and data acquisition

All the measurements are made with a computer equipped with a data acquisition system. The data
acquisition system is a National Instruments SCXI. The acquisition card is a PCI MIO 16XE 50
installed in the computer. The resolution of this card is 16 bits and the maximum acquisition
frequency on a single channel is 10 kHz. A SCXI 1000 module with four bays is connected to this
card. Each of the four bays has a 32 channel voltage measurement card (type 1102). The total
number of acquisition channels is thus 128. Each channel has a computer programmable gain:
1 for 0 to 10V signal (pressure transducer and mass flow meter) and 100 for low voltage signal
(thermocouples). The signals can be adjusted to the 0 to 10V range of the acquisition card in the
computer. A 2Hz low pass frequency filter is also included in the card for each channel. This helps
to diminish the measurement noise and does not affect the steady-state measurement. At the end
of the acquisition chain, a terminal block with 32 sockets is connected to the 1102 card. Each card
has its own terminal block. The cold junction for every thermocouple is made in this terminal block
at the socket. The material for this socket is copper for both poles (+ and -), the continuity of the
two different specific materials of the thermocouple is then broken at this point located inside the
terminal block. The temperature of the 32 cold junctions is maintained uniform with a metallic
plate and is measured via a RTD installed in the middle. Additionally, all the terminal blocks are
placed in a close cupboard away from external thermal influences.

In order to measure a test parameter in a channel, 100 acquisitions are made in 0.02 s (50Hz
electrical period) and the average of these 100 values is calculated during the acquisition. The
result is the measured value of the channel. By this way, the noise from alternating current on
the measured signal is removed. This value is stored and the system goes to the next channel.
With this measurement method, the theoretical channel measurement frequency is 50 channels per
second, but due to the switching time between channels, the actual frequency is 30 channels per
second. In total, it takes 4.3 s to measure all the channels of the acquisition system once. To obtain
one experimental point, 10 of such acquisition cycles are recorded and averaged.

5.6 Measurements

The major objective of the experimental part of this work was to measure two-phase pressure drops
over the vapor quality range from 0 to 1. Two-phase pressure drop values were directly obtained
from the differential pressure transducers. Meanwhile to completely establish the experimental
conditions, some others parameters need to be determined by calculation from measured values.

5.6.1 Pressure drop

The two-phase pressure drops across the diabatic test sections were each measured by a selection of
sensors depending on the level of the pressure drop being measured. For the diabatic test section
two differential pressure transducers (0 − 40 mbar and 0 − 500 mbar) were used for the small and
intermediate pressure drops and a pair of absolute pressure sensors for pressure drops larger than
500mbar. For the adiabatic test section, two differential pressure transducers (0 − 20 and 0 − 160
mbar) were used.
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5.6.2 Refrigerant temperature

The saturation temperature of the refrigerant Tsat was calculated using the the pressure measure-
ments at the inlet and outlet of the diabatic part of the test section and by the assumption of a
linear pressure distribution over the length of the diabatic test section as is typical in such tests.
Then, knowing the saturation pressure Psat the saturation temperature is obtained based on the
thermodynamical properties calculated using EES (linked to REFPROP 6.0 of NIST).

5.6.3 Heat Flux

Heat is transferred from the hot water to the refrigerant. The temperature of the water is measured
at five positions (represented as Tw in Fig. (5.4)) with a total of 26 thermocouples giving five local
water temperature values Tw. The enthalpy of the flowing water, assuming that the pressure drop
along the annulus is negligible is given for any location along the heated tube by the following
equation:

hw = cpwaterTw (5.1)

From Eq. (5.1), five discrete enthalpy values were obtained from the five water temperature mea-
surement points. These points were used to determine the enthalpy profile over the diabatic test
section. For the enthalpy profile determination, a second order polynomial fit has been used.

Then, the heat transferred from the water between two points of the test section can be defined as:

Q12 = (hw2 − hw1)Ṁw (5.2)

The derivative of Eq. (5.2) with respect to axial position along the divided by the tube perimeter
gives the external heat flux qext along an elementary length dz:

qext =
1

πDext

dQ

dz
=

Ṁwat

πDext

(
dhw(z)
dz

)
(5.3)

Thus, knowing the enthalpy profile hw(z), the external heat flux can be calculated at any point
along the diabatic test section. The internal heat flux provided to the refrigerant is determined as:

q(z) = qext

(
Dext

D

)
=
Ṁw

πD

(
dhw(z)
dz

)
(5.4)

5.6.4 Vapor quality

The vapor quality is calculated by an energy balance over the preheater and the test section. Hence,
the vapor at any test section position can be calculated fom the following equation:

x(z) =
P + Ṁwcw(Tw(inlet) − Tw(z))

ṀrefhLV

(5.5)
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where P is the electrical power provided from the preheater, Tw(inlet) is the temperature of the
heating water at the inlet of the diabatic test section, Tw(z) is the water temperature at any position
along the test section, cw is the water specific heat, Ṁw, Ṁref are the water and refrigerant mass
flow, respectively.

5.7 Accuracy of measurements

In order to sure that the entire measurement system is working correctly, liquid-liquid tests have
been done with subcooled R22 and R410A versus water for both test sections. The accuracy of
the energy balance between the heating and cooling fluids was thus determined. The results of this
tests are not shown here but Qw/Qref varied from 0.98 to 1.02, with a mean error of ±0.98% for
R410A and ±0.96% for R22 in the 13.8mm test section. Similar results were obtained for the 8mm
test section. This is very accurate for this type of measurement and confirms that all measurement
instruments were precisely calibrated and that the system was working correctly.

5.7.1 Pressure drop measurement accuracy

Two different types of pressure transducers were used to determine the two-phase pressure drop,
namely: absolute and differential. The pair of absolute transducers used in this study ranged
1 to 25 bars. They were calibrated with a very accurate balance and their accuracy was found
to be ±20mbar. Four differential transducers were used for the small and intermediate range in
this study. They ranged 0 − 20mbar and 0 − 40mbar for the low range and 0 − 160mbar and
0 − 500mbar for the intermediate. An accuracy of ±0.05%F.S. was given by the supplier. After
inhouse calibration against a water column, this value was realistic and taken as the accuracy of
the transducers.

5.7.2 Heat flux measurement accuracy

For the local heat flux absolute error determination, first the derivative of the enthalpy was con-
verted into the derivative of the temperature of the heating water

dhw(z)
dz

= cpw
dTw(z)
dz

(5.6)

Then, substituting into Eq. (5.4), local heat flux in each point of the test section can be calculated
with:

q(z) =
Ṁw

πD
cpw

dTw(z)
dz

(5.7)

and assuming that the measurements of the water temperature are linearly independent, the abso-
lute error of the heat flux ∆q can be determined with the following expression:

∆q(z) =

√(
dq(z)
dṀw

∆Ṁw

)2

+
(
dq(z)
dTw

∆Tw

)2

(5.8)
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After calculation, the mean relative error does not exceed 2% and 1% for the 13.8mm and 8mm
test section, respectively.

5.7.3 Vapor quality measurement accuracy

Assuming that all measured values are linearly independent, the absolute vapor quality error at
each position of the evaporator based on the general definition applied to Eq. (5.5) can be expressed
as:

∆x(z) =

√√√√√√
(

∂x
∂P ∆P

)2 +
(

∂x
∂T1water

∆T1water

)2
+

(
∂x

∂Twat(z)∆Twat(z)
)2

+
(

∂x
∂Ṁwat

∆Ṁwat

)2

+
(

∂x
∂Ṁref

∆Ṁref

)2
+

(
∂x

∂Psat
∆Psat

)2 (5.9)

The term with the saturation pressure Psat in the vapor quality error calculation is encountered
because the latent heat of the refrigerant is determined from the measurement of the saturation
pressure.

The absolute uncertainty for the heating power measurements is ±20 W and the accuracy of the
temperature measurements is ±0.02oC. The absolute error of the absolute pressure transducers
after calibration has been estimated to be ±20 mbar. The refrigerant and water mass flow rates are
measured with an accuracy of ±0.15%. After calculating of partial derivatives and substituting all
values in Eq. (5.9), the maximum absolute errors for each tested mass velocity have been obtained.
The calculated mean relative errors does not exceed 2% and 3% for the 13.8mm and 8mm test
section, respectively.

5.8 Conclusions

The existing LTCM flow boiling test facility has been successfully modified and adapted to the
different test conditions and measurement methods. Two new test sections, 8.00mm and 13.8mm
plain horizontal tubes, have been successively implemented into the modified test rig. The new
test section consists in two zones: diabatic and adiabatic. This configuration allows tests to be run
that obtain experimental two-phase pressure drop values under diabatic and adiabatic conditions
simultaneously. Moreover, the addition of an adiabatic test section allows data to be obtained with
the same flow regime at the inlet and outlet of the test section.
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Chapter 6

Experimental Results

This chapter focuses on experimental results obtained during the experimental campaign. First,
the data reduction procedure to obtain the two-phase frictional component of the measured values
is described and validated. Next, the influence of the different test variables is depicted for some
representative sets of experimental conditions. Finally, the entire results of the two-phase pressure
drop measurements are presented.

6.1 Reduction of experimental data

The general expression for describing the total two-phase pressure drop ∆ptotal is:

∆ptotal = ∆pstatic + ∆pmom + ∆pfrict (6.1)

where ∆pstatic is the elevation head pressure drop (presently ∆ptotal = 0 for a horizontal tube),
∆pmom is the momentum pressure drop created by acceleration of the flow in a diabatic process
and ∆pfric is the two-phase frictional pressure drop.

The new two-zone test sections yields the two-phase pressure drops in the diabatic (first zone) and
adiabatic (second zone) simultaneously. The adiabatic two-phase pressure drops were obtained
at the vapor quality leaving the diabatic test section and for the reason mention above (adiabatic
process) the momentum pressure drop ∆pmom = 0. Hence, one can directly determine the two-phase
frictional pressure drops for the adiabatic test section from the measured values:

∆pfrict = ∆ptotal (6.2)

For the diabatic test section one determines the two-phase frictional pressure drops from the fol-
lowing equation:

∆pfrict = ∆ptotal − ∆pmom (6.3)

Hence, one must first evaluate the momentum pressure drop ∆pmom to obtain the frictional pressure
drop values. The momentum pressure drop in the diabatic test section reflects the increase in the
kinetic energy of the flow during the evaporation process and is given by the following expression:

85
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∆pmom = G2

{[
(1 − x)2

ρL(1 − ε)
+

x2

ρGε

]
out

−
[

(1 − x)2

ρL(1 − ε)
+

x2

ρGε

]
in

}
(6.4)

where G is the total mass velocity of liquid plus vapor, x is the vapor quality at the inlet or outlet
of the test section, ε is the vapor cross-sectional void fraction at the inlet or outlet of the test
section, ρL and ρV are the liquid and vapor densities and g is 9.81m/s2. Based on a recent work
by Wojtan-Ursenbacher-Thome [154], they found the Steiner version of the Rouhani-Axelsson drift
flux model to be very accurate for predicting void fractions in similar experimental conditions.
Hence the following expression is used to calculate the void fractions:

ε =
x

ρG

[
(1 + 0.12(1 − x))

(
x

ρG
+

(1 − x)
ρL

)
+

1.18(1 − x)[gσ(ρL − ρG)]0.25

G2ρ0.5
L

]−1

(6.5)

This expression is used in Eq. (6.4) to determine the momentum pressure from the experimental
conditions.

Using water in the annulus of the double pipe system to evaporate the refrigerant, the water
undergoes a temperature change while the phase changing refrigerant stays at nearly the same
saturation temperature. This causes a change in the local heat flux as the temperature difference
between the water and the refrigerant decreases during the evaporation process along the length
of the tube. In order completely determine the momentum pressure drop created by acceleration
of the flow ∆pmom, one must known the vapor quality. As this is changing during the evaporation
process, the results are reported at the mean vapor quality in the diabatic test section based on an
evaluation (piecewise decomposition) of the enthalpy profile obtained from the water-side.

Figs. (6.1) and (6.2) show, for the 8mm and 13.8mm tube respectively, the total, momentum
and frictional pressure drops for a representative set of experimental conditions. The momentum
pressure drops were calculated following the procedure detailed previously and the total pressure
drops correspond to the measured values. As expected, the momentum pressure drop is larger for
high heat fluxes reflecting the increase in the kinetic energy due to the evaporation process and
vary from around 3% of the total pressure drop for the lowest heat fluxes up to 40% for the highest.

Fig. (6.3) shows a comparison, for a representative set of experimental conditions, of the two-phase
pressure gradients for the adiabatic test section versus those for the diabatic test section. The
agreement between the results is quite remarkable, attesting to the accuracy and reliability of the
measurements as well as the appropriate data reduction procedure. At high vapor qualities, the
difference between the two types of measurements is thought to be caused by the vapor quality
variation along the diabatic test section around the peak, which averages out the pressure gradient
rather than giving the ”local” value at a particular vapor quality as in the adiabatic test section.
For instance, in the diabatic test section at the vapor quality at the peak, part of the test section
will be operating at local conditions before the peak and part at local conditions after the peak,
resulting in a lower value than for the adiabatic test section at the same vapor quality. It is for this
range of test conditions that the adiabatic test section was added to the loop in order to obtain
data representative of the real pressure gradients at high vapor qualities near and after the peak.
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Figure 6.1: Total, frictional and momentum pressure drops vs. vapor quality at different experi-
mental conditions (d = 13.8mm).
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Figure 6.2: Total, frictional and momentum pressure drops vs. vapor quality at different experi-
mental conditions (d = 8mm).
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Figure 6.3: Adiabatic vs. diabatic test section results for R410A.

6.2 Two-phase pressure drop measurements

First, some comparisons of two-phase pressure drop measurements are presented here in order
to determine the influence of different test variables. Then, the entire database is depicted in a
graphical form.

6.2.1 Some comparisons for different experimental parameters

Diameter

Fig. (6.4) depicts a comparison of the two-phase frictional pressure drops for the internal diameters
tested at a particular set of test variables. The smaller diameter tube induces a larger two-phase
pressure gradient.
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Figure 6.4: Frictional pressure gradients vs. vapor quality for R22 and R410A.

Fluid

Fig. (6.5) shows that the frictional two-phase pressure gradients are largest for R134a and small-
est for R410A with R22 in the middle. The data for each fluid shows the characteristic rise in
two-phase frictional pressure gradient with rising vapor quality, a peak at high vapor quality, and
the subsequent falloff as the vapor quality approaches 100%. The trends in the data are seen to be
very clear with little scatter in the data because of the accuracy of the transducers, the accuracy
of the energy balances and the fine control on the steady-state operating conditions.
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Figure 6.5: Comparison of the frictional pressure gradients for R134a,R22 and R410A at two set
of experimental conditions.

Mass velocity

Fig. (6.6) depicts the experimental results for R22 and R410A at several mass velocities for a
particular set of experimental conditions. As expected, the frictional pressure gradient increases
with mass velocity.
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Figure 6.6: Frictional pressure gradients vs. vapor quality for different mass velocities.

Heat flux

Fig. (6.7) illustrates the frictional pressure drop data obtained at different heat fluxes, from rather
low to quite high values. The effect of the evaporation heat flux is seen to be of only minor
importance at vapor qualities before the peak. At high vapor qualities, the peak is shifted to lower
vapor qualities by the increase in the heat flux and this is the more important influence of the
heat flux observed. The location of the peaks coincides with the onset of dryout at the top of the
tube and the top of the tube is dry after the peak. For the highest heat fluxes, based on visual
observations in the sight glass at the end of the diabatic test section, the flow was observed to
convert to mist flow, and these are the data at high vapor quality that depict an increasing trend
with vapor quality after the falloff, e.g. such as those in the left graph at q = 55 − 60 kW/m2.
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Figure 6.7: Frictional pressure gradients vs. vapor quality at different heat fluxes.
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6.2.2 Results for R134a

d=13.8 mm

All the results for R134a are shown in Fig. (6.8). Only tests with the 13.8mm test section were
made for this refrigerant.
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Figure 6.8: Frictional pressure gradients vs. vapor quality for R134a at different experimental
conditions (d = 13.8mm).
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6.2.3 Result for R22

d=13.8 mm

All the results obtained for R22 in the 13.8mm test section are shown in Figs. (6.9)-(6.12).
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Figure 6.9: Frictional pressure gradients vs. vapor quality for R22 at different experimental condi-
tions (d = 13.8mm) – (I).
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Figure 6.10: Frictional pressure gradients vs. vapor quality for R22 at different experimental
conditions (d = 13.8mm) – (II).
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Figure 6.11: Frictional pressure gradients vs. vapor quality for R22 at different experimental
conditions (d = 13.8mm) – (III).
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Figure 6.12: Frictional pressure gradients vs. vapor quality for R22 at different experimental
conditions (d = 13.8mm) – (IV).
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d=8 mm

All the results obtained for R22 in the 8mm test section are shown in Figs. (6.13)-(6.14).
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Figure 6.13: Frictional pressure gradients vs. vapor quality for R22 at different experimental
conditions (d = 8mm) – (I).
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Figure 6.14: Frictional pressure gradients vs. vapor quality for R22 at different experimental
conditions (d = 8mm) – (II).
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6.2.4 Result for R410A

d=13.8 mm

All the results obtained for R410A in the 13.8mm test section are shown in Figs. (6.15)-(6.18).
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Figure 6.15: Frictional pressure gradients vs. vapor quality for R410A at different experimental
conditions (d = 13.8mm) – (I).
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Figure 6.16: Frictional pressure gradients vs. vapor quality for R410A at different experimental
conditions (d = 13.8mm) – (II).
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Figure 6.17: Frictional pressure gradients vs. vapor quality for R410A at different experimental
conditions (d = 13.8mm) – (III).
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Figure 6.18: Frictional pressure gradients vs. vapor quality for R410A at different experimental
conditions (d = 13.8mm) – (IV).



6.2. TWO-PHASE PRESSURE DROP MEASUREMENTS 103

d=8 mm

All the results obtained for R410A in the 8mm test section are shown in Figs. (6.19)-(6.22).
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Figure 6.19: Frictional pressure gradients vs. vapor quality for R410A at different experimental
conditions (d = 8mm) – (I).
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Figure 6.20: Frictional pressure gradients vs. vapor quality for R410A at different experimental
conditions (d = 8mm) – (II).
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Figure 6.21: Frictional pressure gradients vs. vapor quality for R410A at different experimental
conditions (d = 8mm) – (III).
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Figure 6.22: Frictional pressure gradients vs. vapor quality for R410A at different experimental
conditions (d = 8mm) – (IV).



6.3. CONCLUSIONS 107

6.3 Conclusions

The procedure to obtain the two-phase frictional component from the measured values has been
detailed. As the test section consisted of two separate zones, the reduction of the experimental
data was different depending on the zone. While for the adiabatic part of the test section there
is no momentum pressure drop created by acceleration of the flow and the frictional component
corresponded to the measured value, for the diabatic zone this term needs to be evaluated and
subtracted from the measured values. In order to evaluate the significance of this component a
set of graphs, for shake of space even if the reduction of experimental data was applied to the
entire database, showed the different components of the two-phase pressure drops for a selected
set of experimental conditions. By this, it was shown that the momentum pressure drop became
larger as the evaporation process was more intense, i.e. high heat fluxes. Furthermore, as a
validation of the data reduction procedure a set of graphs showed comparisons, for a representative
set of experimental conditions, of the two-phase frictional pressure gradients for the adiabatic test
section versus those for the diabatic test section. The agreement between was shown to be quite
remarkable attesting to the accuracy and reliability of the measurements as well as the aptness of
the data reduction protocol.

Next, and before the entire presentation of the entire database, a parametric study to evaluated
the influence of the test variables was undertaken. The test variables were for the present study:
fluid, diameter, mass velocities and heat fluxes as well as vapor quality representing the evaporation
process. A set of graphs, for a selected representative values of the test variables, showed that while
the fluid, diameter and mass velocity had a strong effect over the entire range of vapor quality, the
heat flux influenced the measured values only for a particular range of vapor qualities. This latter
was the reason to introduce the new two-zone test section and by this way the appropiateness of
that choice has been justified.

Finally, the entire set of experimental values is presented. The results are segregated first by fluid
and secondly by diameter in order to be presented is a systematic and easily readable way. More
than 2500 experimental values of the two-phase pressure drops were obtained, and just to claim the
significance of the presented results it is important to signal that around 25 minutes were necessary
to reach the steady-state conditions.
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Chapter 7

New Two-Phase Frictional Pressure
Drop Model Based on Flow Pattern
Map

In this chapter, first the experimental results obtained during the experimental campaign are com-
pared to the three leading existing two-phase frictional pressure drop correlations. Second, and as
a consequence of their incapability to reliably predict the present experimental database, a new
two-phase frictional pressure drop model is proposed and described. The new model is developed
following a phenomenological approach, that is physically based on a simplified interfacial flow
structure using the recent Wojtan-Ursenbacher-Thome [155] flow pattern map. Finally, all exper-
imental data are compared with the new prediction methods on a statistical basis. The present
work completes the fourth basic steps in LTCM’s flow pattern based work on two-phase and heat
transfer inside horizontal tubes: (i) generalized flow pattern map, (ii) flow boiling heat transfer
model, (iii) convective condensation model and (iv) two-phase frictional pressure drop model.

7.1 Comparison to existing methods

Tribbe and Müller-Steinhagen [134] compared some of the leading two-phase frictional pressure
drop correlations to a large database, including the following fluid combinations: air-oil, air-water,
water-steam and several refrigerants. They found that statistically the method of Müller-Steinhagen
and Heck [97] gave the best and most reliable results. In another recent comparison, Ould Didi,
Kattan and Thome [105] compared leading methods to experimental pressures drops obtained for
five different refrigerants over a wide range of experimental conditions. Overall, they found the
Grönnerud [53] and the Müller-Steinhagen and Heck [97] methods to be equally best while the
Friedel [46] method was the third best in a comparison to seven leading methods.

As a first step in the present analysis, the experimental results were compared to the three previously
”best” methods. The popular Lockhart-Martinelli correlation is not shown here in this comparison
in spite of its extensive use and continued historical references because it was not well ranked in
previous studies (nor does it compare well to the present data). A detailed description of these
methods can be found in Chapter 4.

Figs. (7.1) and (7.2) show a representative comparison of the three prediction methods (Friedel,

109
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Grönnerud and Müller-Steinhagen and Heck) for different experimental conditions. Starting first
with the Grönnerud method, it works quite well at low mass velocities from low to medium vapor
qualities and it also captures the maximum in the data at high vapor quality, although not in
magnitude but reasonably well the location of the peak. Instead, at the highest mass velocities the
Grönnerud method very significantly overpredicts all the results except at low vapor qualities. The
Müller-Steinhagen and Heck correlation does not follow the trends in the data well, underpredicting
most of them and does not capture the peak in the data at all. The Friedel method is seen to
significantly overpredict at the lowest mass velocity while underpredicting most of the data at the
highest and does not follow the variation in the data with vapor quality, again missing the peak.
For sake of simplicity, comparisons for refrigerant R314a are not shown here but the situation is
essentially the same.

Figs. (7.3), (7.4) and (7.5) show a comparison of the complete database to the three prediction
methods (Friedel, Grönnerud and Müller-Steinhagen and Heck). Certainly of the three, the Müller-
Steinhagen and Heck comes out the best overall. However, it is only able to predict one-half of the
database within ±20%.

Hence, it is clear that none of these three methods are reliable for optimizing the thermal-hydraulics
of a direct-expansion evaporator, even though statistically they are not that bad when considering
the normal situation for the prediction of two-phase frictional pressure drops.

In general, the existing two-phase frictional pressure models available in the literature for horizontal
flows have some or all of the following deficiencies:

• They do not account for flow pattern effects on the process;

• They do not account explicitly for the influence of interfacial waves;

• They do not account for the upper dry perimeter of stratified types of flows;

• They do not use the actual velocities of the vapor and liquid by introduction of the local void
fraction into the method;

• They use tubular flow expressions to represent annular film flows;

• They do not capture the peak in the pressure gradient at high vapor qualities (or not its
location or magnitude) nor give a good representation of the pressure gradient trend versus
vapor quality.

• They do not go to acceptable limits at x = 0 and x = 1.

Hence, this state of affairs is the justification to develop a new model. Secondly, the present flow
pattern based pressure drop model fits into the unified method of Thome and coworkers to model
evaporation and condensation inside horizontal tubes.
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Figure 7.1: Frictional pressure gradients vs. three prediction methods for R22 at different experi-
mental conditions.
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Figure 7.2: Frictional pressure gradients vs. three prediction methods for R410A at different
experimental conditions.
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Figure 7.3: Comparisons of experimental to predicted values using Friedel correlation for the entire
database: a) 67.33% are predicted within ±30%, b) 51.81% are predicted within ±20%.
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Figure 7.4: Comparisons of experimental to predicted values using Grönnerud correlation for the
entire database: a) 46.15% are predicted within ±30%, b) 40.45% are predicted within ±20%.
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Figure 7.5: Comparisons of experimental to predicted values using Müller-Steinhagen and Heck
correlation for the entire database: a) 75.79% are predicted within ±30%, b) 49.64% are predicted
within ±20%.
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7.2 New two-phase pressure drop model

7.2.1 Introduction

The new two-phase frictional pressure drop model is developed following a phenomenological ap-
proach, that is physically based on a simplified interfacial two-phase flow structure. The correspond-
ing interfacial flow structure is determined using the recent Wojtan-Ursenbacher-Thome [155] flow
pattern map described in Chapter 3. The main reasons to use this flow pattern map are:

• First, this flow pattern map has been experimentally validated.

• Second, this flow pattern map does not require any iterative calculations and it can be easily
used for flow regime identification.

• Finally, the use of this flow pattern map fits the present flow pattern based pressure drop
model into the unified approach of Thome and coworkers to model evaporation and conden-
sation inside horizontal tubes.

7.2.2 Segregation of experimental data

The entire experimental data are segregated by flow regime as a previous step in the new model
development. For the reasons mentioned above, the recent Wojtan-Ursenbacher-Thome is used for
this task. For sake of simplicity and knowing that for a given set of experimental conditions a
flow pattern map needs to be generated in order to accomplish the segregation process, it has been
chosen to include in this section the flow pattern map for some representative sets of experimental
parameters. The procedure to generate the flow pattern and the complete set of equations can be
found in Chapter 3.

Table (7.1) shows the entire database segregated by flow regime using the recent Wojtan et al.
flow pattern map. It has to be pointed out here that only experimental values where the complete
test section was in the same flow regime are taken into account. This restriction is always verified
for the adiabatic test section as no heat is added to the refrigerant, while for the diabatic test
section the inlet and outlet vapor qualities were checked to verify that the entire test section
was in the same regime. For this reason only 1745 experimental points have been used in new
model development from the more than 2500 experimental values obtained during the experimental
campaign (representing about 50% diabatic data and 50% adiabatic data).

It has to be pointed out here that the fixed value of the mass velocity appearing in the graphs de-
picted in Figs. (7.6)-(7.8) represents the value used for the void fraction calculation using Eq. (3.35).
As the variation of this value practically does not affect the void fraction calculation for mass ve-
locities above 50 kg/m2s, a design condition for the mass velocity is assumed for simplicity in
generating these graphs and this is the value appearing in the title of the graphs. In actual appli-
cation of the of the flow pattern map and the new frictional pressure drop model, the actual mass
velocity is used in calculations.
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Figure 7.6: Flow pattern maps for R-22, Tsat = 5oC, D = 13.84 mm at G = 300 kg/m2s and heat
fluxes: a) 7.5 kW/m2, b) 17.5 kW/m2, c) 37.5 kW/m2, d) 57.5 kW/m2.
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Figure 7.7: Flow pattern maps for R-410A, Tsat = 5oC, D = 8.00 mm at G = 400 kg/m2s and
initial heat fluxes: a) 37.5 kW/m2, b) 57.5 kW/m2.
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Figure 7.8: Flow pattern maps for R-410A, Tsat = 5oC, D = 13.84 mm at G = 300 kg/m2s and
initial heat fluxes: a) 7.5 kW/m2, b) 17.5 kW/m2, c) 37.5 kW/m2, d) 57.5 kW/m2.

Segregated experimental values by flow regime
Fluid D[mm] Slug+SW SW Slug I A D M S
R134a 13.8 6 3 5 2 13 0 0 0
R22 8 28 20 18 12 75 21 17 0
R22 13.8 18 54 15 37 162 44 47 0

R410A 8 26 19 24 55 167 121 110 0
R410A 13.8 78 115 17 77 166 104 69 0

Total 156 211 79 183 583 290 243 0

Table 7.1: Segregated experimental values by flow regime using Wojtan et al. flow pattern map,
where S= stratified flow, SW= stratified-wavy flow, I= intermittent flow, A= annular flow, M=
mist flow and D represents the transition zone between annular and mist flow.
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7.2.3 Model development

Hence, once the flow regime is known, a simplified interfacial structure can be assumed, and then
a set of equations is proposed to determine two-phase pressure drop for that regime, while at
the same time taking care not to have any jumps in the predicted values when crossing a flow
transition boundary. Below, the new model and its calculation procedure for the different flow
regimes is proposed and described.

Annular region (A)

According to the flow pattern map, about one-third of the experimental data were in the annular
flow regime. Therefore, this regime will be treated first. The model for analysis is a simplified
annular flow consisting of a liquid film and a gas core, as shown Fig. (7.9). Entrainment is ne-
glected and the liquid film is assumed to be smooth and to have a uniform thickness δ around
the circumference. These assumptions are not always valid but they allow a much more simplified
model to be proposed.

Liquid

Vapor

�

DD
co

re

Figure 7.9: Simplified annular flow configuration.

The model is based on the steady-state gas and liquid phase momentum balance equations. Assum-
ing equal average pressure gradients in the gas and liquid, which is generally valid in the absence
of interfacial liquid level gradients, this leads to the following equation:

∆p
L

= 4
τi

(D − 2δ)
(7.1)

Taking into account that generally D >> δ, Eq. (7.1) can be written as follows:

∆p
L

= 4
τi
D

(7.2)

The expression above states that the frictional pressure gradient is directly related to the interfacial
shear stress τi and the tube diameter D. The interfacial shear stress represents the shear stress
exerted by the gas on the liquid and is given by:

τi = fi
1
2
ρG(uG − uL)2 ≈ fi

1
2
ρGu

2
G if uL � uG (7.3)
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where fi is the interfacial friction factor and uG and uL are the true average velocities defined in
Chapter 2. The interfacial friction factor fi remains unknown and is as always the most difficult
parameter to model in two-phase flow. From Eqs. (7.2) and (7.3) and the present two-phase
frictional pressure drop database in the annular flow regime obtained during the experimental
campaign, the following new film flow correlation for fi is proposed:

(fi)annular = 0.67
[
δ

2R

]1.2

︸ ︷︷ ︸
1

[
(ρL − ρG)gδ2

σ

]−0.4

︸ ︷︷ ︸
2

[
µG

µL

]0.08

︸ ︷︷ ︸
3

[WeL]−0.034︸ ︷︷ ︸
4

(7.4)

where the non-dimensional groups include the following effects:

− Group 1: Film thickness effect relative to the internal radius of the tube R.

− Group 2: Related to the formation of interfacial waves with the characteristic wavelength
similar to the film thickness. A more detailed description of this effect can be found in
Appendix B.

− Group 3: The viscosity ratio of the gas and liquid phases.

− Group 4: The Surface tension effect is introduced by means of the liquid Weber WeL number
(Eq. (2.30)).

The empirical constant and exponents were obtained statistically from the annular flow database.
Hence, the frictional two-phase pressure drop can be now calculated with:

(∆p)annular = 4 (fi)annular

(
L

D

)
ρGu

2
G

2
(7.5)

Slug + Intermittent (Slug+I)

These two flow regimes were treated together as was shown in the previous chapter, the respective
experimental frictional two-phase pressure drops follow similar trends. This behaviour is consistent
with Wojtan [153] observations regarding flow boiling heat transfer coefficients. Moreover, due
to the unsteadiness of the flow characterizing these two regimes trying to capture this behaviour
its quite complex. A common characteristic of both regimes is that all the tube perimeter is
continuously wetted, explaining perhaps why their data have similar trends.

For the reasons mentioned above, and to avoid a jump at the transition with annular flow while
also respecting the natural limit at x = 0, a good compromise was found by using the following
expression:

(∆p)slug+intermittent = ∆pL0

(
1 − ε

εIA

)0.25

+ (∆p)annular

(
ε

εIA

)0.25

(7.6)

where ∆pL0 is single-phase frictional liquid pressure drop (evaluated at x = 0), εIA is the void
fraction at the intermittent to annular transition boundary xIA and (∆p)annular is the two-phase
frictional pressure drop evaluated at the actual vapor quality using annular flow equations.
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Eq. (7.6) is an interpolation between the single-phase frictional liquid pressure drop (x = 0) and the
two-phase frictional pressure drop (∆p)annular that would exist if the regime were annular for these
flow conditions. Using void fraction for the interpolation procedure, this expression accomplishes
two important purposes: first, it matches the correct limit at x = 0 (single-phase liquid flow).
Second, it insures a smooth transition at the intermittent to annular transition without introducing
any jump. In doing so, the model is in agreement with the experimental observations and bypasses
these two drawbacks of some existing models.

Stratified-Wavy (SW)

In this regime, the parameter that defines the flow structure and the ratio of the tube perimeter in
contact with the liquid and gas is the dry angle θdry shown in Fig. (7.10).

Liquid

Vapor

�dry

D

�
cr

itAL

AV

PV

PL

Pi
�wet

Figure 7.10: Simplified stratified flow configuration.

It is an experimental fact in stratified-wavy flow that liquid creeps up the sides of the tube to a
varying extend. This effect significantly affects the interfacial perimeters Pi, PL and PG, as well as
the interfacial friction factor fi. In fact, for a fixed vapor quality x, θdry varies from 0 for Gwavy(x)
at the annular flow transition and to its maximun value of θstrat for Gstrat(x) at the fully stratified
flow transition. Several expressions have been proposed to capture this variation: a linear variation
by Kattan et al. [78] and a quadratic interpolation by El Hajal [40]. In the recent work of Wojtan et
al. [156] based on experimental heat transfer data for this region, they have proposed the following
expression:

θdry =
[

(Gwavy −G)
(Gwavy −Gstrat)

]0.61

θstrat (7.7)

where θstrat is determined using the approximate expression, evaluated in terms of void fraction,
proposed by Biberg [16],

θstrat = 2π − 2

{
π(1 − ε) +

(
3π
2

)1/3 [1 − 2(1 − ε) + (1 − ε)1/3 − ε1/3]
− 1

200 (1 − ε)ε[1 − 2(1 − ε)[1 + 4((1 − ε)2 + ε2]

}
(7.8)

Using Eqs. (7.7) and (7.8) to determine θdry, the following equation is now proposed for the
two-phase friction factor:

(ftp)stratified−wavy = θ∗dryfG + (1 − θ∗dry) (fi)annular (7.9)
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where θ∗dry = θdry/2π, fG is single-phase gas friction factor calculated using the classical definition

fG =
0.079
Re0.25

G

where ReG =
GxD

µGε
(7.10)

and (fi)annular is the interfacial friction factor for the annular flow regime described previously
evaluated at the actual vapor quality.

The frictional two-phase pressure drop can now be calculated as follows:

(∆p)stratified−wavy = 4 (ftp)stratified−wavy

(
L

D

)
ρGu

2
G

2
(7.11)

Slug+Stratified-Wavy (Slug+SW)

In this regime both low amplitude waves (which do not reach the top of the tube) and liquid slugs
washing the top of the tube are observed. With increasing vapor quality in this zone, the frequency
of slugs decreases and the waves become more dominant. This behaviour is highly chaotic and as a
consequence is quite difficult to capture physically within a simplified model. A good compromise
was found, as for the slug and intermittent regimes, by using the following expression:

(∆p)slug+SW = ∆pL0

(
1 − ε

εIA

)0.25

+ (∆p)stratified−wavy

(
ε

εIA

)0.25

(7.12)

where ∆pL0 is the single-phase frictional liquid pressure drop (evaluated at x = 0), εIA is the void
fraction at the intermittent to annular transition boundary and (∆p)stratified−wavy is the two-phase
frictional pressure drop evaluated at the actual vapor quality using stratified-wavy flow equations.

Eq. (7.12) again insures a smooth transition at the intermittent to annular boundary and matches
the correct limit for x = 0. The interpolation exponent is again 0.25 as in Eq. (7.6) and gives the
best representation of the data.

Mist (M)

This regime is encountered when all the liquid is entrained in the gas core by the high velocity gas.
The vapor phase is the continuous phase and the liquid flows in the form of droplets. In fact,it is not
far from reality to consider the two phases to flow as a single phase possessing mean fluid properties.
Under these conditions one can use the homogeneous flow theory in order to accurately predict
two-phase frictional pressure drop values. Hence, the following expression is used to calculate the
two-phase frictional pressure drop in this regime:

(∆p)mist = 2 fm

(
L

D

)
G2

ρm
(7.13)

where ρm is the homogeneous density and is determined as

ρm = ρL(1 − εH) + ρGεH (7.14)
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and the homogeneous void fraction εH is

εH =
1

1 + (1−x)
x

ρG
ρL

(7.15)

The friction factor fm is calculated introducing an homogeneous viscosity µm using single-phase
equations as follows,

fm =
0.079
Re0.25

m

where Rem =
GD

µm
(7.16)

and µm is determined using the Cicchitti (1960) expression:

µm = xµG + (1 − x)µL (7.17)

This expression (Eq. 7.13) goes to the ideal limit of all gas flow at x = 1.

Dryout (D)

Analyzing the experimental results, it is obvious that there is not usually a step-wise jump from
annular(A) to mist(M) flow. This transition regime between them is called dryout. The process of
dryout starts at the top of the tube, where the liquid film is thinner, and takes place over a range
of vapor qualities (from the inception of dryout at xdi at the top of the tube to the completion of
dryout at xde at the bottom of the tube) and thus ends when the fully developed mist flow regime
is reached. This process is depicted in Fig. (7.11).

Flow

VaporLiquid

a)

b)

Dryout zone

xdi xdeA B C

A B C

A-A B-B C-C

Figure 7.11: Dryout zone during evaporation in horizontal tube.

The following linear interpolation captures this variation and does not introduce any jump in the
frictional pressure gradient being in agreement with the experimental observations:

(∆p)dryout = (∆p)tp (xdi) − x− xdi

xde − xdi

[
(∆p)tp (xdi) − (∆p)mist (xde)

]
(7.18)

where xde is the dryout completion quality and xdi is the dryout inception quality calculated, ac-
cording with the flow pattern map, using the following expressions proposed by Wojtan et al. [153]:
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xdi = 0.58e[0.52−0.235We0.17
G Fr0.37

G (ρG/ρL)0.25(q/qcrit)0.70] (7.19)

xde = 0.61e[0.57−5.8·10−3We0.38
G Fr0.15

G (ρG/ρL)−0.09(q/qcrit)0.27] (7.20)

that are equivalent to Eqs. (3.54) and (3.55).

(∆p)tp (xdi) is the frictional pressure drop at the inception quality calculated either with Eq. (7.5)
for annular flow or Eq. (7.11) for stratified-wavy flow and (∆p)mist (xde) is the frictional pressure
drop at the completion quality calculated with Eq. (7.13). At high mass velocities the value of
xde intersects that of xdi; at these conditions, the dryout zone (D) no longer exits and a jump is
contemplated between annular and mist flow.

Stratified (S)

The stratified flow regime was out of the possibilities of the present test facility as it occurs at
very low mass velocities. Thus, no experimental values were obtained in this regime. In spite of an
experimental verification the following calculation procedure is proposed for this regime:

− if x ≥ xIA then

(ftp)stratified = θ∗stratfG + (1 − θ∗strat) (fi)annular (7.21)

where θ∗strat = θstrat/2π, fG is single-phase gas friction factor calculated with Eq. (7.10) and
and (fi)annular is the interfacial friction factor for the annular flow regime described previously
evaluated at the actual vapor quality.

The frictional two-phase pressure drop can now be calculated as follows:

(∆p)stratified (x≥xIA) = 4 (ftp)stratified

(
L

D

)
ρGu

2
G

2
(7.22)

− if x < xIA then

(∆p)stratified (x<xIA) = ∆pL0

(
1 − ε

εIA

)0.25

+ (∆p)stratified (x≥xIA)

(
ε

εIA

)0.25

(7.23)

where ∆pL0 is single-phase frictional liquid pressure drop (at x = 0), εIA is the void fraction
at the intermittent to annular transition boundary and (∆p)stratified (x≥xIA) is the two-phase
frictional pressure drop evaluated at the actual vapor quality using stratified flow equations
for x ≥ xIA.

Bubbly (B)

Bubbly flows are not addressed these occur at mass velocities that are beyond the range of present
interest. The bubbly flow transition from intermittent flow remains the same as in the original
map, see Wojtan [155].
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7.2.4 Comparisons of experimental to predicted values

This section presents comparisons of experimental to predicted values obtained using the new
two-phase frictional pressure drop model.

Fig. (7.12) depicts comparisons of the entire database to predicted values. The new method predicts
82.3% within ±30% and 64.71% within ±20%. Taking into account that the range of experimental
conditions included a wide range of experimental conditions (fluids, diameter, mass velocities, heat
fluxes), the method predicts very accurately the experimental data. The values for all the database
versus the new and previous methods are summarized in Table (7.2).

Compilation of statistical results
±20% ±30%

Friedel 67.33% 51.81%
Grönnerud 46.15% 40.45%

Müller-Steinhagen and Heck 75.79% 49.64%
New Method 82.30% 64.71%

Table 7.2: Compilation of percentages of the database within an specific range for the new proposed
model and three existing methods.

In order to check the reliability of the new model, Figs. (7.13) and (7.14) depict comparisons
of experimental to predicted values when the fluid is changed for both internal tube diameters.
Figs. (7.15) and (7.16) show comparisons for both fluids when the tube internal diameter is changed.
It is deduced from the figures that changing these two important parameters does not have an effect
on the accuracy of the predictions attesting for the reliability of the new method.
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Figure 7.12: Comparisons of experimental to predicted values for the entire database: a) 82.30%
are predicted within ±30%, b) 64.71% are predicted within ±20%.
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Figure 7.13: Comparisons of experimental to predicted values for R22 and both tested diameters:
a) 82.67% are predicted within ±30%, b) 60.26% are predicted within ±20%.
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Figure 7.14: Comparisons of experimental to predicted values for R410A and both tested diameters:
a) 83.02% are predicted within ±30%, b) 69.46% are predicted within ±20%.
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Figure 7.15: Comparisons of experimental to predicted values for d = 8mm and both tested fluids:
a) 82.06% are predicted within ±30%, b) 67.64% are predicted within ±20%.
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Figure 7.16: Comparisons of experimental to predicted values for d = 13mm and both tested
diameters: a) 82.24% are predicted within ±30%, b) 62.86% are predicted within ±20%.
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Fig. (7.17) shows comparisons of experimental to predicted values for the entire database segregated
by flow regime. For the sake of simplicity, the mist and dryout results are not shown in this figure but
a similar behaviour was observed. It has to be pointed that pressure drop experimental values in the
stratified-wavy (SW) and slug+stratified-wavy (Slug+SW) regimes were in the range of 0 − 8mbar
and trying to accurately predict such low values is a difficult task because small deviations can
induce large errors. This later feature assesses the quality of the proposed model.
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Figure 7.17: Comparisons of experimental to predicted values for the entire database segregated
by flow regime: a) annular, b) Slug+Intermittent, c) SW, d)Slug+SW.

Thus, it has been shown that the new two-phase frictional prediction model from a statistical point
of view is able to very accurately predict the experimental values. The reliability of the proposed
model has also been proven but still a question remains open: Does the new model capture the
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trends observed in the two-phase frictional pressure drops vs. vapor quality? This latter is crucial
for the thermal optimization of evaporators. Figs. (7.18)-(7.22) show experimental and predicted
values plotted vs. quality for a selected set of experimental conditions. The new model follows the
experimental trends quite well and it is able to capture reasonably well the position and a little
less so the magnitude of the characteristic peak at high vapor qualities.
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Figure 7.18: Experimental and predicted values vs. vapor quality for R134a at different experi-
mental conditions.
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Figure 7.19: Experimental and predicted values vs. vapor quality for R22 at different experimental
conditions and d = 13.8mm.
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Figure 7.20: Experimental and predicted values vs. vapor quality for R22 at different experimental
conditions and d = 8mm.
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Figure 7.21: Experimental and predicted values vs. vapor quality for R410A at different experi-
mental conditions and d = 13.8mm.
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Figure 7.22: Experimental and predicted values vs. vapor quality for R410A at different experi-
mental conditions and d = 8mm.

Comments on the attributes of the new flow pattern based method:

− It is more accurate (according to Table (7.2)).

− It better follows the variation in pressure gradient with vapor quality.

− It captures the peak in the pressure gradient at high vapor qualities.

− It handles mist flow and the dryout region.

− It goes to the correct limits at x = 0 (single-phase liquid flow) and at x = 1 (single-phase gas
flow).

− It explicitly includes the effect of interfacial waves.

− It includes the effect of interfacial flow structure (such as partially dry perimeter) via the flow
pattern map.

− It is based on the actual mean velocities of the phases via the void fraction function rather
than superficial velocities.
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Furthermore, in thermal design with a vapor quality change from x = 0.2 at the inlet to x = 1 at
the outlet, it is most important that the two-phase pressure gradient is calculated accurately where
the gradients are high. For example, a 20% error at x = 0.2 is insignificant in the total pressure
drop calculation. Hence, the present method that works very well in annular flow (see Fig. (7.17a))
and that captures the position of the peak will give much better total pressure drop predictions
than the other methods.

7.3 Conclusions

The experimental results were compared to three recommended two-phase frictional pressure drop
correlations: Friedel, Grönnerud and Müller-Steinhagen and Heck. While all three provided a
reasonable agreement for some particular set of experimental conditions, they either significantly
overpredicted or underpredicted the data for most of the others. Also, the methods did not reliably
capture the variation in two-phase frictional pressure drop versus vapor quality, which is necessary
for such methods to be useful for the thermal optimization of evaporators. Hence,the development
of new two-phase frictional pressure drop model based on flow pattern map is justified. Then, the
experimental data were segregated by flow regime using the recent Wojtan-Ursenbacher-Thome flow
pattern map in order to develop the two-phase frictional pressure drop model based on flow pattern
map, the new model is introduced and the development procedure is detailed. Comparisons with
the database show that the new model is able to accurately and reliably predict experimental values
and, furthermore, the variation of the frictional pressure drop vs vapor quality is well captured.
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Chapter 8

Conclusions

As the first step in this work, a comprehensive experimental study was undertaken in order to ob-
tain accurate two-phase pressure drop values during evaporation of refrigerants in horizontal tubes.
The experimental conditions were chosen to obtain experimental values over a wide range of test
parameters so that the effect of each parameter could be easily identified. The range of experi-
mental conditions covered were: three refrigerants (low, medium and high pressure, respectively),
two internal tube diameters, eight mass velocities and four heat fluxes. In addition, using water as
heating fluid we were able to cover the entire range of vapor quality. Fulfilling these experimental
requirements imposed a modification of the existing LTCM experimental facility and the imple-
mentation of new test sections. The new two-zone test sections allowed tests to (i) be run under
both diabatic and adiabatic conditions simultaneously, (ii) to obtain two-phase pressure drop values
for nearly every flow regime and (iii) to validate the data reduction procedure used to obtain the
frictional component of the pressure drop. The campaign acquired 2543 experimental two-phase
pressure drop values covering a wide range of experimental conditions and five flow regimes.

Next, based on a comprehensive state-of-the-art review and comparison versus leading two-phase
frictional pressure drop prediction methods, it was proven that none of these methods were able to
accurately and reliably predict the present experimental values. While leading methods provided
partial agreement for a particular set of experimental parameters, they either significantly overpre-
dicted or underpredicted the data for a different set of test variables. Furthermore, they did not
adequately capture the trends observed in the two-phase frictional pressure drop vs. vapor quality
nor the characteristic peak in the data at high vapor quality. Hence, it has been shown that none
of the existing methods was reliable for optimizing the thermal-hydraulics of a direct-expansion
evaporator, even though statistically they are not that bad when considering the normal situation
for the prediction of two-phase frictional pressure drops.

For the reasons mentioned above, an analytical study was undertaken in order to develop a new
two-phase frictional pressure drop prediction method. It has been shown in the literature that
models developed based on a so called ”phenomenological approach” could provide more accurate
and realistic predictions as the interfacial structure between the phases is taken into account. Based
on that, a phenomenological approach was chosen in the present study to develop a new two-phase
pressure drop prediction method. To do this, the interfacial structure must be known in advance,
which can be determined based on a flow pattern map. Hence, based on a comprehensive literature
review of existing flow pattern maps, the recent Wojtan-Ursenbacher-Thome map was chosen to
provide the corresponding interfacial structure needed for the development of the new model.
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Hence, the entire experimental data were segregated by flow regime using this flow pattern map.
Because about one-third of the experimental data were in the annular flow regime, this particular
geometry was used as a starting point for model development and then extended to other flow
regimes. The new model treats each flow regime (i.e. interfacial structure) separately and then
ensures a smooth transition at the flow regime boundaries (no jump in pressure gradient), being in
agreement with the experimental observations. Another important feature of the proposed model
is that it matches the corrects limits at x = 0 (single-phase liquid flow) and at x = 1 (single-phase
gas flow).

Finally, based on a statistical analysis, it is concluded that the New Two-Phase Frictional Pressure
Drop Model Based on Flow Pattern Map successfully predicts the present experimental data and is
able to provide much better predictions that existing methods. It is recommended for optimizing
the thermal-hydraulics of a direct-expansion evaporators.

The main advantages of the new method relative to previous methods are summarized below:

− It has been developed based on a ’phenomenological approach’ as the interfacial structure of
the various flow regimes is taking into account.

− It includes explicitly the effects of interfacial waves and flow patterns.

− It ensures smooth transitions (no jumps) between flow regimes, being in agreement with the
experimental observations.

− It matches the correct limits for single-phase flow (single-phase liquid flow at x = 0 and
single-phase gas flow at x = 1) .

− It presents a reasonable degree of simplicity as no iteration is required for its application.

− It successfully predicts experimental data, based on a statistically based, and their change of
trend with flow pattern.

− It captures the variation of the frictional pressure drop versus vapor quality, which is crucial
for optimizing the thermal-hydraulics of evaporators.

Future work should extend comparison of the new model to other fluids and databases. This model
should also be compared to two-phase pressure drops for intube condensing flows and modified
to account for any differences arising from film condensation on the upper perimeter of stratified
types of flow and the flow pattern map for condensation. Furthermore, two-phase pressure drops
in U-bends and downstream of U-bends should also be investigated.



Appendix A

Fluid Physical Properties

Physical Properties
Fluid TSat[oC] ρL[kg/m3] ρG[kg/m3] µL[kg/ms] µG[kg/ms] hL[kJ/kg] hG[kJ/kg]

0 1295 14.53 0.000331 1.08E-05 49.17 246.6
R134a 5 1279 17.26 0.000312 1.10E-05 55.81 249.4

10 1261 20.38 0.000294 1.12E-05 62.54 252.1
0 1285 21.22 0.000232 1.19E-05 44.59 250.0

R22 5 1268 24.78 0.000226 1.21E-05 50.49 251.7
10 1250 28.81 0.000220 1.23E-05 56.46 253.4
0 1176 30.67 0.000163 1.23E-05 56.46 277.0

R410A 5 1155 35.95 0.000153 1.25E-05 63.89 278.4
10 1133 41.98 0.000144 1.27E-05 71.44 279.6

Physical Properties
Fluid PSat[bar] kL[W/mK] kG[W/mK] cPL[kJ/kgK] cPG[kJ/kgK] σ[N/m] Pred[−]

2.93 0.09941 0.01179 1.308 0.9034 0.01157 0.07208
R134a 3.49 0.09709 0.01222 1.327 0.9286 0.01085 0.08608

4.15 0.09477 0.01264 1.346 0.9553 0.01015 0.1021
4.97 0.1001 0.009396 1.160 0.7229 0.01174 0.09997

R22 5.83 0.09762 0.009696 1.173 0.7436 0.01099 0.1173
6.80 0.09514 0.009996 1.187 0.7660 0.01025 0.13680
7.98 0.1139 0.01243 1.453 1.1180 0.01174 0.1622

R410A 9.33 0.1108 0.01282 1.472 1.1700 0.01099 0.1896
10.85 0.1076 0.01320 1.495 1.2280 0.01025 0.2203

Table A.1: Physical properties for fluids used during the experimental campaign at three different
saturation temperatures.
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Appendix B

Liquid-Vapor Interfaces

Instabilities associated with liquid-vapor interfaces can have a significant impact on the pressure
drop (as well as on heat and mass transfer) during phase-change processes. Often these instabil-
ities cause a change in the morphology of the two-phase system at a particular set of transition
conditions. Altering the interface morphology results in changes in transport properties at the
interface.
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Figure B.1: Perturbed vapor-liquid interface.

The one-dimensional Taylor instability wavelength λT for the unsupported liquid film is:

λT

[
(ρL − ρG)

σ

]1/2

= 2π
√

3 (B.1)

and this is related to the formation of interfacial waves. If the interfacial waves have characteristics
wavelengths similar to the film thickness, then substituting δ for λT means that the interfacial
roughness ∆δi will be approximately scaled as

∆δi ∝
[
(ρL − ρG)gδ2

σ

]k

(B.2)

where term inside the brackets is non-dimensional.
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Nomenclature

Latin

Symbol Description Units
A Cross Section Area m2

AL Cross Section Area of Liquid Phase m2

ALD Non-dimensional Area of Liquid Phase - [AL/D] -
AG Cross Section Area of Vapor Phase m2

AGD Non-dimensional Area of Vapor Phase - [AV /D] -
C Empirical Constant -
cpL Liquid Specific Heat J/kgK
cpG Vapor Specific Heat J/kgK
cpw Heating Water Specific Heat J/kgK
d Vapor Core Diameter m
D Internal Tube Diameter m
Dext External Tube Diameter m
Dh Hydraulic Diameter m
fL Liquid Friction Factor -
fG Vapor Friction Factor -
FrL Liquid Froude Number -
g Acceleration of Gravity m/s2

G Mass Velocity kg/m2s
hL Liquid Height in the Tube m
hLD Non-dimensional Liquid Height in the Tube - [hL/D] -
hL Liquid Enthalpy J/kg
hLV Latent Heat of Vaporisation J/kg
hw Enthalpy of the Heating Water per Unit of Mass J/kg
j Total Superficial Velocity m/s
jL Liquid Superficial Velocity m/s
jLj Liquid Drift Flux m/s
jLG Liquid Drift Flux Relative to Vapor m/s
jG Vapor Superficial Velocity m/s
L Characteristic Length m
M Molecular Weight g/mol

Ṁ Total Mass Flow Rate kg/s

ṀL Liquid Mass Flow Rate kg/s

ṀG Liquid Mass Flow Rate kg/s
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Ṁref Refrigerant Mass Flow Rate kg/s
P Pressure bar
P Preheater Power W
Pi Liquid Interface m
PiD Non-dimensional Liquid Interface - [Pi/D] -
Plocal Saturation Pressure on the Local Heat Transfer Measure-

ment Position
bar

PL Wetted Perimeter m
PLD Non-dimensional Wetted Perimeter - [PL/D] -
Psat Saturation Pressure bar
PG Dry Perimeter m
PGD Non-dimensional Dry Perimeter - [PV /D] -
q Heat Flux W/m2

qcrit Critical Heat Flux W/m2

qext External Heat Flux W/m2

Q̇L Liquid Volumetric Flow Rate m3/s

Q̇G Vapor Volumetric Flow Rate m3/s
R Internal Tube Radius m
Re Reynolds Number -
ReH Homogeneous Reynolds Number -
ReL Reynolds Number in Liquid Phase -
ReG Reynolds Number in Vapor Phase -
Reδ Reynolds Number in Liquid Film -
t Time s
T Temperature K
Tsat Saturation Temperature K
Twall Wall Temperature K
uL Mean Velocity of Liquid Phase m/s
uG Mean Velocity of Vapor Phase m/s
WeL Liquid Weber Number -
x Vapor Quality -
xde Dryout Completion Quality -
xdi Dryout Inception Quality -
xe Equilibrium Vapor Quality -
xIA Vapor Quality at Intermittent-Annular Flow Transition -
Xtt Martinelli Parameter -
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Greek

Symbol Description Units
δ Liquid Film Thickness m
ε Cross-Sectional Void Fraction -
θdry Dry Angle rad
θstrat Stratified Angle rad
µL Dynamic Viscosity of Liquid Pa · s
µG Dynamic Viscosity of Liquid Pa · s
ρL Density of Liquid kg/m3

ρG Density of Vapor kg/m3

σ Surface Tension N/m
τ Shear stress N/m2
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