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Experimental study of third (HFC) and fourth generation (HFO)
refrigerants during flow boiling in singularities

Abstract:

The refrigerant charge reduction HVAC & R systems is an important issue because it
falls within environmental policies regarding refrigerants contributions to the greenhouse
effect. A way to move toward charge reduction is to increase the compactness of heat
exchangers, which means more complex designs of the evaporators. Nevertheless, while
a large amount of studies have been published on the thermal and hydraulic analysis of
flow boiling of refrigerants in horizontal tubes, very little attention has been given to flow
boiling in geometries different from straight tubes. This PhD thesis aims at studying the
flow boiling characteristics of third generation (HFC) and fourth generation fluids such
as HFO-1234yf in geometries which modify the fluid dynamics and two-phase flow with
respect to horizontal straight tubes. To achieve this goal, an experimental test facility was
specifically designed and built to conduct refrigerant evaporation experiments. This test
facility allowed to perform flow regime visualizations and pressure drop measurements in
singularities (such as sudden contractions and return bends).

First, two-phase flow regimes visualizations have been carried out using HFO-1234yf, R-
134a and R-410A either in straight tubes or in singularities. A qualitative analysis of the
flow behavior and also several comparisons to flow pattern prediction methods from the
literature were conducted.

The second objective of this work was to characterize the flow disturbances caused by
singularities such as sudden contractions and return bends, and to study their effects on
the hydrodynamic performance (e.g. pressure drop) of refrigerants. An experimental study
has been carried out to determine the perturbation lengths up- and downstream of the
singularities. For return bends, both for horizontal and vertical cases, it is noted that there
is no significant difference in the return bend pressure drop above 20D downstream and
10D upstream of the return bend. For the sudden contraction, the results obtained showed
that there is no significant difference for the sudden contraction pressure drop measured
above 70Dy downstream and above 28 D upstream of it.

Lastly, pressure drop databases for third and fourth generation refrigerants are presented.
Experimental values of pressure drops in straight tube were compared against 10 methods
found in the literature, the measured return bend pressure drop values were compared
against 4 methods and for the sudden contraction pressure drop database has been compared
to 6 prediction methods from the literature. These databases have been used to develop
new two-phase pressure drop prediction methods in singularities such as return bends and
sudden contractions.

Keywords: Refrigerant, return bend, straight tube, sudden contraction, experimentation,
flow pattern, two-phase flow, visualization, pressure drop
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Etude expérimentale des fluides frigorigénes de troisiéme (HFC) et quatriéme
(HFO) génération lors de I’ébullition convective dans des singularités

Résumé:

La réduction de charge de fluides frigorigénes dans les systémes de production de froid
est un enjeu important s’inscrivant dans les politiques environnementales sur la contribu-
tion de ces fluides & D’effet de serre. Une des voies menant & la réduction de charge est
I’augmentation de la compacité des échangeurs de chaleur, conduisant inévitablement a la
conception d’évaporateurs plus complexes. Néanmoins, si de nombreuses études ont été
publiées sur I'analyse thermo-hydraulique de I’ébullition convective de frigorigénes dans
les tubes horizontaux, trés peu ont été menées sur des écoulements diphasiques dans des
géométries non conventionnelles.

Cette thése vise & étudier les caractéristiques des écoulements diphasiques avec change-
ment de phase des frigorigénes de troisitme (HFC) et de quatriéme génération tels que
le HFO-1234yf dans des singularités (coudes de retour, contractions). Ainsi, un banc
d’essais expérimental a été spécifiquement concu et construit pour mener des expériences
sur ’ébullition convective. Ce banc d’essais a permis de visualiser les régimes d’écoulement
et de mesurer les chutes de pression dans les singularités.

Des visualisations de régimes d’écoulement ont été réalisées pour les frigorigénes HFO-
1234yf, R-134a et R-410A dans des tubes droits et dans des singularités. Les résultats ont
été confrontés avec diverses méthodes de prédiction de la littérature.

Les perturbations sur ’écoulement causées par ces singularités et leurs effets sur le
comportement hydrodynamique des fluides frigorigénes ont également été étudiées. Une
série d’expériences a été menée pour déterminer la longueur de perturbation en amont et
en aval des singularités. Au-dela de 20 D en aval et 10 D en amont, le gradient de pression
dans une section droite n’est pas affecté par la présence d’'un coude de retour. Pour les
contractions, les résultats obtenus ont montré qu’il n’y avait pas de différence significative
pour la chute de pression au-dela de 70 D5 en aval et 28 D; en amont.

Finalement, les valeurs expérimentales des chutes de pression ont été confrontées &
différentes corrélations de la littérature. Des nouvelles méthodes de prédiction de la chute
de pression pour des écoulements diphasiques dans des singularités telles que des coudes de
retour et des réductions de section ont été proposées.

Mots clés: Fluide frigorigéne, coude de retour, tube droit, contraction, expérimentation,
régime d’écoulement, écoulement diphasique, visualisation, chute de pression
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CHAPTER 1

Introduction
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1.2 Motivation of thestudy . . . . . . . ... ... ... ......
1.3 Objectives of thestudy . . . . . ... ... ... ........
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LS N R

1.1 Background

Refrigeration is the process of extracting heat from one medium. This process usually in-
volves the transportation of heat from one location to another by use of refrigerant in a
closed cycle. Refrigeration is found everyday in several applications, which include air con-
ditioning, commercial refrigeration, and industrial refrigeration. Commercial refrigeration
was born in 1844, when Dr. John Gorrie designed the first commercial refrigerating machine
based on reciprocating compressors in the United States. The hermetically sealed motor-
compressor was first developed by General Electric Company for domestic refrigerators and
sold in 1924.

In late 1920s and 1930s, several companies such as Carrier and Trane introduced the
first centrifugal chillers and up to 1937, the capacity of centrifugal chillers had increased
to 2500 kW. During the 1930s, one of the outstanding developments in refrigeration was
the invention by [Midgley & Henne 1930] of the non-toxic, nonflammable, fluorinated hy-
drocarbon refrigerant family called Freon in 1930. The chlorofluorocarbons (CFCs), being
the first generation of synthetic refrigerants, became widely adopted commercial products
in reciprocating and centrifugal compressors.

The dominating market position of chlorofluorocarbons (CFCs) such as R-11 and R-12
and hydro-chlorofluorocarbons (HCFCs), also known as the second generation of synthetic
refrigerants, was unchallenged until their implication in the depletion of the ozone layer, as
first suggested by [Rowland & Molina 1974]. The authors described a chemical reaction as
a photo-dissociation of man-made chlorofluorocarbons in the stratosphere which produces
significant amounts of chlorine atoms and leads to the destruction of the stratospheric ozone,
that could result in depleting the ozone layer for decades. The concerns raised by the data
in their article grew over time, ultimately leading to the Montreal Protocol in 1987, which
mandated the phase-out of CFCs and HCFCs. Several reviews of the Protocol followed that
established a more stringent phase-out schedule. This led to an intense research to find
alternative working fluids. The alternative refrigerants that emanated from these research
efforts are predominantly hydrofluorocarbons (HFCs).

A third generation of synthetic refrigerants, the hydrofluorocarbons (HFCs), such as
R-134a with zero Ozone Depletion Potential (ODP), have emerged as candidates for CFCs
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2 Chapter 1. Introduction

refrigerants substitution in refrigeration systems. But even with its ODP equal to zero,
R-134a has a relatively high Global Warming Potential (GWP) (1300 times that of COs).
A variety of studies have been carried out worldwide which have reported HFC refrigerants
as alternative substitutes for CFC and HCFC. In these investigations are discussed several
topics related to the influence of refrigerant substitutes on the energy efficiency and global
warming, the use of hydrocarbon refrigerants (HC) as possible CFCs and HCFCs substitutes
and on the refrigerant miscibility with the lubricant oils.

To expand the range of possible replacement fluids with desired properties, mixtures
of refrigerants were investigated. A mixture can be formulated to obtain a saturation
curve similar to the saturation curve of the original refrigerant, to suppress flammability or
toxicity of one of the components that otherwise has excellent thermophysical properties.

The phase-out of CFCs, HCFCs and also some of HFCs such as R-134a due to their
high GWP, provides the opportunity to a demand of new environmental friendly refrigerants
with low GWP, without having an adverse effect on the refrigeration system performance.
These new environmental friendly refrigerants, the HydroFluoroOlefins (HFOs), also called
"fourth-generation" refrigerants with low GWP represent a significant reduction of the envi-
ronmental footprint associated with air conditioning, heat pump and refrigeration systems.
In 2007 were developed refrigerants that should meet the new regulations related to en-
vironmental impact, such as a GWP below 150. In this sense, the HFO-1234yf, with a
GWP of 4, was the result of the industrial efforts to give a solution able to provide efficient
and effective cooling with a near drop-in replacement for the current refrigerant R-134a.
Among its interesting characteristics, HFO-1234yf has an atmospheric lifetime of only 11
days, compared to 13 years for R-134a.

Apart from environmental concerns raised by the depletion of the ozone layer and global
warming, energy efficiency and refrigerant charge also came to the forefront. In response to
that, the National Appliance Energy Conservation Act of 1987 promulgated a wide range
of increases in minimum energy efficiency standards for heat pumps, refrigerators, freezers,
and air-conditioners in the United States of America.

The impact of these regulatory decisions on the heating and cooling industry is very
important, specifically regarding heat exchanger technology. Combined with space (volume)
and materials (mass) saving considerations, as well as present-day global economics, there
has been an expansion in efforts to produce more efficient heat exchange equipment for a
given heat duty. Therefore the main thermal-hydraulic economic objectives are to reduce
the size of a heat exchanger required for a specific heat duty, to upgrade the capacity of an
available heat exchanger and its operation with smaller approach temperature differences,
or to reduce the pumping power [Didion 1997].

Apart from the economic benefits of operating smaller and more efficient systems, ma-
terial conservation would be implicit, thus benefiting society, due to the minimization of
adverse environmental impacts [Ohadi & Buckley 2001]. However, size reduction should
not be achieved at the expense of coefficient of performance (COP).

1.2 Motivation of the study

The refrigerant charge reduction in heating, ventilation, air conditioning and refrigeration
systems (HVAC & R) is an important issue because it falls within environmental policies
regarding refrigerants contributions to the greenhouse effect. A way to move toward charge
reduction is to increase the compactness of heat exchangers, which means more complex
designs of the evaporators. Besides, the development of new applications of refrigeration
plants, such as geothermal heat pumps for which horizontal space may be limited, also
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1.2. Motivation of the study 3

requires some specific arrangements for the evaporators. Following this, prediction of two-
phase pressure drop in direct-expansion evaporators, condensers and two-phase refrigerant
transfer lines is important in order to design and optimize the refrigeration, air-conditioning
and heat pump systems.

Nevertheless, while a large amount of studies have has been published on the thermal
and hydraulic analysis of flow boiling of refrigerants in horizontal tubes (Fig. 1.1), very little
attention has been given to flow boiling in geometries different from straight tubes. The
main aim of this PhD work is to study the flow boiling characteristics of HFC refrigerants
and new-generation fluids such as HFO-1234yf in geometries which will modify the fluid
dynamics and two-phase flow with respect to horizontal straight tubes.
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Figure 1.1: Number of experimental data points (22363 data points in total) for each
geometry published in 122 articles since 1980 for flow boiling. [Charnay et al. 2011]

Most of the published research works on in-tube evaporation deal with refrigeration
mass fluxes (also called mass velocity) in the range from 150 to 700 kg-m~2-s71. Modern
evaporators such as those used in typical heat pump water heater applications, however,
usually operate in the mass flux range of 500 to 1000 kg-m~2.s~!. There is therefore a
need to perform in-tube evaporation in a much wider mass flux range, viz. 150 - 1000
—2.571

The majority of in-tube evaporation works use unrealistic evaporator tube dimensions,
e.g. too short evaporator tubing (so that entrance effects play a prominent role on the
flow recovery length). Researchers may also use too small diameter tubing in their research
work (e.g 3.00 mm), while most conventional tubes used for evaporation in the HVAC & R
industry, have a range from 9.52 mm (3/8") to 12.70 mm (1/2") outside diameters. Because
this study is motivated by "real world" applications, use is made of 9.52 mm and 12.70 mm
outside diameter refrigerant tubing. The fact that the evaporators are made of several
sub-sections, implies the use of return bends connectors.

Most of the existing works carried out to develop predictive models for in-tube evap-
oration, are of an empirical nature, although several researchers have recently advanced
in the development of semi-empirical based models. But, reliable predictions of two-phase

kg-m
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4 Chapter 1. Introduction

pressure drop characteristics are still mainly experimental because of the complexity of the
fluid dynamic involved.

Frictional pressure drop correlations, in several cases, still rely on two-phase multipliers
to predict the effect of the vapor and liquid phases. The main problem is that two-phase
multipliers artificially assume a homogeneous flow, which is only suitable for high mass ve-
locities ([Thome 2004]). Distinct mathematical models for the pressure drop along straight
tubes considering flow patterns and parameters such as void fraction that would be anal-
ogous to the models for return bends and sudden contractions have not been developed.
Almost all empirical correlations that have been developed so far rely on the same form
of the two-phase multipliers, with differing constant coefficients and exponents. This is
probably because the empirical models are the easiest to implement and provide a rea-
sonable accuracy within the range of database used in their implementation. In contrast,
the analytical approach provides general models, since no empirical information is used,
but their implementation is very complex and time consuming even just to make a single
calculation. A good trade off between purely empirical and purely analytical seems to be
the phenomenological approach (e.g [Moreno Quibén & Thome 2007] method). This later
preserves the model of general applicability, as it is based on theory and, introducing some
empiricism it overcomes complex calculations resulting in somewhat easy to use models.

The available correlations also satisfy only limited experimental data with a narrow
range of applicability. There is no real unanimity for a unique correlation. In some cases,
significant discrepancies are apparent when comparing experimental data to the correla-
tions. This present work aims at consolidating various research efforts, and at generating
an unambiguous, unified correlation for pressure drop in return bends on the one side and
sudden contractions on the other side, using empirical and semi-empirical (analytic) means.

1.3 Objectives of the study

The experimental test facility used in this study was first developed by [Branescu 2000] and
was specifically designed and built to conduct refrigerant evaporation experiments. This
test facility was modified during the present PhD work in order to perform pressure drop
measurements in singularities (such as sudden contractions and return bends).

The first objective of this experimental investigation is to visualize flow regimes using
HFC and fourth-generation refrigerants either in straight tubes or in singularities and to
compare them to flow pattern prediction methods from the literature.

The second objective is to characterize the flow disturbances caused by singularities such
as sudden contractions and return bends, and to study their effects on the hydrodynamic
performance (i.e. pressure drop) of refrigerants. The characterization of the perturbation
lengths up- and downstream of the singularity to make a correct pressure drop measurement,
is necessary to be investigated.

The third objective is to develop a pressure drop database for third and fourth gen-
eration refrigerants which allows to develop reliable pressure drop predictive methods in
singularities.

1.4 Layout of the thesis

The thesis is divided into eight chapters with several appendices. It is organized as follows:

e Chapter 1 provides a background to the study, by motivating the study and stating
the research objectives.
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e In Chapter 2, the definition of the main parameters and basic equations used in
two-phase flow and two-phase pressure drop analysis are presented.

o Chapter 3 gives an overview of the state-of-the-art of two-phase pressure drop models
and flow pattern maps for in-tube evaporation using straight tubes, return bends and
sudden contractions. The experimental database collected from the literature is also
presented.

e Chapter 4 describes the experimental test facility as well as the test sections used for
visualization and pressure drop measurements. The experimental methodology and
data reduction procedure are also described.

o Chapter 5 presents the experimental results of the two-phase pressure drop measure-
ments and visualizations in straight tubes. Several comparisons to the existing most
accurate pressure drop correlations for smooth straight tubes are carried out.

e Chapter 6 presents original experimental two-phase flow regime visualizations and
two-phase pressure drop data points in horizontal and vertical return bends for the
fourth generation HFO-1234yf and for the well known R-134a and R-410A conven-
tional refrigerants. In this chapter, the perturbation lengths encountered up- and
downstream of the return bend are discussed. The new experimental database (1087
data points) measured for two-phase flow of HFO-1234yf, R-134a and R-410A refrig-
erants in horizontal and vertical return bends are presented and compared against
4 prediction methods from the literature. Based on the present visualizations and
experimental measurements, a new correlation is proposed for predicting the pressure
drop in return bends.

o Chapter 7 gives qualitative two-phase flow visualizations of R-134a. In addition, the
effect of perturbation lengths up- and downstream of the sudden contraction is also
presented. 360 pressure drop data points measured for two-phase flow of HFO-1234yf,
R-134a and R-410A refrigerants in horizontal sudden contractions are presented and
compared against 6 prediction methods from the literature. Based on this database,
a new method is proposed for predicting the pressure drop in sudden contractions.

o Chapter 8 presents the general conclusions of this study and the perspectives.
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CHAPTER 2

Fundamental definitions

Contents
2.1 Two-phase flow . . . .. ... ... .. ... ... 8
2.2 Flow boilingin Tubes . . .« « v v v v v v v v v v v v v o o o s 8
2.3 Vaporquality . . . . . . ... .. e 8
2.4 Void fraction . ... .. .. ... ... i 9
2.5 Velocities . . . . . . . v i i i i e e e e e e 9
2.5.1 Massvelocity . . . .. .. 9
2.5.2  Actual velocities . . . .. ... o oo 10
2.5.3 Superficial velocities . . . . . . . ... ... L. 10
2.6 Basic equations of two-phaseflow . . ... ... ........ 10
2.6.1 Conservationof mass. . . . . . .. .. ... ... ... .. 11
2.6.2 Conservation of momentum . . . . .. ... .. ... ..... 12
2.6.3 Conservation of energy . . . . . . . .. ... ... .. 14
2.7 Non-dimensional numbers . ... ... ............. 16
2.7.1 Reynolds number . . . . . ... ... ... oL 16
2.7.2 Froude number . . . . . . ..o Lo 17
2.7.3 Weber number . . .. .. ... ... .. oo 17
2.7.4 Martinelli parameter . . . . . . .. ..o L. 17
2.8 Geometrical parameters . . . . . . 0000000 18
281 Returnbends . .. .. .. ... ... . ... . 18
2.8.2 Sudden contractions . . . . . . .. ... L. 18
2.9 Chapterconclusions . . . . . . v v v v v v v v v v v v ot oo 19

This chapter presents the fundamentals two-phase fluid mechanics and provides infor-
mation on the primary parameters used throughout this work and derives some simple
relationships between them for the case of one-dimensional flow.

To distinguish between vapor and liquid the subscripts "1" for liquid and "v" for vapor
will be used. Basic equations for two-phase flows are also introduced at the end of the
chapter.
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8 Chapter 2. Fundamental definitions

2.1 Two-phase flow

A phase, from Classical thermodynamics view, 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 flow boiling processes, the vapor and liquid are in simultaneous 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 flow regime,
the thermodynamic and transport properties of both the vapor and the liquid, the wetting
characteristics of the surface-liquid pair, and other parameters.

Two-phase flow is encountered extensively in the air-conditioning, heating, and refrig-
eration industries. A combination of liquid and vapor refrigerant exists in coolers (e.g
direct-expansion coolers), plate evaporators and condensers (e.g brazed plates), and tube-
in-tube evaporators and condensers, as well as in air-cooled evaporators and condensers.

2.2 Flow boiling in Tubes

Boiling occurs when a liquid is in contact with a surface maintained at a temperature T
sufficiently above the saturation temperature Tg,, of the liquid. Boiling is classified as pool
boiling or flow boiling, depending on the presence of bulk fluid motion. Boiling is called
pool boiling in the absence of bulk fluid flow and flow boiling (or forced convection boiling)
in the presence of it. Pool boiling involves a pool of seemingly motionless liquid, with vapor
bubbles rising to the top as a result of buoyancy effects. In flow boiling, the fluid is forced
to move by an external source such as a pump as it undergoes a phase-change process. The
boiling in this case exhibits the combined effects of convection and pool boiling.

In Internal flow boiling, which is the case of study of the present investigation, both the
liquid and the vapor are forced to flow together inside a duct.

2.3 Vapor quality

The vapor quality x is defined as the vapor mass flow rate 1, (kg-s~!) divided by the total
mass flow rate ., + my:
o=l (2.1)
my + my
When phase change does not take place in the tube, one needs to measure the mass
flow rate of each phase, and the quality is then determined for the entire tube. In case
there is a phase change in the tube, e.g. if the tube is heated and boiling takes place,
then the quality will increase downstream with the flow. Since often there is no 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 tube where
a change of phase takes place. However a fictitious quality, the so called thermodynamic
equilibrium quality, can be calculated by assuming that both phases are saturated, e.g., that
their temperatures are equal to the saturation temperature corresponding to their common
pressure. The so-called thermodynamic equilibrium quality can be calculated as:
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2.4. Void fraction 9

h, — h
r ==
hlv

where h; (J-kg™!) is the enthalpy of the saturated liquid, hy, is the latent heat of
vaporization, and h, is the enthalpy at a cross section z. This can be calculated from:

(2.2)

1 z
h, = hin + f/ q(z)dz (2.3)
m Jin
where hi, is the enthalpy of the fluid at the inlet and ¢(z) (W-m~!) is the heat input

per unit length of tube.

2.4 Void fraction

In two-phase flow, void fraction is one of the most important parameters to be determined.
It defines the cross-sectional area occupied by each phase (Fig. 2.1) 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.

Vapor

Figure 2.1: Void fraction representation.

The void fraction of the vapor is defined as:
— Av
B Av + Al

where A is the sum of areas occupied by the vapor and A, is the sum of areas occupied
by the liquid. The total cross-sectional area of the tube is called A.

€ (2.4)

2.5 Velocities

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

2.5.1 Mass velocity

The mass Velocity, also known as mass flux, is defined to the mass flow rate divided by
the total cross-sectional area:
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10 Chapter 2. Fundamental definitions

G== (2.5)

The principal unit of the mass velocity is [kg-m~2-s~!]. Considering the continuity law,
the mass velocity is also the expression of the mean flow velocity multiplied by the mean
density.

2.5.2 Actual velocities

The actual velocities (or true mean velocities) of the phases u, and w), are the mean
velocities at which the phases actually travel. The cross-sectional velocities are determined
by the volumetric flow rates Qy and Q, (m3- s7! and divided by the cross-sectional areas
which are actually occupied by the phases as:

Qv Q
we == (2.6)

Q@
= A (1-¢e)A @.7)

From the continuity law, it is possible to define both liquid and vapor actual velocities:

T T Gzx

il = 2.8
£ pvA Pv € 28)

(l-z)m GQA-x)
(I-e)mA  m(1-¢)

(2.9)

uy =

2.5.3 Superficial velocities

The superficial velocities (also called volumetric flux densities) J, and J; are the velocities
of the phases as if they were each flowing alone in the tube, occupying the total cross-
sectional area. The are defined as:

Jy = % = ElUy (2.10)

J = % = (1 — E) U (2.11)

and the total superficial velocity is the sum of the vapor and liquid superficial
velocities:

J=Jy+ 4 (2.12)

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 1975], [Bouré 1978] and [Delhaye 1990]. The form of the gov-
erning 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 and one-dimensional in the sense that all dependent
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2.6. Basic equations of two-phase flow 11

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.

Figure 2.2: Idealized model for multiphase-flow in an inclined tube.

A stratified flow is chosen to allow the equations to be derived for the general case
where each phase is in contact with the tube 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:

0 0
E(A&‘kpk) + &(A{;‘kpkuk) =TI (2.13)

where ¢y is the void fraction of phase k, py is the density of phase k, uy is the actual
velocity of phase k and Ty is the mass transfer (mass flow rate i per unit length) to phase
k from the various interphase mass transfer, where:

> Te=0 (2.14)
k

For the particular case of steady state two-phase vapor (v)/liquid (1) flow in a constant
area tube this reduces to two expressions:

0
—(A =T 2.1
(92’( Evpvuv) v ( 5)
2(A )=T (2.16)
92 gpur) = 1 .
and
I'v+11=0 (2.17)
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12 Chapter 2. Fundamental definitions

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:

My = My — My — My + Ms + Mg (2.18)
where M,
M—g('6)+ j +52(' )| =7 (2.19)
1= o1 mgoz MUk Zaz MUk MUk .

represents the rate of creation of momentum plus the rate of inflow of momentum within
the control element. The term M,

= [ (s ta) 4 fo (L)) oo

represents the pressure forces in the control element. The term M3,

M3 = Aexprdzgsinf (2.21)

represents the gravitational forces. The term My,

M4 = TkWPkW(SZ (222)

represents the wall shear force (dFy), where 7y is the wall shear stress between the
phase k and the channel wall and Py, is the contact perimeter between the wall and phase
k.

The term Ms5,

M5 = Z 7—knz]Dkn5Z (223)
1

represents the sum of the interfacial shear forces (Si, S2, . . . ), where where 7y, is
the z component of the interfacial shear stress between phase k& and phase n and Py, is the
contact perimeter between phase k& and phase n.

The term Mg represents the rate of generation of momentum of phase k& due to mass
transfer assuming that the mass transferred across the interface is accelerated to the mean
velocity of the receiving phase.

M6 = uka (224)

Rearranging terms, equation (2.18) can be written as:

0 0 dp
g (1uc0z) + 0z e (1w ) Clg- ~ Thw w62
+ g Tinz Pkn02 — A€k prdzgsing + wi L'y (2.25)

1

Thus for a steady-state two-phase vapor (v) / liquid (1) flow in a constant area tube,
for the vapor phase
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2.6. Basic equations of two-phase flow 13

myduy, = —Aydp — Tow Powdz — Ay pydzgsind + u, Ty, (2.26)
and for the liquid phase

rduy = —Aydp — iw Pwdz — A prdzgsing + T (2.27)

Adding equations (2.26) and (2.27) and using the conservation of momentum across the
interface

TiPadz + u, 'y = iy Pydz + wly (2.28)

The following equation is obtained, which represents the basic differential equation for
this simplified approach

d (myuy + myuy) = Adp + Tvw Powdz — Tiw Piwdz — gsin [Aypy + Aipl] (2.29)

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

d
(dFy +S) = —TywPowdz — 71 Padz = — A, (_p) dz (2.30)
dz Fv
d
v —9) = —TiwAwa? + Tvilviaz = —Ap | —— z .
dF, — S Piod Pad A (2 a 2.31
dz Fi

Adding equations (2.30) and (2.31), the expression for the total net frictional force is
obtained as:

d
(dFy + dF}) = —Tyw Pywdz — T Pydz = — A (d—p) dz (2.32)
Z)F

where the term (%) represents the part of the overall pressure gradient required to
F

overcome friction. Substitution of equation (2.32) into equation (2.29) and rearrangement

yields:
dp dp dp dp
ap _ (P o ' 2.
(#)=(2), (%) +(2). 25

where the term (%) reflects the change in momentum of the flow and can be expressed,

a
using relationships introduced in this chapter, as:

dp 1d,. . d [ 22 (1—xz)?
— (=) === (rhyuy == | =4 —7 2.34
<dz)a Ags Ui ) = 6T [epv T=om (2.34)
and the term (%) reflects the change in static head and can be expressed as:
d, . A, A .
- (d_i)) = gsinf [va + lel] = gsinf [epy, + (1 — €)pl] (2.35)

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 (dFy, + dFj).
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14 Chapter 2. Fundamental definitions

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 is transferred across the interface to the
control element. The equation expressing the differential energy balance is:

Ey=Ey+ Ey— Ey+ Es + Eg (2.36)

where F;

5 U2 U2
E, = k A . k
1 t |:5kpk (ek + B ) 6Z:| + my (ek + —2 ) (SZ

2 a 2
- [mk (ek + u_;) — 5257}“{ (ek + %)] (2.37)

represents 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 tube
walls.

The term FEs,

FEs = ¢pwPuwdz + Z Grn Pindz + QlﬁkAEk(SZ (2.38)
1

represents the rate at which heat enters phase k£ within the control volume, namely:
the heat flow via the channel wall over the perimeter Py, 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 FE3, E4 and Es represent the work done by pressure forces, the work done
by body forces and the work done by shear and pressure forces at the interface with other
phases respectively.

By = [M _ {M N (M) H (2.39)
P P 0z \ px
. . 661(
Ey = rygsinfdz — pA(SzE (2.40)
B =10 i Pind (2.41)
= u Tin Pind2 .
5 k Dk k - k k

Finally, the term Eg represents the rate at which energy is added to phase k by virtue
of mass transfer across the interface.

u?
Eg =Tz <ek + 7“) (2.42)

Rearranging terms, equation (2.36) may be written as

0 u? o . ul . .
EAEkPk (ek + 7“) + L (hk + ?k) = —1gsing + Pxw Piw
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2.6. Basic equations of two-phase flow 15

- . Oe u? -
+ Z xn Pin + dxAey — pAa—tk + I (hk + §k> + Uk Z Tikn Pin (2.43)
1 1

where hy represents the enthalpy of phase k per unit of mass

hie = e + = (2.44)
Pk
For the particular case of steady-state, two-phase vapor(v)/liquid(l) flow in a constant
area tube with no internal heat generation (¢), equation (2.43) reduces to the following
expressions for the vapor and liquid phases:

u2
d [mv (hv + ?V)] + 1y gsinfdz =

2
Guww P02 + b Patdz + uymyi Padz + Tyoz ( hy + 2.45
2

U2
d [ml (hl + ?1):| + mlgsineéz =

2
¢W1PW15Z + ¢1v131v5z + wnv Pz + 10z <h1 + u?l) (246)

Adding equations (2.45) and (2.46) and taking into account the conservation of energy
across the interface, the results gives:

2

u2 u
Iy (hv + 7") + o1 P + uyta Py =1 (hl + ?1) + v Py + winv Py (2.47)

Now it can be obtained the following differential equation for this simplified approach:

d d
— [riwhy + riuh] + — [

T'nvu3 mlu%

dz dz 2 2

where the term Qw1 = ¢w1Pw + dwvPwy represents the heat transferred to the fluid
across the wall per unit of tube length.
Using relationships introduced in this chapter, equation (2.48) may be written

ofr Go0) (i _Qu )
dz | py ol ) dz (mv + 1)

+{ d [er(lz)]JrGQd {ﬁ L - ]}wmo (2.49)

P Dy ol 2 dz | p2e? pi(l—¢)?

where E = zey + (1 —x)e 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 brack-
eted term) and a static head term (final term). It should pointed out that the frictional
Qwl

G
within the fluid due to friction at the tube walls but also at the interface due to the relative
motion of the phases.

] + (1hy + 1) gsind = Qw (2.48)

dissipation term (% ) includes the dissipation of mechanical energy not only
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16 Chapter 2. Fundamental definitions

2.6.3.1 Flashing effect

The pressure drop related to frictional dissipation term can reach non-negligible values
and provoke a so-called flashing (increase of the vapor quality due to expansion) and a
temperature difference. The flashing effect may easily be calculated using the relation
developed by [Revellin et al. 2009b], which is expressed (for constant properties) as follows:

vTsatCx hiy
Ag — _ UlvdsatC ;g + lavVsp Apf (2.50)
Iv

where ¢y ¢p corresponds to the specific heat capacity of the two-phase flow at constant
vapor quality, calculated by the following relation:

Cptp = Tlxv + (1 — )y ; where ¢x =T (g—;) (2.51)

The induced temperature difference is obtained using the Clapeyron equation
(dp/deat = hlv/(TsatUIV))-

2.7 Non-dimensional numbers

The main non-dimensional numbers used in the present study are defined below. Differ-
ent definitions of main non-dimensional numbers, particularly for the Reynolds and Froude
number, can be found in the literature. In order to be consistent in this work, the corre-
sponding definitions used in this work are introduced.

2.7.1 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 tube, the liquid Reynolds number for a
single-phase in a tube can be expressed in the following form:

_ plulD
H1

Considering one-dimensional flow and using the definition of the actual velocity from
Eq. (2.7), the liquid Reynolds number in a two-phase flow can be expressed as:

Re, (2.52)

_GD(1—x)
e = m (1—¢)

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

(2.53)

Re, = (2.54)

iy €
In the literature, other definitions of the Reynolds number may be found. As the void
fraction is difficult to determine, the following expressions are also used for circular tubes:

1—2)D
Re = GL— 0D (2.55)
H
D
Re, = &% (2.56)
v
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2.7. Non-dimensional numbers 17

Another type of Reynolds number may be calculated when considering each phase flows
alone in the complete cross-section of the tube at its own velocity:

D
Rey, = 27 (2.57)
H1

GD

v

Reyo =

(2.58)

It represents the liquid (or the vapor) phase only flowing alone in the complete cross-
section of the tube at the total mass velocity.

2.7.2 Froude number

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

G2
Fr= —— 2.59
Y= D7 (2.59)
The liquid Froude number for the liquid phase in a tube can be expressed in the following
form:
G2
Fri= — (2.60)
9Dp}
and for the vapor Froude number is defined as:
2
Fr, = & (2.61)
9Dp3

2.7.3 Weber number

The Weber number expresses the ratio of inertia to surface tension forces. The reference
length is the tube diameter. It is expressed for liquid phase as:

_ p1u12D

Wey (2.62)

2.7.4 Martinelli parameter

The Martinelli parameter [Lockhart & Martinelli 1949] is defined as the ratio between the
theoretical pressure gradients which would occur if each phase would flow alone in the pipe
with the original flow rate of each phase. The Martinelli parameter X2 is calculated as:

dpe
dz /,

2 _
Xi = % (2.63)
dz ),

X% is void fraction independent and is a measure of the degree to which the two-phase
mixture is close to being a liquid, e.g. X2 >> 1, or to being a vapor, e.g. X2, << 1. The
subscript tt signifies that both phases are turbulent. Modeling the pressure drop of each
phase with its superficial velocity and friction factors in the classical form:
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18 Chapter 2. Fundamental definitions

fi=CiRe " (2.64)
fv=CyRe,™ (2.65)

and assuming the same friction model for both phases (both turbulent or both laminar)
which means that m = n and C; = Cy, Eq. (2.63) reduces to:

1— —n+2/2 n/2 . 1/2
we () () () 29
x v Pl

In this work, the following expression will be used:

e (5 () ()"

2.8 Geometrical parameters

2.8.1 Return bends

Figure 2.3 shows the geometrical parameters of a 180° return bend, where D is the tube
inside diameter, R the curvature radius, L; and Lo are inlet and outlet straight section
lengths, respectively.

Flow

4
oT

"
® @

Figure 2.3: 180° Return bend.

2R
The curvature ratio in a return bend is defined as o

2.8.2 Sudden contractions

Figure 2.4 shows the flow through a sudden contraction of a duct area (based on measure-
ments in single-phase water flow).

In a distance of about 1.5 times the entrance-pipe diameter in front of the transitional
cross section the flow separates from the inner wall and contracts to a jet with a narrowest
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l¢ »le >l < >
II-'uIIy developed Transitional IFuIIy developed
inlet flow region outet flow

Figure 2.4: Single-phase flow through a sudden contraction.

cross section immediately behind the transition. Hereafter, the jet enlarges and the main
flow reattaches to the pipe wall in a distance of less than 14 times the outlet-pipe diameter,
depending on the flow condition. In the contracted flow region the static pressure in the inlet
line decreases more rapidly than in fully developed flow. In the narrowest cross section, the
so-called vena contracta it attains the (locally) smallest value. Then, the pressure gradually
increases and, after reaching its maximum, it merges into the curve of the pipe frictional

pressure drop.

A D2
The area ratio in a sudden contraction is defined as A—3 = D—g
1 1

2.9 Chapter conclusions

Fundamental parameters and basic principles of two-phase flow used throughout this work
have been presented. Relevant information on the primary variables and some simple
relationships between them are derived for the case of one-dimensional flow.
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CHAPTER 3

State of the art review
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Two-phase flow pressure drop depends on a large number of independent parameters
like geometric configuration of the duct, mass and volume fractions of the individual phases,
pressure, fluid properties, mass velocity, orientation of the duct (e.g horizontal, vertical or
inclined), flow direction (e.g vertical upflow, downflow or counter-current flow) and flow
patterns. Further, in many engineering applications, such as refrigeration, two-phase flow
systems can be adiabatic, diabatic, one-component, two-component or multi-component. To
cater for the needs of these diverse applications, a very large number of two-phase pressure
drop prediction tools are reported in the literature. Many of them are correlations, empirical
in nature, that are applicable only for limited parameter ranges. Even mechanistic models
are based on certain assumptions and careful examination of the particular application
if necessary to ensure that the assumptions made in deriving the model hold good. For
many practical situations, designers and analysts often require some guidance to choose the
appropriate correlation.

In this chapter, an overview of the state-of-the-art of two-phase pressure drop models
and flow pattern maps are given.

3.1 Two-phase flow in straight macro channels

Many classifications of channels have been proposed. Many authors consider the channels
of diameter greater than 6 mm to be macro channels and smaller than 6 mm as small
(micro, mini, etc.) channels. This classifications is arbitrary, without any physical basis.
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[Cheng & Wu 2006] have given the following criteria based on an analysis considering the
magnitudes of gravity and surface tension effects:

e Micro channel, if Bo < 0.5 (negligible effect of gravity).

e Mini channel ,
effect).

if 0.5 < Bo < 3.0 (both gravity and surface tension have significant

e Macro channel, if Bo > 3.0 (surface tension has negligible effect).

where Bo is the Bond number defined as:

9(p = pv)D?
g

Bo = (3.1)

3.1.1 Flow patterns

When a mixture of liquid and vapor flows inside a tube, a variety of flow patterns may occur,
depending among other parameters, on the mass fraction of liquid, the fluid properties of
each phase, and the flow rate. In an evaporator tube, the mass fraction of liquid decreases
along the circuit length, resulting in a series of successive vapor-liquid flow patterns. If
the fluid enters as a subcooled liquid, the first indications of vapor generation are bubbles
forming at the heated tube wall (nucleation). Subsequently, bubble, plug, churn (or semi-
annular), annular, spray-annular, and mist flows can occur as the vapor content increases
along the tubes.
Idealized flow patterns are illustrated in Figure 3.1 for a horizontal heated channel.

Constant heat flux; tube diameter approximately 13 mm
FLOWING VAPOR

Bgléjch-l *éLéID FLOWING VAPOR QUALITY=90%
QUALITY=3% ToP
[HSIPENT L’gﬂngnﬂA;'}ggE [ (NAFOR VOO o — NUELELTION oo SRIES
y BOILING FRACTION=85%) rSUPPRESSED ou ! OUT
———a \,,.J \\"““AJ);G = s SUPERHEATED
SUBCOOLED”® e
T T VAPOR

L— BUBBLE & PLUG —-]'CHURN*L—- ANNULAR '—-f-"—— SPRAY ANNULAR —-L MIST & DRY WALL-I
HIGH MASS VELOCITY [400 kg/(s ' m?)], SUBCOOLED LIQUID AT INLET

Figure 3.1: Flow regimes in typical evaporator smooth horizontal tube

[ASHRAE 2001].

Because nucleation occurs at the heated surface in a thin sublayer of superheated lig-
uid, boiling in forced convection may begin while the bulk of the liquid is still subcooled.
Depending on the nature of the fluid and the subcooling, the bubbles formed can either col-
lapse or continue to grow and coalesce (Figure 3.1), as [Gouse & Coumou 1965] observed for
R-113. [Bergles & Rohsenow 1964| developed a method to determine the point of incipient
surface boiling.
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3.1. Two-phase flow in straight macro channels 23

After nucleation begins, bubbles quickly agglomerate to form vapor plugs at the center
of a vertical tube, or, as shown in Figure 3.1, vapor plugs form along the top surface of a
horizontal tube. At the point where the bulk of the fluid reaches saturation temperature,
which corresponds to local static pressure, there can up to 1%, vapor quality because of the
preceding surface boiling [Guerrieri & Talty 1956].

Further coalescence of vapor bubbles and plugs results in churn, or semi-annular flow.
If the fluid velocity is high enough, a continuous vapor core surrounded by a liquid annulus
at the tube wall soon forms. This annular flow occurs when the ratio of the tube cross
section filled with vapor to the total cross section is approximately 85%. With common
refrigerants, this equals a vapor quality of about 0% to 30%.

If two-phase mass velocity is high (i.g greater than 200 kg-m~2-s~! for a 12 mm tube),
annular flow with small drops of entrained liquid in the vapor core (spray) can persist
over a vapor quality range from about 10% to more than 90%. Refrigerant evaporators
are fed from an expansion device at vapor qualities of typically 20-30%, so that annular
and spray annular flow predominate in most tube lengths. In a vertical tube, the liquid
annulus is distributed uniformly over the periphery, but it is somewhat asymmetric in a
horizontal tube (Figure 3.1). As vapor quality reaches about 80%, the surface dries out.
[Chaddock & Noerager 1966] found that in a horizontal tube, dryout occurs first at the top
of the tube and progresses toward the bottom with increasing vapor quality (Figure 3.1).

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 into several recognizable flow structures
that present certain analogies with those observed during flow boiling (Fig. 3.2):

= T - % i
O CF o0 Y
Fog.oe e 19.20
(e e, Do aceome e
- — = = g
S 0 RV N 0 s . ™ b .~ . v

Bubbly Stratified

™ . "V WO, T, R . ~
St et — ——— o

2

LV ;:__\“\_\—T?
Plug Wavy

Slug Annular

Figure 3.2: Two-phase flow patterns in horizontal flow [Collier & Thome 1994].

e Bubbly flow: The vapor bubbles are dispersed in the liquid with a high concen-
tration 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 hori-
zontal flows, this regime only occurs at high mass flow rates.
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e Stratified flow: At low liquid and vapor velocities, complete separation of the two
phases occurs. The vapor 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
vapor are fully stratified in this regime.

e Stratified-wavy flow: When increasing the vapor 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.

e Intermittent flow: Further increasing the vapor 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 thin
liquid films are left behind. Intermittent flow can also be described as a composite
of the plug and slug flow regimes. These subcategories are characterized as follows:

— Plug flow: This regime presents liquid plugs that are separated by elongated
bubbles. The diameter of the elongated bubbles is much smaller than the tube
so that the liquid phase is continuous along the bottom of the tube below the
elongated bubbles.

— Slug flow: At higher vapor velocities, the diameter of elongated bubbles be-
comes similar to the channel height. The liquid slugs separating such elongated
bubbles can also be described as large amplitude waves.

e Annular flow: At even larger vapor 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 vapor core. At high vapor 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.
This behavior is thus classified as stratified-wavy flow. At very high velocities most
of the liquid is entrained as spray by the vapor. The spray appears to be produced
by the high velocity vapor ripping the annular liquid film off from the wall. When
this occurs, it is then classified as Mist flow.

The distribution of the phases in vertical upward two-phase flow is no more influenced
by the gravity. The most common flow patterns encountered in vertical upward flow are
shown in Fig. (3.3) and presented below:

e Bubbly flow: The vapor or vapor phase is dispersed in the liquid as discrete bubbles.
The bubbles may have different shapes and sizes but they are much smaller than the
pipe diameter.

e Slug flow: When the quality increases, the bubbles coalesce and form larger bubbles,
of a size similar to the pipe diameter. These are called Taylor bubbles and have a
characteristic spherical cap nose and are somewhat abruptly terminated. The elon-
gated vapor bubbles are separated by liquid slugs, which may have smaller bubbles
in them. The Taylor bubbles are separated from the wall by a thin liquid film.
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3.1. Two-phase flow in straight macro channels 25

e Churn flow: When the velocity of the flow is increased, the slugs break-down into
a seemingly unstable regime. This is a flow regime between the slug flow and the
annular flow regime, where the liquid phase is displaced to the tube wall.

o Wispy-annular flow: When the liquid flow rate is increased, a considerable amount
of liquid may be entrained in the vapor core. These liquid droplets may then coalesce
to form larger lumps or liquid wisp. This regime occurs at high mass velocities.

e Annular flow: At even larger vapor flow rates, the bulk of the liquid flows on
the wall as a film, and the vapor is the continuous phase at the center of the tube.
Normally, there is some liquid entrained in the continuous vapor in the form of small
droplets, and there may be some vapor in the liquid film in the form of bubbles.

Bubbly Slug Churn Wispy-annular Annular

Figure 3.3: Two-phase flow patterns in vertical flow [Collier & Thome 1994].

3.1.2 Flow pattern maps

For evaporation in horizontal tubes, Fig.3.4 from [Thome 2004] depicts the typical flow
regimes, including cross-sectional views of the flow structure.

To predict the local flow pattern in a tube, a flow pattern map is used. It is a diagram
that displays the transition boundaries between the flow patterns. The most widely quoted
flow pattern maps for predicting the transition between two-phase flow regimes for adiabatic
flow in horizontal tubes are those of [Baker 1954] and [Taitel & Dukler 1976].

[Baker 1954] was 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. He
published the earliest flow pattern map for horizontal flow. The [Taitel & Dukler 1976]
map 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.
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Figure 3.4: Flow patterns during evaporation in a horizontal tube [Thome 2004].

The map uses the Martinelli parameter Xy, the vapor Froude number F'r, and is composed
of three graphs.

Later, [Hashizume 1983] performed flow pattern observation experiments for refriger-
ant 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.

These flow patterns maps were all developed for adiabatic two-phase flows but are often
extrapolated to the case of 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 acceleration 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 which is also easier
to implement than the frequently used log - log format. As a first step in this direction,
for small diameter tubes, [Kattan et al. 1998a, Kattan et al. 1998b, Kattan et al. 1998¢]|
proposed a modification of the [Steiner 1993] map, which itself is a modified Taitel-Duckler
map, and included a method for predicting the onset of dryout at the top of the tube in
evaporating annular flows.

A more recent version of the Kattan et al. flow map, based on information obtained
from dynamic void fraction measurements and observations of the cross-sectional locus of
the liquid-vapor interface has been proposed by [Wojtan et al. 2005a], This flow pattern
map also includes the effect of heat flux on the transition to mist flow.

This new map is illustrated in Fig. 3.5 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.

The implementation procedure for the updated version is as follows:

First, the geometrical parameters €, Ajp, AvD, Ostrat, Mip and P.p that are showed in
Fig. 3.6, are calculated from the following equations:
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R-22, G=100kg/m®s, Tsat=5 °C, D=13.84mm, q=2.1kW/m’
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Figure 3.5: Flow pattern map of [Wojtan et al. 2005a] for R-22 at Ty = 5°C in a

13.84 mm internal diameter tube at G = 100 kg-m~2.s~! and q = 2.1 kW- m~2.
[Quibén 2005]
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Figure 3.6: Cross-sectional and peripheral fractions in a circular tube. [Quibén 2005]

Bytras, = 27 — 2 {ﬂ(l —o)+ (3;)1/3 1202+ (-2~ 51/3}}
an—2{ st [1-20 -9 [+ (- 97 -]} (33
B = 0.5 {1 ~cos (2”%’”)] (3.4)
P — sin (2”%9”) (3.5)

where the void fraction (¢) can be calculated with the [Steiner 1993] version of the
[Rouhani & Axelsson 1970] equation for horizontal tubes, Eq. (3.68). The S-SW transition
is calculated from:

926.32Ain A2 py (1 — py 1/3
D Aipov(p — p )gm} (3.6)

Gstrat =

strat |: 1'2(1 — :L')7T3

The flow is stratified whenever G < Gggrat-

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

16A3,9Dpipy [ ’ (We) - +1

0.5
Gwavy = — 50 3.7
vy {z27r2(1 — (2hp — 1)2)05 " | 2502, \ Fr } + (87)

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

l
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o G > Gyavy(x1a) gives the SLUG zone;

Gstrat < G < Gyavy(21a) and z < z1a give the SLUG/STRATIFIED-WAVY zone;
e x> x1a gives the STRATIFTED-WAVY zone.

o G > Gyavy(w1a) gives the SLUG zone;

Gstrat < G < Gyavy(21a) and z < z1a give the SLUG/STRATIFIED-WAVY zone;

o x> x1p gives the STRATIFIED-WAVY zone.

The I-A transition is calculated from the equation below and is extended down to its
intersection with Ggirat:

—1/1.75 1/7
z1a = 4 |0.341/0-875 (P_v) (&)
Pl 201

The A-D boundary is calculated from:

+ 1} (3.8)

1 _0.17 1 0.926
Garyout = L 0.37 , 0.25 B 0.70 (3.9)
(o) (&) (%)
and the D-M is calculated from:
1 (Ln(8L ) ( D )70'38 0-043
— Ln('T)—i—O.S? =
Grmisy = | 20058 i (3.10)

0.15 —0.09 0.27
(=) (5)  (5%)
Dpv(pr—pv) Pl Perit

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

o If Ggtrat > Gdryouta then Gdryout = Gistrat)

o If Gwavy > CYVdryouta then Gdryout = C7'wavy-

The maximum values of x to use in Eqgs. (3.9) and (3.10) 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.

3.1.3 Flow boiling pressure drop in straight tubes

Frictional two-phase pressure drops in internal geometries have been experimentally inves-
tigated over the last 30 years by several authors. Figure 3.7 presents the number of data
points found in the open literature (122 articles for 23 refrigerants since 1980) only for
refrigerants flow boiling ([Charnay et al. 2011, Revellin et al. 2009a]). As can be noted, al-
most all studies were carried out using R-134a which can be considered as a reference fluid
since it has been extensively studied over the last 15 to 20 years.
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Figure 3.7: Number of pressure drop data points (22363 data points in total)
for each synthetic refrigerant published in 122 articles since 1980 for flow boiling.
([Charnay et al. 2011],[Revellin et al. 2009a])
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3.1.3.1 Most representative experimental studies for pressure drop pre-
diction in straight tubes

[Ould Didi et al. 2002] compared the two-phase pressure gradient data obtained in two
horizontal tubes (D = 10.92 mm and D = 12.00 mm) for five refrigerants (R-
134a, R-123, R-402A, R-404A and R-502). They found that the methods proposed by
[Miiller-Steinhagen & Heck 1986] and that developed by [Gronnerud 1979] provide the most
accurate predictions. Later, [Wongsa-ngam et al. 2004] experimentally investigated two-
phase heat transfer coefficient and pressure drop during evaporation of R-134a in smooth
and microfin tubes. The outer diameter was 9.52 mm and the evaporating temperatures
ranged between 10 and 20 °C. They also proposed their own modified Martinelli correlation
by fitting their database.

[Bandarra Filho et al. 2004] presented a pressure drop study of R-134a under flow boil-
ing conditions in horizontal smooth and microfin copper tubes. According to the authors,
the method by [Jung & Radermacher 1989] was found to be the best prediction method
for smooth tubes. These authors also proposed their own modified Martinelli’s parameter
to fit their data. [Greco & Vanoli 2006] reported the results of an experimental study on
pressure drop during horizontal flow boiling of refrigerants R-22, R-507, R-404A, R-134a,
R-407C and R-410A in a smooth, horizontal, stainless steel tube (D = 6.00 mm). The
experimental tests were carried out varying the mass velocity from 280 to 1080 kg m~2 s~ 1.
They found that the pressure drop of R-22 is significantly higher as compared to all the
other fluids.

[Mauro et al. 2007] compared their experimental pressure drop data for different re-
frigerants (R-22, R-134a, R-404A, R-407C, R-410A, R-417A and R-507A) and differ-
ent experimental conditions to four methods and to the phenomenological model by
[Moreno Quibén & Thome 2007]. They statistically showed that the method by Gréonnerud
and that by Moreno Quibén and Thome were equally the best. [Park & Hrnjak 2007] inves-
tigated flow boiling pressure drops in a horizontal smooth tube of 6.10 mm inner diameter
for R-744, R-410A, and R-22 refrigerants. The tested saturation temperatures were -30 °C
and -15 °C. They found that the method by [Miiller-Steinhagen & Heck 1986] was the best
for predicting their data.

[Kuo & Wang 1996], reported adiabatic and diabatic experimental pressure drop data
for R-22 and R-407C in a microfin tube with nominal diameter of 9.52 mm. They con-
cluded by saying that their pressure drop data for R-407C were 30-50% lower as com-
pared to R-22. They proposed their own two-phase friction factor for predicting their data.
[Wang & Chiang 1997] reported in their study the measurement of adiabatic two-phase fric-
tional pressure drop and heat transfer characteristics for R-22 and R-407C inside a 6.5mm
smooth tube for a mass velocity varying from 100 to 700 kg m~2 s~!. They found a lower
pressure drop for R-407C than for R-22.

[Haberschill et al. 2003] studied the influence of different parameters (nature of fluid,
mass velocity and heat flux) on the local pressure drop during flow boiling inside smooth and
microfin tubes. However, they did not compare their data to existing prediction methods.
They found no effect of the heat flux on the pressure drop. Their penalty factor was varying
between 1.46 and 1.63.

Very recently, [Padilla et al. 2011a] presented 819 pressure drop data points measured
during two-phase flow of refrigerants HFO-1234yf, R-134a and R-410A in horizontal straight
tubes. The tube diameter (D) varies from 7.90 to 10.85 mm. The mass velocity ranges
from 187 to 1702 kg m~2 s~! and the saturation temperatures from 4.8 °C to 20.7 °C. This
database was compared against 10 well-known two-phase frictional pressure drop prediction
methods. The best accuracy is given by the method of [Miiller-Steinhagen & Heck 1986]
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with around 90% of the data predicted within a £30% error band. An analysis was carried
out on the maximum pressure gradient and on the corresponding vapor quality. A statistical
analysis for each flow regime was also carried out.

Note that the information available in the literature related to slug flow are for vertical,
horizontal, and inclined straight tubes. For the last one, very little attention has been given
to downward gas-liquid flows. [Roitberg et al. 2008] carried out an study on the effect of
pipe inclination angle (0) focused on the slug flow regimes. The pipe inclination angles
considered were from -7.5° to -1°. Results show that the pipe inclination affects mainly
the bubble length, while the liquid slug length remains insensitive to the variation of the
inclination angle. The elongated bubble and the liquid slug length grow with gas flow rate.
The slug head is affected by the pipe’s inclination and gas flow rate, while the shape of
the slug tail seems to remain approximately normal to the pipe axis for all experimental
conditions considered

3.1.3.2 Overview of existing two-phase frictional pressure gradient pre-
diction methods in straight tubes

As expressed in Eq.(2.33), the pressure gradient during flow boiling in horizontal tubes is the
sum of the frictional, acceleration and static head contributions. The momentum pressure
drop results from the change in momentum of both phases consequent to the change of
the mass and velocity of each phase caused by evaporation. When the flow is adiabatic,

dp
(%)a -0

The frictional pressure drop results from the shear stress between the flowing fluid and
the tube wall. Despite numerous theoretical and experimental investigations, no general
model is available to reliably predict two-phase frictional pressure drops. A reason for this
is that two-phase flow includes all the complexities of single-phase like non-linearities, tran-
sition to turbulence and instabilities plus additional two-phase characteristics like motion
and deformation of the interface, non-equilibrium effects and interactions between phases.
This term can be calculated following three different approaches of prediction methods for
smooth tubes: empirical correlations, analytical models or phenomenological models.

e The analytical approach, which is general since no empirical information is used in
its development.

e The empirical approach is the most widely used as it requires a minimum knowledge
of flow characteristics. However, it is restricted by its underlying database. Fur-
thermore, no single correlation is currently able to reach an acceptable accuracy for
general use.

e The phenomenological approach is based on the knowledge of each flow regime and
the interfacial structure is taken into account. This method is physically based on
several simplified interfacial two-phase flow structures.

Due to its extensive historical use and the continued references to it in the literature,
the first method to be considered is that of [Lockhart & Martinelli 1949]. In this treatment
they postulated that two-phase flow could be divided into four flow regimes: (1) liquid and
vapor both turbulent (tt), (2) liquid turbulent and vapor viscous (tv), (3) liquid viscous
and vapor turbulent (vt), (4) liquid and vapor both viscous (vv).

There are two basic postulates on which the analysis is based: (1) The static pressure
drop for liquid and vapor phases must be equal regardless of the flow pattern; (2) The
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volume occupied by the liquid plus the vapor 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:

dp dp 2
— =(— )] @ A1
(dz)st (dz)v Ve (3 )

dp dp 2
— =(=)] .12
(&), - (&), ot @12

d d
where the terms (d—p) and (d—p) represent the frictional two-phase pressure drop
z z
v

that would exist if the the flow as a liquid or vapor, respectively, were assumed to flow
alone in the entire cross-section of the tube, and are calculated as:

d G2(1 — )2

(d_f:)lzi% ngpl z) (3.13)
d VGQ 2

(d_p) :QfDTVx (3.14)

The corresponding ®?,, and ®%,, can be related to the Martinelli parameter (2.67) by
relationships of the form:

C 1
Pl =14+ — + —5 3.15
Ltt ch Xt2t ( )
By = 1+ OXyp + X0 (3.16)

The single-phase friction factors of the liquid f; and vapor f, are calculated using the
Blasius correlations as a function of the Reynolds number given by:

0.079

hi= ROE (3.17)
0.079

fV = Re0'25 (318)

v

where Reynolds numbers are calculated using Eqs. (2.55) and (2.56).

The correlation was developed for horizontal two-phase flow of two-component
(benzene-air, kerosene-air, water-air and various oils-air) systems at low pressures (close
to atmospheric), saturation temperatures from 15.5 to 29.5°C and inner tube diameters
from 1.49 to 25.83 mm. Its application to situations outside of this range of conditions is
not recommended.

A different approach for modeling two-phase pressure drops is by considering a ho-
mogeneous fluid, which is a pseudo-fluid that obeys the conventional design equations for
single-phase fluids and is characterized by suitably averaged properties of the liquid and
vapor phases. The two-phase frictional pressure gradient is:

dp) 2fth2
a4 — 3.19
(dz st Dpyp ( )
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where the two-phase friction factor is given by:

0079

when Rey, > 2300 and
16
= 3.21
ftp Retp ( )
when Rey, < 2300. The two-phase Reynolds number is calculated as:
GD
Reyp = — (3.22)
Htp
and the averaged two-phase properties are:
ptp = xpy + (1 — ) ; ([Chicchitti et al. 1960]) (3.23)
z  (1—2) ) -t
=({—+— 3.24
o= (= + 5 (3.21)

According to [Thome 2004], the homogeneous flow model applied to in-tube flow is
suitable for mass velocities greater than 2000 kg-m~2-s~! in the case of the friction factor
calculations and for mass velocities less than 2000 kg-m~2-s=% and pi/p, < 10 for gravita-
tional pressure drop calculations.

[Bankoff 1960] 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. The resulting two-phase frictional pressure gradient is:

dp dp 7/4
st N i) 2
(dz) st (dz)lo P (3 5)

The liquid frictional pressure gradient is:

dp 2G?
dry g 25 2
(dZ > lo fl Dpl (3 6)

and the liquid friction factor fi, is calculated using Eq.(3.17). The two-phase multiplier

i) ()] e

0.71 + 2.35 (p—v)
Pl

mee

This method was derived using 375 data points for steam-water mixtures in horizontal
and vertical tubes in a range of mass velocities from 950 to 1220 kg:m 2.5~}

is:

where

(3.28)

s™1, pressures from
0.01 to 17.23 MPa and is applicable to vapor qualities from 0.00 < x < 0.90.
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In his work, [Chawla 1967] suggested the following method based on the vapor pressure

gradient:
dp dp 2
— | == P 3.29
(d) <d) * o2
The two-phase multiplier is:

2.375
By = 21T [1 +S (1 - x) (%)} (3.30)

and the slip ratio S is:

12 —0.9 —0.5
S =1/9.1 | —= (ReyoFry,) 0167 (ﬂ) (ﬂ) (3.31)
T Py v
where Fry, is determining using the following expression:
Fry, = G*/gDpg, (3.32)
GD z 1—z\"'
Revo—;ptp<_+ >
,U/v pV pl

This method was derived using 88 data points for R-11 in horizontal tubes in a range
of mass velocities from 20 to 200 kg-m~2-s~!, saturation temperatures from 0.0 to 20.0°C,
inner diameter from 6.00 to 25.00 mm and is applicable to vapor qualities from 0.10 < x <
0.95.

[Chisholm 1973a] transformed the graphical procedure of [Baroczy 1965] to enable a
more convenient application to the case of evaporating turbulent flow of two-phase mixtures

in smooth tubes. The two-phase frictional pressure gradient is given as:

dp B 2G? (dp B 2G?
<dz)10 - flo Dpl ) (dz)vo - fvonV (333)

friction factors are calculated for turbulent flows using Eqs.(3.17) and (3.18):

0.079 0.079
Jio = RV fvo = RO for Re > 2000
and for Re< 2000 are used the following relations:
16 16
= —— fvo = =—— ; for Re < 2000 3.34
fio= o i fuo = o for Re (334

Reynolds numbers are obtained using Eqs. (2.57) and (2.58):

D D
Rep = —G ; Reyo = ¢
12|

i

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

<dp)
dz
}72 VO
dp
dz /,,

Then, the two-phase multiplier is determined as:

(3.35)
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=1+ (Y2-1) [Bgc2_"/2(1 — )22 4 g2 (3.36)

where n is the exponent from the friction factor expression of Blasius (n = 0.25). Finally,
Chisholm parameter B is then determined following the procedure described below:
For 0 <Y < 9.5, B is calculated as:

55 e
B:WforGZNOOkg-m Z.g71 (3.37)
2400
B= R for 500 < G' < 1900kg - m~2-s~* (3.38)
B =48 for G < 500kg-m~2.s! (3.39)

For 9.5 <Y < 28, B is calculated as:

520
B= Yoz for G < 600kg-m™2-s~! (3.40)
21 -2 -1
B = v for G > 600kg- m™“ -s (3.41)
For Y > 28, B is calculated as:
1500

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

This method was derived using 459 data points for steam-water in horizontal and ver-
tical tubes in a range of mass velocities from 520 to 640 kg-m~2.s~!, pressures from 0.64 to
4.0 MPa, inner diameter from 26.00 to 27.00 mm and is applicable to vapor qualities from
0.10 < z < 0.75.

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 underestimated experimental air-water flow data in horizontal tubes when the
mass velocity was below 700 kg-m—2.s71.

One of the most accurate two-phase pressure drop correlations is said to be that of
[Friedel 1979]. It was obtained by optimizing an equation for ®Z using a large data base of
two-phase pressure drop measurements. This method is for any vapor qualities and utilizes

a two-phase multiplier as:
dp dp 2
— ) =(—=] @ 3.43
(dz)st (dz)lo t° ( )

where <¥) is determined from:
lo

z
dp) 2G?

— = flo0=— (3.44)
(dz lo ° Dpl

and the corresponding values of liquid friction factor and liquid Reynolds numbers are

given by:
0.079 GD
flo = W , R610 = ? > 2000
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16
fio = =—— ; for Rey, < 2000
Reio

The two-phase multiplier is correlated as:

3.24CFp
2 2
®, =Cp1 + 71:‘1“&045“769'035 (3.45)
where Fry,, Crq, Cpo and pyp are as follows:
Fry, = G?/gDpi, s Wer = G°D/opy, (3.46)
Cpy=(1—2)*+22 (ﬂ) <&> (3.47)
Pv fl
0.91 0.19 0.7
Cpy = 2%78(1 — g)0224 (ﬂ) (&> (1 - &) (3.48)
Pv M1 2!

-1
T 1—x
= (24029
Pv P1

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

The method presented by [Gronnerud 1979] was developed specifically for refrigerants
by using around 1000 data points for R-12 and R-717 in a 26.2 mm inner diameter horizontal
tube. This method is for vapor qualities from 0 to 1 and utilizes a two-phase multiplier as:

dp dp 2
-+ N i) 4
(dz>st (dz)lo ‘o (3 9)
dp . .
where [ — is determined from:
dz lo
dp 2G?
(@b - o (3.50)
0.079

GD
— = Rejp = — > 2000
ReDZ 0 T

floz

16
fio = =—— ; for Rej, < 2000
Re

lo

and the two-phase multiplier is:

o (), () 6

The frictional pressure gradient depends on the Froude number and is given as:

dp

(&)Fr = frr (z+4(2"® — 2" f35%)) (3.52)

When applying this expression, if the liquid Froude number Fry = G?/gDp? > 1, then
the friction factor fr. = 1.0, or if Fr < 1, then:
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1 2
frr = Fr{® 4 0.0055 <lnF_r1) (3.53)
—2.571 and

This method was derived in a range of mass velocities from 20 to 1600 kg-m
saturation temperatures from -45.0 to 5.0 °C.

A new correlation for the prediction of frictional pressure drop for two phase flow in
pipes was developed by [Miiller-Steinhagen & Heck 1986]. This correlation and fourteen
correlations from the literature were checked against a data bank containing 9300 measure-
ments of frictional pressure drop for a variety of fluids and flow conditions. They found that
the best agreement between predicted and measured values was obtained by the correlation
of [Bandel. 1973] which, however, is quite complex to implement and use. The correlation
proposed in their paper still predicted the frictional pressure drop with reasonable accuracy.
It includes single-phase liquid and vapor pressure drops and predicts correctly the influence
of flow parameters.

The correlation developed by [Miiller-Steinhagen & Heck 1986] is in essence a clever
empirical interpolation between all liquid flow and all vapor flow:

d d
(—p) = M(1—2)/% 4 (—p) o (3.54)
dZ st dZ Vo
where the factor M is:

(@), (@) @) e

d d
the frictional pressure gradients for all liquid (_p) and all vapor <_p> flow and
dz /. dz /

are defined as:

dp 2G? dp 2G?
ap _ (22 = foomr 3.56
(dz)lo flODpl ’ (dz vo fODpv ( )
The friction factors are obtained with:
GD GD
Rejp = — ; Rey, =
M1 v
0.079 0.079
Jio = R0 fvo = ReOZ for Re > 2000
16 16
=— fvo=—; f 2
Jio Rep, fvo Ro.  for Re < 2000

This method was derived using 7851 data points for several mixtures (air-water, steam-
water,hydrocarbons-air, oils-air,R-11, R-12, R-22, Neon, Ns) in horizontal tubes and 1462
data points in vertical tubes including air-water, steam-water, R-12 and argon combinations.

In general, the methods that follow an empirical approach, such as [Gronnerud 1979],
[Friedel 1979] and [Miiller-Steinhagen & Heck 1986] for example, do not account for flow
pattern effects on the process, which are particularly important at low flow rates (stratifi-
cation effects) and high vapor qualities (dry-out effects). Furthermore, they do not use the
actual velocities of liquid and vapor phases by introduction of the local void fraction in the
method.

[Moreno Quibén & Thome 2007] carried out an analytical study in order to develop a
new two-phase frictional prediction method. Their model has been developed following a
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phenomenological approach as the interfacial structure between the phases is taken into
account. They selected the [Wojtan et al. 2005a] diabatic two-phase flow pattern map to
provide the corresponding interfacial structure. The model treats each flow regime sepa-
rately and then insures a smooth transition at the transition boundary, in agreement with
the experimental observations. Next, based on a statistical comparison, they concluded that
the two-phase frictional pressure drop flow pattern map based model successfully predicts
the new experimental database and captures the numerous trends observed in the data.

The complete set of equations will not be given here due to their complexity and length
but the calculating procedure is given in the paper by [Moreno Quibén & Thome 2007].
Below, the Moreno-Quibén and Thome model and its calculation procedure for the annular
flow regime is presented and described.

dp 2CTV2fannu1ar-T2
— ) =—FF— 3.57
(dz)st Dpye? (3.57)
where the friction factor is obtained by:
1.2 0.4 0.08

1-— D2(1 —¢&)%(p1 — py Y
fannular = 0.67 c J ( E) (Pl P ) M— We70'034 (358)

4 160 I

and the Weber number is given by Eq.(2.62):

We = —p1u12D
o

where the void fraction € can be calculated with the [Steiner 1993] version of the
[Rouhani & Axelsson 1970] equation for horizontal tubes.

The [Moreno Quibén & Thome 2007] model was developed for R-22, R-410A and R-
134a during flow boiling in horizontal tube. The model was based on diameters comprised
between 8 and 13.8 mm over the entire range of vapor quality.

In the article of [Revellin & Haberschill 2009], a simple linear function was developed
for predicting the frictional pressure drop based on an explicit expression for the vapor
quality corresponding to the maximum pressure drop (xp) and on the pressure drop for
liquid and vapor phases.

In order to develop their method, the authors first proposed an explicit expression for
the vapor quality corresponding to the maximum pressure drop (zy) which is given by
three cases (zm1,2m2 and zv3):

_ 1 — 27 4
v = —% + 21/%c0s lgarccos (%1 / —p?> + %] (3.59)

where zp; is the vapor quality corresponding to the maximum pressure drop in the
annular flow regime.

[0_52_0.23We‘0{17FT3A37(,;_\1,)0A25( q )0A70}

derit

Ty = 0.58¢ (3.60)

M2 corresponds to the expression of the annular-to-dryout transition vapor quality
according to the flow pattern map of [Wojtan et al. 2005a.

M3 is the annular-to-mist flow transition vapor quality given by [Wojtan et al. 2005a]
and is expressed as follows:

-~ 0.38 17,.0.15( pv \—0.09/ g 10.27
s :0.616[0'57 0.0058W €038 pr0-15 (22 (L) } (3.61)
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Finally, according to [Moreno Quibén & Thome 2007], z) is based on flow regimes and
is retained as:

M = min(Tm, TMm2, TM3) (3.62)

The procedure to calculate the parameters as, as, p1, P2, gerit 1S described in the article
of [Revellin & Haberschill 2009].

The values of <%) dp
dz

for z = 0, (—) for x = x) and <@> for x = 1 are
lo dz max dz vo
known. As a first approximation, the authors developed a simple mathematical function
to predict the frictional pressure drop by assuming a linear variation of the pressure drop
as a function of z for 0 < x < )1 and another linear variation of the pressure drop as a
function of x for zy; < x < 1. As a result, the approximation was:

For0<z <apyg
<dz>st a |:<dz)1 <dz>max:| M <dz>l (363)

B (0 ) @),

The linear approach proposed by [Revellin & Haberschill 2009] presented the best
statistics for each flow regime reporting almost 86% of the data within a + 30% error
band.

The methods that follow a phenomenological approach
([Moreno Quibén & Thome 2007, Revellin & Haberschill 2009]) give an acceptable
representation of the pressure gradient trend versus vapor quality and they go to accept-
able limits at © = 0 and = = 1. They are also able to capture reasonably well the position
and magnitude of the characteristic peak at high vapor qualities.

For oy <2 <1

3.1.4 Void fraction

The void fraction ¢ is one of the most important parameters used to characterize two-phase

flows. It is the key physical value for determining numerous other important parameters,

such as two-phase density and the two-phase viscosity, and is of fundamental importance

in models for predicting flow pattern transitions and pressure drop. The most widely used

is the cross-sectional average void fraction which is usually predicted by several methods.
The general velocity ratio model is defined as:

e = {1+ (1 _x) p—vs]l (3.65)

z p1
The first method to be introduced is the homogeneous void fraction model. From the
definition of the cross-section void fraction of a tube of area A, the mean vapor and liquid
velocities are given by Eqs. (2.8) and (2.9) in terms of the vapor quality. The basis of the
homogeneous void fraction model is that it assumes that the liquid and the vapor phase
travel at the same velocity (S = 1). From that assumption, the homogeneous void fraction,

denoted by eg, is expressed as:
1—=z -t
e = {1 + ( ) &] (3.66)
x P1
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This model is reasonably accurate for a limited range of circumstances, among very
large mass velocities or at high vapor qualities.

For horizontal co-current flows, u, is generally greater than wu;, such that S > 1. Nu-
merous analytical and empirical methods have been proposed to calculate the velocity ratio
S

[Zivi 1964] proposed a model for annular flow, assuming that no liquid is entrained in
the central vapor core. Later, [Chisholm. 1973b] proposed a new expression for the velocity
ratio S based on a simple annular flow theory and application of the homogeneous theory
on the fluid density, producing approximately equal frictional pressure gradients in each
phase.

[Zuber & Findlay 1965] proposed the original form of the well known drift flux model.
This model takes into account both the effect of nonuniform flow and void fraction profiles
as well as the effect of the relative velocity between the phases. In contrast to previous
analysis, [Zuber & Findlay 1965] derived an expression which is applicable to any two-phase
flow regime. As can be seen, the drift flux model of [Zuber & Findlay 1965] allows one to
calculate the void fraction ¢ taking into account numerous aspect occurring in two-phase
flow.

[Rouhani & Axelsson 1970] presented a drift flux model based on that of
[Zuber & Findlay 1965] in the form of:

1-— 1700
e {CO (1 N w) + _] (3.67)
Pv Pv P1 G
substitution of the weighted mean drift flux velocity ‘7Vj and the distribution parameter
C, into equation (3.67), results in expression:

-z N e A 8 TC ) V7 () i
e= (1+0.12(1 — ) <pv = ) + Gt ] (3.68)

This form of the [Rouhani & Axelsson 1970] model was proposed for general use by
[Steiner 1993] irrespective of flow pattern but for horizontal flows.

[Taitel & Dukler 1976] proposed a model for predicting flow regimes transitions. Start-
ing from a momentum balance of each phase in an equilibrium stratified flow and assuming
the same pressure gradient in both phases, they obtained a set of dimensionless equations
in which can be obtained a relationship between the void fraction and the liquid height.

Recently, [Wojtan et al. 2005b] measured the dynamic void fraction in stratified types
of flow utilizing an optical image analysis technique developed by [Ursenbacher et al. 2004,
Wojtan et al. 2004] inside round horizontal 8.0 mm sight-glass tube. This experi-
mental void fraction data and also the previous results for a 13.6 mm sight-glass
tube presented by [Wojtan et al. 2004] have been compared to the predictions given
by [Rouhani & Axelsson 1970, Taitel & Dukler 1976, Zivi 1964] and the homogeneous
void fraction model. Results of this comparison showed that the drift flux model of
[Rouhani & Axelsson 1970] for horizontal flows was the best of the four models tested and
accurately predicts the stratified flow void fraction data.
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3.2 Two-phase flow in return bends

To cater to the needs of diverse engineering applications, such as refrigeration, two-phase
pressure drops in return bends in HVAC&R systems have been studied by several authors
in the open literature. These studies highlight the impact of the large number of inde-
pendent, parameters governing the flow among which geometric configuration of the tube
such as the curvature ratio, mass and volume fractions of the individual phases, pressure,
fluid properties, mass velocity, orientation of the return bend (i.e horizontal, vertical or in-
clined) and flow patterns. Since the 60’s, several refrigerants have been studied, among
which CFCs, HCFCs and HFCs ([Pierre 1964, Traviss & Rohsenow 1973, Geary 1975].
Most recent researches have been carried out for R-134a and R-410A([Chen et al. 2008b,
Silva-Lima & Thome 2010, Padilla et al. 2011b]).

One of the most important parameters when designing an experimental bench for mea-
suring two-phase pressure drop in singularities is the perturbation lengths up- and down-
stream of them. Indeed, the location of the pressure taps before and after the return bend
is important.

3.2.1 Perturbation lengths up- and downstream of a return bend

In the study of [Traviss & Rohsenow 1973] on R-12 two-phase flow in straight tubes with
inner diameters of 12.70 mm and 25.40 mm, the pressure drop was measured incrementally
along the test section with the first pressure tap located approximately 10D downstream
of the return bend. They found that the amount of pressure recovery in the test section
downstream of the return bend was negligible. The pressure gradient in the first downstream
increment did not deviate significantly (£10%) from the fully developed pressure gradient.

In the article of [Hoang & Davis 1984], the authors suggested that a length equal to 9D
is required to complete the remixing process of the phases after leaving a return bend.

Recently, [Padilla et al. 2011b] carried out preliminary tests which show that the re-
covery length necessary for a correct pressure drop measurement downstream of the return
bend is less than 20D. These results are consistent with the few information available in
the literature. Nevertheless, further work is called for to more thoroughly investigate the
perturbation lengths up- and downstream of a return bend and this is one of the aims of
this thesis.

3.2.2 Pressure drop in return bends

3.2.2.1 Existing experimental studies for pressure drop prediction in
horizontal return bends

Two-phase flow pressure drop in return bends in refrigeration systems have been experi-
mentally investigated by several authors in the open literature. [Pierre 1964] studied the
pressure drop of R-12 in return bends with two-phase flow for the oil-free fluid and for
oil-refrigerant mixtures. He used a test section which consisted of a straight tube and an
evaporator, made with six 180° return bends in copper tubing. The evaporation tempera-
ture was 0°C and -10°C, and the vapor quality in the bend was between 0.30 and 0.98. The
refrigerant mass flux was comprised between 134 and 208 kg-m~2-s~!. The author made a
calculation diagram for pressure drop in evaporators with an experimental resistance factor
for different types of return bends.

Using the same fluid (R-12), [Traviss & Rohsenow 1973] measured two-phase pressure
drops in a 8 mm tube in order to determine whether the disturbance caused by a return
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bend was only a localized effect or extended over a significant length of the condenser tube.
They found that the effect of a return bend on the downstream pressure drop was negligible
when averaged over a length of 90 tube diameters or more.

[Geary 1975] investigated the two-phase adiabatic flow pressure drop in return bends
based on his R-22 data with tube diameters from 11.05 mm to 11.63 mm with curvature
ratios (2R/D) from 2.317 to 6.54. He proposed a correlation for predicting the two-phase
pressure drop for design purposes in typical air-conditioning applications. In this paper,
the author also proposes two-phase frictional pressure drop data for straight tubes.

Later, [Chen et al. 2004] presented single-phase and two-phase frictional data of R-
410A in four types of return bends with tube diameters ranging from 3.3 and 5.07 mm and
curvature ratios varying from 3.91 to 8.15. They proposed a modified two-phase friction
factor based on the Geary’s correlation. Then, [Chen et al. 2007a] presented a study with
single-phase and two-phase pressure drop data for R-134a/0il mixture with oil concentration
of 0%, 1%, 3% and 5%, flowing in a wavy tube with an inner diameter of 5.07 mm and a
curvature ratio of 5.18.

Very recently, [Chen et al. 2008b] presented measurements of R-134a two-phase fric-
tional pressure gradients for vertical and horizontal arrangements of a U-type copper wavy
tube which contained nine consecutive return bends with an inner diameter of 5.07 mm and
a curvature ratio of 5.18. The working temperature was near 25°C, the mass flux ranged
from 200 to 700 kg-m~2-s~! and the vapor quality varied from 0.1 to 0.9. They conducted
their tests for vertical arrangement by selecting the inlet flow at the upper tube or at the
lower tube in the return bend. They found that the pressure gradients in the return bend
of vertical arrangement were always higher than those of horizontal arrangement regardless
the flow entry was at the upper or at the lower tube. Furthermore, the pressure gradient
for a flow entering at the upper tube was higher than that for a flow entering at the lower
tube because of the influence of buoyancy.

3.2.2.2 Existing experimental studies for pressure drop prediction in
vertical return bends

Two-phase pressure drops in return bends in refrigeration systems have been investigated by
several authors in the open literature. So far, experimental studies dealing with two-phase
flow in return bends are relatively scarce, especially in the case of vertical return bends.

In general, two-phase flow in vertical return bends involves the combined action of
gravitational, centrifugal and buoyant forces, which tends to produce such complications as
inhomogeneous phase distribution, flow reversal, flooding, secondary flow and coalescence.
When positioned vertically, a greater pressure drop should be incurred through the curved
channel than when the curve is in the horizontal plane ([Usui 1980]).

[Usui 1980, Usui 1981] conducted experiments on the flow behavior, average void frac-
tion and pressure drop in air-water two-phase flow flowing upward and downward through
a C-shaped bend in vertical plane. The test tubes inner diameters were D = 16 and 24
mm, curvature ratios (2R/D) ranging from 11.25 to 22.5. Consequently, some complex
flow phenomena such as flow reversal and flooding are encountered due, among others, to
interactions of gravity and centrifugal force. The combined action of gravity and centrifugal
force was expressed in term of the so-called “modified Froude number” in both upward and
downward flows. The author also observed that the average void fraction of the downward
flow in the U-bend was very different from that in the straight tube, in contrast to the case
of upward flow.

For single-phase flow, it is well known that a secondary flow is generated when fluid
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flows across the curved channel ([Dean 1927]. The fluid flow characteristics are rather
complicated since the centrifugal force drives the more rapid fluid in the concave part of
the curve channel while the fluid in the convex parts is slowing down. The magnitude of
such secondary flows is reduced with an increase of bend curvature (R), and with a decrease
of fluid velocity. For two-phase flow across the curved channel, the study is more complex
because of the unequal values of velocity, density and other phase properties.

There are some studies related to the frictional characteristics in U-type return bends.
For detailing the flow patterns across return bend, [Chen et al. 2002] and [Wang et al. 2003]
conducted visualizations for air-water mixtures through horizontal return bends (D = 3, 5
and 6.9 mm) having curvature ratios of 3 and 7.1. They provided some qualitative descrip-
tion about the two-phase flow across the horizontal return bends. However, their studies
were pertinent to horizontal arrangement only and no detailed quantitative description of
the slug flow pattern was reported. In this sense, [Wang et al. 2005] conducted a study
to examine some characteristics of the slug flow such as change of flow pattern and the
translational velocities across the vertical return bend.

[Wang et al. 2008] performed visual observations of the two-phase flow patterns of the
air-water mixtures inside two 3.0 mm and two 6.9 mm smooth tubes forming vertical return
bends. Flow reversal and freezing slug phenomena were observed for the vertical return bend
having D = 6.9 mm. According to the authors, apparently this “freezing slug” phenomenon
is related to the buoyancy force in the return bend which contributes to slow down the
motion of the vapor slug. Those phenomena were absent in previously reported results
for horizontal configurations. The authors also observed that with D = 3.0 mm, at the
same mass flux and vapor quality, there was no great difference between the two-phase flow
patterns developed with the flow entering in the upper tube or in lower tube.

Flow pattern and bubble behavior are the fundamentals to better understand the
dynamics of the two-phase flow in a return bend. For investigations of the slug
flow in vertical, horizontal, and inclined tubes, many researches were available in the
literature([Hout et al. 2002, Sun et al. 2004, Roitberg et al. 2008]). Note that the existing
studies concerning slug flow pattern are only for straight tubes. However, in real thermo-
fluids systems, exploitation of the curved tubes for connection is very common. Very little
information has been found in the literature which reveals the behavior of a bubble under
the effects of the dynamic forces of the fluid. [Yeh & Yang 1968] carried out an analytical
study of the time history of the velocity, size and deformation of a bubble moving in the
flow field around a point source or sink by considering the case where the changes in the
bubble velocity, size and deformation are caused by the dynamic forces of the fluid, rather
than the initial perturbation of the bubble shape. The analysis presented is general and
may be applied to an initially spherical as well as non-spherical bubble.

Recently, [Meng et al. 2009] reported bubble dynamical behavior in 180° return bend.
To describe this behavior, the test section is divided into four zones to understand the
bubble detachment mechanism. These four zones were identified to describe bubble behavior
according to the experimental observations of flow pattern and bubble size: the secondary
flow zone, the transition zone, the inertia zone and the buoyancy zone. Each of them was
combined with unique interaction between two phases.

To better understand the dynamics of bubbles, a review of some of the most representa-
tive works in this domain has been carried out. However, most published works are focused
to the dynamics of a rising bubble in a static liquid, nevertheless, the information may be
very useful in the present study.
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3.2.2.3 Bubble dynamical behavior in a return bend

The understanding of the motion of gas bubbles in a liquid depends on appropriate ex-
pressions for the drag, lift, and apparent mass forces on the bubble. Experimental studies
([Ford & Loth 1997, Shew et al. 2006, Lakshmanan et al. 2011]) have shown distinctly dif-
ferent shape and trajectory oscillations depending on the bubble size, as well as the bubble
and liquid properties, e.g. density, viscosity, and surface tension. There are small bubbles
with an almost spherical shape that have linear rising trajectories, or big bubbles that rise
on a helical path, while at the same time change their shape periodically. The relationship
between the bubble size and the rising trajectory and its dependency on the bubble peak
velocity is well described by [Peebles & Garber 1953] correlation for adiabatic bubble rise
and experimentally validated by [Siedel et al. 2011].

Closed form analytical expressions for the hydrodynamic forces currently exist only for
low Reynolds numbers and minimal shape deformations. In [Auton et al. 1988], assuming
that the bubble equivalent radius is small compared with the scale over which the strain
rate changes, the authors presented a general expression for the fluid force on a bubble as
a body of simple shape moving through inviscid fluid in which there is an unsteady non-
uniform rotational velocity field in three dimensions. The equation of motion for bubbles
formulated by [Auton et al. 1988] describes the contributions to the bubble’s acceleration
from inertial forces (e.g pressure gradient and added mass), buoyancy forces, drag forces
and lift forces. To use this formulation, it is also necessary to know the drag function
fp which depends on the drag coefficient. One early work in the search for the drag
coefficients of (solid) particles in liquids goes back to [Stokes 1851], who derives an analytical
solution for the flow around a spherical, solid particle in the creeping-flow limit. Very
small air bubbles in the range D¢q < 0.3 mm in water are found to behave like solid
spheres; their drag coefficient can be expressed by Stokes’ law. Later, the [Stokes 1851]
correlation is empirically extend to higher Reynolds numbers in the range of Re < 800 by
[Schiller & Naumann 1933]. This correlation gives a very good approximation for the drag
of solid spheres and is still commonly used in engineering applications due to its accuracy
and simplicity. However, analytical formulations are far from being able to handle general
situations of turbulent flow with substantive deformation, and the assumptions of each
formulation must be carefully considered. For such conditions empirical relations must
typically suffice and be continually enhanced through new experimental data until new
analytical formulations can be derived and validated.

Despite some studies were oriented toward the fundamental aspects of two-phase flow
across return bends, the majority of the previous experimental studies have been con-
ducted with air-water mixtures. Very recently, in order to extend the existing database
available in the literature toward different synthetic fluids such as HFC refrigerants,
[Padilla et al. 2011b] presented 238 pressure drop data points measured for two-phase flow
of R-410A in horizontal return bends of diameter (D) from 7.9 to 10.85 mm and the curva-
ture ratio (2R/D) from 3.68 to 4.05. This study showed the influence of mass velocity, sat-
uration temperature and inner diameter on the return bend pressure drop. Besides, a next
generation refrigerant has been developed by the refrigeration industry for environmental
reasons, namely the HydroFluoroOlefin (HFO) 1234yf. The two-phase flow characteristics
of this fluid need to be investigated.

Moreover, the return bends used in heat transfer equipment may be vertically arranged
rather than horizontally arranged. However, rather rare studies are investigated about the
basic aspect of the two-phase flow characteristics in vertical return bends. It is obvious that
the flow patterns are strongly related to the pressure drop characteristics. As a consequence,
it is of great interest to examine the two-phase flow characteristics inside the vertical return
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bend subject to the tube size and various curvature ratios.

3.2.2.4 Two-phase frictional pressure drop prediction methods in return
bends

In the open literature, among the articles presenting correlations for two-phase pressure
drop of refrigerants in return bends, only six provide complete information (fluid, saturation
temperature, mass velocity, diameter, etc.). [Pierre 1964] proposed a correlation, only valid
for horizontal tubes, based on his experiments carried out with R-12 by assuming that the
total flow resistance is divided into two part: the first one corresponds to the turning of the
flow, and the second one to the friction only. This is expressed as follows:

Aprb = Apo + Apf (369)

where Ap,p is the total pressure drop in the return bend, Ap, is the pressure drop
due to the turning of the flow and Apr is the pressure drop due to the friction. For the
calculation of Ap, and Apg, one needs to refer to two different graphs so as to determine the
corresponding resistance factor. Those values of the resistance factors obtained by Pierre
showed not to be much influenced by the center-to-center distance of the bend (2R). In
that sense, Pierre concluded that this parameter was not of major importance and did not
include it in his pressure drop correlation.

[Geary 1975] presented a correlation (using 4 empirical constants) by using the friction
factor approach for straight tubes. The correlation of the two-phase pressure drop in return
bends consisted in a single-phase pressure drop equation for vapor flow only. He included a
dimensionless friction factor depending on the effects of the vapor quality and the center-
to-center distance in return bends. The pressure drop induced by the return bends was
expressed as:

L G?2?
Ap, = =
Drb fD o

(3.70)

where L is the bend length, D is the tube diameter, p, is the density of the vapor phase
and f is a dimensionless friction factor given by:

8.03 x 10~ *Re’?
f= 2R\Y,.1.25 (8:71)
exp(0.215(5) )

In Eq. (3.71), Rey is the Reynolds number (GDx/uy) of the vapor phase and the term
2R/ D represents the curvature ratio of the return bend.

[Chisholm 1983] proposed a correlation (using 5 empirical constants) to calculate the
pressure drop in return bends Apy, by using a two-phase multiplier ® and the single-phase
flow liquid pressure drop in the return bend Apgp:

Apry, = (I)Apsp (3.72)

where Aps;, is expressed as follows:

2

Apsp = Ksp2—p1

(3.73)

In Eq. (38.73), Kp is the all-liquid local pressure drop coefficient obtained for single-
phase flows. To estimate the value of K, [Idelshik 1986] suggested the following expression:
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L R 0.5
Ky = fi; +0.204 <5> (3.74)

where R is the curvature radius and fj is the single-phase friction factor calculated from
the Blasius equations.
The two-phase multiplier ® in (3.72) is given by:

@:1+<ﬂ—1)x[b(1—x)+x] (3.75)
Py
where b is expressed as:
2.2
b=1+ —F——5~ (3.76)
Ko 2+ 5)

The [Chisholm 1983] and [Idelshik 1986] method did not provide validation against
experimental measurements. Based on Geary’s correlation and using Geary’s R-22 database
and their own R-410A database, [Chen et al. 2004] presented a new correlation for the
friction factor from the empirical fit, including new parameters such as the Weber number
and a combined vapor and liquid Reynolds number as well as the vapor quality and the
curvature ratio 2R/D. The expression of the friction fraction is written as:

—2p ,0.35

o .77
We, exp (0.194(2%)) 21-26

where Renmix = Rey + Re; = GD (z/py + (1 — ) /1) is a combined vapor and liquid
Reynolds number and We, = G2D/p,0 is the Weber number which takes into account the
influence of the surface tension in the two-phase frictional pressure drop. The authors re-
ported a good agreement with their own R-410A database and with Geary’s R-22 database,
with a mean deviation of 19.1%.

Recently, [Domanski & Hermes 2008] proposed a correlation for the calculation of
the two-phase pressure gradient in return bends based on 241 experimental data points
from Geary’s R-22 database and [Chen et al. 2004] R-410A database. The correla-
tion allowed predicting the two-phase pressure gradient in a straight tube using the
[Miiller-Steinhagen & Heck 1986] correlation and using a multiplier that accounted for the

bend curvature:
d d
<—p> - (—p> (3.78)
dz /., dz /) 4

The multiplier ¥ includes five empirical constants and takes into account the influence
of the vapor velocity and the mass distribution in each phase. The multiplier ¥ is given by:

G D 0.54 1 0.21 0.34 2R —0.67
U =65x10"3 (%) (5 - 1) (S—l) (3) (3.79)

The [Domanski & Hermes 2008] correlation predicted 75% of the 241 experimental data
points within a 425 % error band and exhibited a RMS deviation of 25%.

In order to propose a new prediction method, [Padilla et al. 2009] collected a total of
690 experimental data points from the literature: [Pierre 1964, Traviss & Rohsenow 1973,
Geary 1975, Wang et al. 2003, Chen et al. 2004, Chen et al. 2007a, Chen et al. 2008b].
These data came from four different laboratories and the database included four differ-
ent refrigerants. However, some of these data were removed from the collected database for
the following reasons:

f=
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- The pressure drop measurements in the return bend were lower than those in the
straight tube which is obviously not realistic and probably is a clue for too low
accuracy.

- The length between two consecutive return bends was less than 4.8D.
In the literature, a length between 9D ([Hoang & Davis 1984]) and 90D
([Traviss & Rohsenow 1973]) was proposed to let the flow regimes recover after the
return bend. Nevertheless, the [Padilla et al. 2009] correlation allows predicting the
data down to 4.8D.

- The R-22 data from Geary were finally removed. As a matter of fact, it was
proven impossible to predict Geary’s data for straight tubes (Fig. 3.8) by using
the [Miiller-Steinhagen & Heck 1986] correlation whereas this correlation is now of-
ten considered as very efficient for such conditions. Especially it has been shown to
work satisfactorily with R-22 (JRevellin & Haberschill 2009]).

12

Muller-Steinhagen & Heck correlation
10 37.2 % of the data within- - +-30 % 8
MAE =97.0 %
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Experimental frictional pressure gradient in straight tube [kPa/m]

Predicted frictional pressure gradient in straight tube [kPa/m]

Figure 3.8: Comparison made by [Padilla et al. 2009] between the experimental
frictional pressure gradient in straight tubes from [Geary 1975] and the predicted
one by [Miiller-Steinhagen & Heck 1986].

Finally, the database used for developing the [Padilla et al. 2009] prediction method
includes 325 data points from [Traviss & Rohsenow 1973] for R-12, [Chen et al. 2004] for
R410A and [Chen et al. 2007a] and [Chen et al. 2008b] for R-134a. The ranges of the ex-
perimental parameters are presented in Table (3.1).

As can be observed, the tube diameter varies from 3.25 to 8 mm, the curvature ratios
from 3.175 to 8.15, the mass velocity ranges from 150 to 900 kg-m~2-s~! and the vapor
quality from 0.0095 to 0.9367. The saturation temperature varies from 10 to 39°C. It is
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Table 3.1: Experimental conditions of [Traviss & Rohsenow 1973|, [Chen et al. 2008b], [Chen et al. 2007a] and [Chen et al. 2004].

Authors Refrigerant D (mm) 2R/D G (kgm™2s71) Tt (°C) x Number of data points
[Traviss & Rohsenow 1973] R-12 8 3.175 155 34 0.218 - 0.77 21
300 38 0.0095 - 0.9367 35
500 39 0.147 -0.928 24
6.35 150 34 0.154 - 0.935 24
300 34 0.046 - 0.932 35
[Chen et al. 2007a)] R-134a 5.07 5.18 200 - 700 20 01-09 27
[Chen et al. 2008b] R-134a 5.07 5.18 200 - 700 25 01-09 25
200 - 700 20 01-09 25¢
200 - 700 25 01-09 26°
[Chen et al. 2004] R-410A 3.25 3.91 300 - 900 25 01-09 33
3.3 8.15 300 - 900 10 - 25 01-09 50
Total 3.25 -8.00 3.175 - 8.15 150 - 900 10 - 39 0.0095 - 0.9367 325

“ Vertical orientation
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worth mentioning that the data correspond to the total pressure gradient in return bends,
e.g. the sum of the frictional pressure gradient in straight tubes plus the singular pressure
gradient.

The method of [Padilla et al. 2009] has been proposed for predicting the pressure gra-
dient in return bends considering the sum of the frictional pressure gradient that would be
obtained in straight tubes (predicted by [Miiller-Steinhagen & Heck 1986] correlation) and
the singular pressure gradient.

dp B dp dp
( dZ) rb B ( dz ) st " ( dZ) sing (380)
dp

where (——) is the frictional pressure gradient that would be reached in straight
z

tubes calculated b; the [Miiller-Steinhagen & Heck 1986] correlation (plus eventually the

d
static pressure gradient for vertical orientation [Thome 2004]). The second term (_p)
sing
is the singular pressure gradient. From the whole database, the authors proposed to express

it by the following relation:
dp pJ2] [ J2 b
'l = v EL 3.81
( dz ) sing ¢ |: R R ( )

where a = 0.047 (s>/>m~'/3) and b = 1/3. This constant and this exponent were
obtained from the least square method based on the experimental data shown in Table
(3.1), R is the radius of the curvature, Jy is the superficial velocity of the vapor written as:

_Ga

Jy 3.82
Pv ( )
and Jj is the superficial velocity of the liquid expressed as:
G(1—-
J = G-z (3.83)
p1

G represents the mass velocity, z the vapor quality and p, and p; are the densities of
the vapor and the liquid, respectively.

The comparison between the [Padilla et al. 2009] prediction method and the database
from the literature (Fig. 3.9) showed that almost 67% of the data are predicted within
a +£30% error band. The mean absolute error was less than 23.5% and the mean relative
error is around —8%.

Using the same singular pressure gradient correlation but the [Friedel 1979] correlation
instead of the [Miiller-Steinhagen & Heck 1986] relation for the straight tube yields a MAE
of 26% which is still correct. In addition, the authors used the [Revellin & Haberschill 2009]
model and the [Gronnerud 1979] correlation, obtaining respectively MAE = 32.7% and
MAE = 35.7%. Equation (3.81) presents many advantages:

- only two empirical constants have been used for developing this equation (instead of
five for [Domanski & Hermes 2008] and [Chen et al. 2004])

- the relation has been developed based on a large database: 325 data points for three
different fluids obtained in two different laboratories.

- the equation works for horizontal and vertical return bends
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Figure 3.9: Experimental pressure gradient data for return bends (Table 3.1) com-
pared to the [Padilla et al. 2009] prediction method.

- the relation has been developed over a wide range of tube diameters (3.25 — 8.00
mm), mass velocities (150 — 900 kg-m~2-s71), saturation temperatures (10 — 39°C)
and over a large range of vapor quality (0.0095 — 0.9367).

pyd?
- the term v
R

} represents the centrifugal force acting on the vapor phase due to

the return bend

2

J,
- the term {é] takes into account the centrifugal and gravitational forces acting on

the liquid phase due to the return bend

- the relation is independent of the diameter which is logical in view of the following
reasoning: Equation (3.81) predicts the curvature effect on the pressure gradient
in a straight tube. The diameter effect is thus directly taken into account by the
[Miiller-Steinhagen & Heck 1986] correlation.

- there is no constant including the properties such as ./ or o.

Rearranging Eq. (3.80), it comes:

dp dp dz sing dp

' I 14— 728me) (22 U .84

(dz)rb (dz)st - % dz st (38 )
dz /)

In Eq. (3.84), the curvature multiplier ¥ represents the ratio between the
pressure gradient in return bends and that in straight tubes calculated by the
[Miiller-Steinhagen & Heck 1986] correlation. When the curvature radius R — o0, the
curvature multiplier ¥ — 1 and the resulting pressure gradient in return bends tends to-
ward the pressure gradient in straight tubes. Furthermore, when R — 0, the curvature
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multiplier ¥ — 400 (This is an hypothetical limit because the real limit is R — D/2) and
the pressure gradient in return bends tends toward infinity. To illustrate this, Fig. (3.10)
shows the curvature multiplier ¥ as a function of the curvature ratio for four different return
bend pressure gradient correlations (the [Chisholm 1983] and [Idelshik 1986] method, the
[Chen et al. 2004], the [Domanski & Hermes 2008] and [Padilla et al. 2009] correlations).

8+ R-410A == Chisholm & ldelshik ||
D=33mm —+—Chen et al.
. T T 25 °C - - -Domanski & Hermes
i st T — Padilla et al. I
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dz dz
ratio (2R/D) for the [Padilla et al. 2009] predictiosn method and different correla-
tions from the literature. [Padilla et al. 2009]

d d
Figure 3.10: Curvature multiplier (_p) / (_p) as a function of the curvature
rb

3.3 Two-phase flow in sudden contractions

In HVAC & R applications, the two-phase mixture can flow through sudden changes of
cross-section, the flow might form a separation region at the sharp corner and an irreversible
pressure loss is induced. This singular loss often occurs in orifices, valves, connections and
heat, exchangers with round or rectangular configurations.

3.3.1 Pressure drop in sudden contractions

The flow channel normally involves several geometrical singularities such as abrupt changes
of cross-sections (sudden enlargement, sudden contraction, valve or orifice). At an abrupt
change of cross-section, eddies are formed in the separation region which is a clear sign of
the irreversibility for a large pressure loss. Some correlations applicable to the pressure
change with respect to mini channels ([Abdelall et al. 2005, Chen et al. 2007b]) have been
developped.

For single-phase flow through contractions, the flow separates from the inner wall and
eddy zones are developed just at the front of transitional cross-section. The contracted
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flow forms into a small jet flow pattern with the narrowest cross-section of the jet being
called vena-contracta which is located immediately after the transition cross-section. In
the contracted flow region the static pressure decreases more rapidly than for the fully
developed flow at the upstream and downstream. After the vena-contracta, the pressure
gradually increases and reaches its maximum, and then merges into the fully developed
pressure gradient line at the downstream.

In contrast to the well-known pressure profile in the transitional region between the flow
separation and reattachment for single-phase liquid flow, the pressure profile and the shape
of streamlines in two-phase flow are unknown. At an abrupt change of flow cross-section
due to geometrical singularities, eddies are formed in the separation region which is a clear
sign of the irreversibility for a large pressure loss. Many investigations were based on the
assumption that the occurrence of the vena-contracta phenomenon is associated to energy
dissipation at the downstream of the contraction point. However, [Schmidt & Friedel 1997]
reported that a local pressure minimum was not detectable in the two-phase tests, thus
the axial pressure profile and the shape of streamlines in two-phase flow are still unknown.
There is no evidence whether or not the profile is similar to the one in single phase flow,
nor even if a flow contraction occurs at all. In fact, [Schmidt & Friedel 1997] concluded
that unlike single-phase flow a two-phase flow does not contract behind the edge of the
transition at least in a range of mass flow quality between 1 and 97%.

There are various models from the open literature which aim at predicting the single-
and two-phase pressure drops in pipe contractions. In the 50’s, in order to determine
the pressure drop across a pipe contraction with low Reynolds number flow, [Kays 1950]
measured the axial pressure profiles in the regions of fully developed pipe flow upstream
and downstream of the pipe contraction. He extrapolated these (linear) pressure courses to
the transitional cross section.

In subsequent years, some studies ([Richardson 1958, Chisholm 1968, Geiger 1964,
McGee 1966, Janssen 1966, Husain 1975]) have been conducted in order to propose new
experimental data and prediction methods. Most of these authors have recommended a
homogeneous flow model to calculate the pressure drop, although they agreed that this
is physically not correct; the assumption of equal mean velocities of gas and liquid phase
implied by the homogeneous flow model is highly questionable. Additionally, a flow con-
traction downstream of the transitional cross section in analogy to single-phase liquid flow
is assumed and the liquid flow contraction coefficient is used for simplicity. Some prediction
methods found in the literature are described below.

For two-phase flow, the change in static pressure at a sudden contraction can be esti-
mated using a homogeneous flow model as recommended by [Collier & Thome 1994]:

G2
Ape = =2 [(C;' = 1)+ (1 —a})] {1 + (ﬂ — 1)] (3.85)
2p Py
where oo = D3/D? is defined as the passage cross-section area ratio. The contraction
coefficient C, can be calculated using the expression given by [Geiger 1964]:

1—oa

Co=1-
¢ 2.08(1 — o) + 0.5371

(3.86)

[Chisholm 1983] introduced a constant B coefficient for flow through a discrete interval
in evaluating the contraction pressure change:

Ape = Apa {1 + (ﬂ - 1) (Bz(1 — z) + a?) (3.87)

v
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where the total static pressure drop at the contraction considering only liquid (Apg) is:

2 —1
Ape = QG—;I m%ﬁ —-1- 2(07;1) (3.88)

and the contraction coefficient (C.) is given as follows:
C. = L (3.89)

[0.639(1 — oA )95 + 1]

The constant B coefficient is calculated as follows:
e ) e e

5 Ko \(Con? (KoCeod) " (K5™a3) (5.90)

( 1 1> 2 n 2
(Ceon)? (Ceoi) o3

where Ap.; is the contraction pressure drop for total flow assumed liquid across the
same sudden contraction, and Ky is given as:

0.5
Ky = [1 +x <ﬂ - lﬂ for Xy > 1 (3.91)
Py
0.25
Ko = (ﬂ) for Xep < 1 (3.92)

where Xy is the Martinelli parameter Eq.(2.63):

1_ 0.9 p 0.5 L1 0.1
w2 ) ()
x Pl oy

The [Chisholm 1983] correlation does not take into account the physical limit when
oa = 1 since the B parameter is not defined for this case.

Some mechanistic models for two-phase pressure drop across sudden con-
tractions have been developed by [Al'Ferov & Shul’Zhenko 1977, Attou & Bolle 1995,
Schmidt & Friedel 1997]. [Al’Ferov & Shul’Zhenko 1977, Attou & Bolle 1995] assumed the
occurrence of the vena-contracta phenomenon in complete analogy with single-phase flow,
and considered a dispersed droplet flow pattern downstream of the vena-contracta point.
However, [Schmidt & Friedel 1997] have shown that the vena-contracta phenomenon may
actually not occur in two-phase flow at all. Based on the momentum and mass transfer
balance, the latter developed a new pressure drop model for sudden contraction which is
given by:

(3.93)

where

Lo L g () [ iﬂﬂg (394)

e p(l—c
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2(1 — z)?
e=1- (1-2) (3.95)
1- 22+ \/1+4:c(1:c)(ﬂ ~1)
Py
1 1—x
. 3.96
=g [ 1 —2(1—0.18We?2"Re"?) (3.96)
s=_t 1-enm (3.97)
Cl-2 ¢ Pv '
D - Mv
We = 22 22 (= pv) (3.98)
PO Py
Go(1 — z)D
Re = 72( z) D2
H
Qe = 0.770aA(1 — 0%3%9) (3.99)
0.8
fo = 0.0052 2%1(1 — 2 (oA ﬂ) (3.100)
fhy

The comparison of the [Schmidt & Friedel 1997] model and their test results is fair with
80% of the data sets being predicted within +30%. However, this correlation uses more
than 15 empirical parameters and some physical limits are not described correctly. For
example, when z = 1, S and ¢ are not defined.

The predictions of the homogeneous flow model, when no vena-contracta is assumed
(i.e. C. = 1) are also shown in the work of [Chalfi & Ghiaasiaan 2008], and it is indicated
that the homogeneous flow model over predicts the pressure drop very significantly. Similar
comparison have been made between the data and the predictions of the homogeneous flow
model, as well as the slip flow model along with the [Zivi 1964] slip ratio expression, but
assuming that the vena-contracta phenomenon occurred according to Geiger’s expression
(Eq. 3.86). The results once again showed that the homogeneous model over predicted
the pressure drop very significantly everywhere, typically by a factor of five. The slip flow
model also over predicted the data consistently, typically by a factor of two.

[Abdelall et al. 2005] investigated air-water pressure drops at 25°C caused by abrupt
flow area expansion and contraction in a small test section with oo = 0.26. The tube
diameters were 0.84 and 1.60 mm and the mass velocities spanned from 2700 to 6200 kg-
m~2. s~!. Assuming incompressible gas and liquid phases, and assuming x and € remained
constant across the sudden contraction, the pressure drop across the sudden contraction
was written as:

Ptp <—2 - Ui) 1—
Ape = G5 Ce + Ce (3.101)

where ptp, is obtained using Eq. (3.24):

-1
x 1—=x

ptp - |:_ + :|
Pv Pl
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’ 1 — .’L'2 .’L'2 -1
S 3.102
P {pl(le) - pvJ ( )
—1/2
" (1 — ZL')B :CS
b= [p%a —ep e (3.103)

The parameter C. is estimated from the correlation of [Geiger 1964], and the void
fraction () is calculated from the slip ratio model presented by [Zivi 1964]:

r 1—ep o1 1/3
S = ———A_ (A (3.104)
l—z € py Dv

[Chen et al. 2008a] studied the pressure drop at the sudden contraction from small
rectangular channels (3 x 9 mm and 3 x 6 mm) into a 3 mm diameter tube. They
proposed a correction factor accounting for the influence of surface tension (Bond number
and contraction ratio) to the original homogeneous model. The proposed modification takes
the following form:

Ape. = AppQ) (3.105)

—0.1Bo
_ 1+eoa 0.5 -1
Q=1+e (—4.22 — 7.29(Booa )**Ln(Booa)) ™) (3.106)

where the Bond number (Bo) defined in section 3.1, represents the balance of buoyancy
and surface tension forces. It can be expressed as:

Bo = 9o = po)(D:/2)? (3.107)

g

The mean deviation of this correlation is 26% applicable to an air-water database (437
points) available in the literature.

Finally, [Chen et al. 2009] investigated the pressure drop and flow pattern for two-phase
flow in sudden contractions. They carried out experiments with air and water mixtures from
small rectangular channels (2 x 4,2 x 6,4 x 4 and 4 X 6 mm, respectively) into a 2 mm
diameter tube. The total mass velocity ranged from 100 to 700 kg-m~2-s~! with gas quality
comprised between 0.001 and 0.8. In general the contraction pressure drop increases with
the rise of mass velocity, and gas quality but as unique deflection of contraction pressure
drop pertaining to liquid vena-contracta at a very low gas quality is encountered at a very
low gas quality in the 4 x 6 mm test section. For a low gas quality, elongated bubble
prevails after the contraction, yet the size of elongated bubbles is reduced when the aspect
ratio is increased. Comparisons amid the pressure change data of this study and available
literature data with the predictions of existing model/correlations indicated that none of
them can accurately predict the data.

It was found that surface tension and outlet tube size, or equivalently the Bond num-
ber, play a major role for the departure of various models/correlations. Among the mod-
els/correlations being examined, the homogeneous model showed a little better than the
others. Hence, by taking into account the influences of gas quality, Bond number, Weber
number and area contraction ratio into the homogeneous model, a modified homogeneous
correlation was proposed by [Chen et al. 2009]:

Ape = Apn (1 +Q)(1 + Q2)(1 + Q)08 (3.108)
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—13.1Cy

Q) = —0.99¢" (3.109)
0y = -394 (16,1051 — 13.2C5 18 — 4.2C5)
Q3 =0.105*C;?
C; = Bo''(1 — )%
Cy = 470e7°""
C3 = WeBooa (1 — x)3
Cy=o03"(1—a)?

Note that this correlation includes 21 empirical constants. Although the
[Chen et al. 2009] correlation has been compared against available air-water data in the
literature and the predictions show a satisfactory accuracy, this correlation and also the
method presented by [Chen et al. 2008a] are modifications of the homogeneous model in
order to improve the predictions, but fall into the same physical inconsistencies when con-
sidering pseudo-homogeneous fluid where the vena-contracta phenomenon exists throughout
its entire range of application.

Most experiments on the two-phase flow pressure drop in sudden contractions referred
to in the literature have been carried out with steam/water and air/water mixtures. Thus,
the physical properties of the fluids were not systematically varied and, additionally, flow
parameters like mass flow quality and area ratio have been changed only in minor ranges.

Very little information for synthetic fluids have been found, and generally is for small
rectangular channels. Furthermore, the majority of correlations are based on the homoge-
neous model and does not give more physical information of the phenomena. As a con-
sequence, the prediction of measured pressure drops by using available models will lead
to inadequate results for refrigerants. The equations differ mostly in the definition of the
mixture properties and a reliable model for calculating the contraction coefficient in two-
phase flow. In summary, with the available experimental data it does not seem possible to
reliably determine the pressure drop in a sudden contraction for refrigerants as a function
of primary parameters. Further, experimental investigations and theoretical analysis for
two-phase flow in sudden contractions are necessary.

3.3.2 Up- and downstream perturbation effects on the sudden con-
traction pressure drop

According to [Collier & Thome 1994], in single-phase flow the velocity profile becomes fully
developed at a maximum of 10 to 12 pipe diameters downstream of the singularity. In
two-phase flow, the distance downstream over which the influence of the singularity is felt
is greatly increased by up to ten times. [Schmidt & Friedel 1997] suggested that for single-
phase flow, in a distance of about 1.5 times the entrance-pipe diameter in front of the
transitional cross section the flow separates from the inner wall and contracts to a jet with
a narrowest, cross section immediately behind the transition. Hereafter, the jet enlarges and
the main flow reattaches to the pipe wall in a distance of less than 14 times the outlet-pipe
diameter, depending on the flow condition.

In general, the perturbation lengths up- and downstream of the sudden contraction
depend on the passage cross-section area ratio (o4 ), fluid properties and flow conditions.
There is a lack of experimental data on this topic in the literature, especially for synthetic
refrigerants; as a result, experimental tests will be performed to determine the perturbation
lengths in our conditions.
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3.4

Chapter Conclusion

An extensive review of the existing two-phase flow models to predict pressure drops in
straight tubes, return bends and sudden contractions was presented. The models were
classified according to the different approaches used for their development. The main ex-
perimental conditions (where available) of those methods were recalled.

A state-of-the-art review related to the existing studies on void fraction and flow pattern
maps in straight tubes and flow visualization in return bends has also been carried out. The

following conclusions may be drawn from this literature review:

The two-phase pressure drop prediction methods for water are not suitable for refrig-
erants. For these fluids (which is the topic of the thesis), five main prediction methods
may be used: [Friedel 1979], [Gronnerud 1979], [Miiller-Steinhagen & Heck 1986],
[Moreno Quibén & Thome 2007] and [Revellin & Haberschill 2009]. These methods
are still based on numerous empirical constants.

The [Wojtan et al. 2005a] flow pattern map for flow pattern prediction of refrigerants
in straight tube is, so far, the most accurate available in the literature. This map adds
new transition curves to define annular-dryout and dryout-mist flow transitions which
have been integrated into the Thome-El Hajal version of the [Kattan et al. 1998a]
flow pattern map. These modifications provide a more accurate prediction of the
flow regimes and significantly improve the identification the inception of dryout.

The void fraction prediction in straight tubes is still under investigation because no
general method exists so far. The most accurate method available for horizontal flows
seems to be that of [Rouhani & Axelsson 1970]

No void fraction measurements were performed so far in return bends nor in sudden
contractions.

No two-phase flow visualizations were carried out for refrigerant flowing in sudden
contraction.

So far, the best prediction method for predicting the two-phase pressure drop in
return bend seems to be that of [Padilla et al. 2009]. However, this method should
be checked with different geometries and refrigerants.

In general, there are very little information in the literature on the perturbation
lengths up- and downstream of a singularity. Furthermore, there is a lack of experi-
mental data on this topic, especially for synthetic refrigerants.

As mentioned above, the two-phase pressure drop prediction methods for water in
sudden contractions are not suitable for refrigerants. The existing prediction meth-
ods are mainly developed for small rectangular channels. No two-phase pressure drop
prediction method in sudden contraction for refrigerants has been found in the liter-
ature. Hence, further work is called for to more thoroughly investigate these points,
which is the objective of this thesis.
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This chapter describes the conceptualization, construction, components assembly and
commissioning of the experimental setup used during the present PhD work. It was built in
such a way that flow visualization and two-phase pressure drop measurements in different
geometries could be done on the same system. The experimental stand was based on the
existing setup used by [Branescu 2000] at Centre de Thermique de Lyon (CETHIL UMR-

5008), National Institute of Applied Sciences (INSA de Lyon).

4.1 Description of the experimental test facility

The present experimental facility consists of two parallel circuits: the refrigerant circuit and
the water-glycol circuit. The test facility is designed to allow single-phase and two-phase

tests using various refrigerants.
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60 Chapter 4. Description of the experiments

4.1.1 Refrigerant circuit

The refrigerant circuit (Fig. 4.1), which can be used to perform both pressure drop and
visualization tests, allows for the test section’s inlet and outlet properties (vapor quality,
mass flow rate, temperature) of the refrigerant flow to be controlled. This circuit consists of
a refrigerant pump (Verder, model 3LS7, 0.37 kW nominal power) which delivers subcooled
refrigerant to the electrical heater. The refrigerant line splits into two branches after the
pump. The main line continues on to the Coriolis-type mass flow meter (Danfoss MASSFLO
2100). The by-pass line contains two valves which are used to divert flow from the test
section for low mass flow tests. Both the main test line and by-pass line have ball valves
(quarter turn valves). In addition, the by-pass line has a needle valve which allows to
control the refrigerant mass flow with an accuracy of +5 kg-s~!.

Heater

Test section

Condenser

Water+glycol

Coriolis Liquid
type reservoir
flowmeter
Subcooler

Pump Water+glycol

Figure 4.1: Sketch of the refrigerant cycle.

After the Coriolis-type mass flow meter, the main line continues to the electrical heater,
which is used to control the vapor quality at the inlet of the test section. The refrigerant
thermal properties are measured at the outlet of the heater. The state of the liquid refrig-
erant before the electrical heater is used as the starting point for calculations of properties
for the energy balance in the electrical heater.

Some corrections on the fluid characteristics (z, Tsat) can be conducted following the
procedure explained in section 2.6.3.1. The refrigerant is preheated and partially evaporated
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4.1. Description of the experimental test facility 61

in the electrical heater to the desired vapor quality. The vapor quality entering the test
section is calculated from the energy balance on the electrical heater given by Eq. (4.1).
The measurement devices used are discussed later, in Section 4.3.1.

Pheater
(ﬂ) + hheater,in - hl

m
= 4.1
@ T (4.1)

hiy = hy — i is the latent heat of vaporization and —(Aneater,in — f1) corresponds to
the subcooling sensible heat. Ppeater is the electric power of the heater. As the electrical
heater is well-insulated, heat losses on it may be neglected as compared to the total heat
electrical power. The single-phase energy balance carried out on the heater is described in
appendix B.

The fluid passes through the test section and is then cooled and condensed in the
condenser. The condenser pressure is controlled by means of a water-glycol (20% V/V glycol
concentration) flow in the water-glycol circuit, with a temperature comprised between -6.0
°C and 20.0 °C, that can be chosen by the operator. The condenser is followed by a liquid
receiver and a sub-cooler, whose two-phase conditions are also controlled by the water-glycol
flow. The liquid receiver is used as a reservoir to ensure that sub-cooled liquid enters the
refrigerant pump and the coriolis flow meter to measure the flow of refrigerant in the test
line.

Before returning to the pump, the refrigerant is subcooled to ensure that no vapor
flows into the pump. The refrigerant mass flow rate is adjusted by the operator using a
by-pass and measured by means of a Coriolis-type mass flow meter described below. All
components and tubes are well insulated with foam material.

The test section was constructed to the required length that would allow for the flow
to fully develop. It can be shut off with valves and is equipped with a Schrader valve for
refrigerant recovery. The test section is instrumented with the necessary temperature and
pressure measurement devices. Two sight-glasses/moisture-indicators are used directly up-
stream of the electrical heater and refrigerant pump for visual verification of the refrigerant
state.

The system is currently usable with most common refrigerants and evaporation tests
are planned using R-410A, R-134a and HFO-1234yf.

4.1.2 Water-glycol circuit

The water-glycol circuit consists of a hot and cold side (heating loop and cooling loop). All
the equipment of the water-glycol circuit are independent of the refrigerant circuit. The
water-glycol mixture is used to exchange heat with the refrigerant side at the condenser and
the sub-cooler. The supply of high and low temperature flows is controlled by a Danfoss
AMB 162 actuated 4-ways valve which, ultimately, controls the saturation pressure at the
condenser. To increase the saturation pressure in the condenser, the 4-ways valve opens
the heating loop allowing the high temperature flow to enter to the condenser. To decrease
the saturation pressure the 4-ways valve closes the heating loop and the low temperature
flow from the cooling loop enters into the condenser. A PID controller (West model 6100+)
drives the 4-ways valve in order to obtain a specific saturation pressure for the tests.

The water-glycol heating loop, consists of a centrifugal pump (Pedrollo model CP-130,
0.37 kW nominal power) which delivers water-glycol mixture to the first water electrical
heater (Vulcanic model DN80, 9 kW nominal power), namely a 9 kW electrical heater. The
mixture is heated to a maximum value of 50 °C and then the flow at high temperature
enters to the 4-ways valve.
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62 Chapter 4. Description of the experiments

In the water-glycol cooling loop, after the 4-ways valve, the water-glycol mixture enters
into the second water electrical heater (Vulcanic model DN80, 30 kW nominal power),
namely a 30 kW electrical heater. This electrical heater is placed to avoid the freezing
of the water-glycol mixture and the low pressure cut-off of the chiller. After the second
electrical heater, the mixture is cooled in a TRANE outdoor chiller (model VGA 100, 25.7
kW cooling capacity) to a minimum temperature of -6 °C. To avoid temperature oscillations
at the chiller outlet, a liquid vessel (40 1) has been placed downstream of the chiller. After
the liquid vessel, a PT-100 probe driven by a second PID control (West model 6100+),
regulates the water-glycol mixture temperature by modifying the heating power in the
second electrical heater. Finally, the flow at low temperature enters the 4-ways valve.

4.2 Description of the test sections

The experimental setup is designed to perform flow regime visualizations and pressure drop
measurements. The test sections conceived to this end are presented below.

4.2.1 Test section for flow regime visualizations

4.2.1.1 Flow regime visualizations in straight tubes

Figure 4.2 shows the test section for visualizing flow regimes. This section consists in a 6.70
mm inner diameter glass tube which has been discretized into three sections (1-2, 2-3 and
3-4, see Fig. 4.2(a)).

In order to visualize flow regimes simultaneously from the top and the side views of the
straight tube section 1-2, a mirror was settled down behind the glass tube. Figure 4.2(b)
shows a sketch of the array glass tube - mirror for visualizing both top and side views of
the flow regimes in straight tube section. Observations of flow patterns are obtained from
images given by a high speed high resolution camera (Photron model Fastcam 1024 PCI).
Relevant specifications of the high speed camera are listed in Table 4.1.

Table 4.1: Relevant information of the high speed camera.

Camera Type : FASTCAM-1024PCI
Model : 100K
Record Rate(fps) : 2000
Shutter Speed(s) : 1,/40000
Total Frame : 3072
Image Width (px) : 1024
Image Height (px) : 512
Color Bit : 8
File Format : Jpeg
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Figure 4.2: Sketch of the test section for flow regime visualizations in straight tubes.
[Padilla et al. 2011a].

4.2.1.2 Flow regime visualizations in return bends

To visualize flow regimes in return bends, the same glass tube utilized to visualize the flow
regimes in straight tubes was used. Tube orientation was also changed (see Fig. 4.3) to get
the inlet flow in the short section of the glass tube (section 1-2). This arrangement allows
to visualize the flow regimes upstream (section 1-2), along the entire return bend (section
2-3) and also the flow recovery downstream of the return bend (section 3-4). In addition,
Fig. 4.3 shows the glass tube disposition to visualize horizontal or vertical flow regimes in
the return bend.

4.2.1.3 Flow regime visualizations in sudden contraction

A similar arrangement to that used for visualize flow regimes in straight tubes is used to
visualize simultaneously from the top and the side views in a sudden contraction (Fig. 4.4).
A 10 mm inner diameter glass tube with oo = 0.49 was used as a section to visualize
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Figure 4.3: Sketch of the test section for flow regime visualizations in return bends.
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Figure 4.4: Sketch of section a-a used to visualize flow regimes in sudden contraction.
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4.2. Description of the test sections 65

4.2.2 Test section for perturbation lengths measurements

In order to determine the flow recovery length necessary to make a correct pressure drop
measurement, downstream of singularities such as return bends or the sudden contraction,
[Padilla et al. 2011b] presented two adiabatic test sections for flow recovery length measure-
ments downstream of a return bend (Fig. 4.5). This section was made of smooth copper
tubes (D = 7.90 mm) and two thermocouples were placed at the inlet and the outlet of
the test section in the center of the flow. The desired vapor quality at the inlet of the test
section was obtained by adjusting the power of the electrical heater.
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Figure 4.5: Sketch of the sections used to determine the flow recovery length down-
stream of the return bend. [Padilla et al. 2011b|

As explained in [Padilla et al. 2011b], to check if the perturbation length upward the
pressure tap was sufficient to make a correct pressure drop measurement downstream of
the return bends, two pressure drop tests in straight tubes using refrigerant HFO-1234yf
were carried out by considering two different inlet pressure tap locations. In the first test,
the pressure drop was measured along the straight tube (D = 7.90 mm, Ly = 1000 mm)
with the first pressure tap located approximately 50D = 400 mm downstream of the return
bend. For the second test, the first pressure tap was located approximately 20D =~ 160 mm
downstream of the return bend. Figures (4.6(a)) and (4.6(b)) show the results of these tests.
The straight tube pressure drop measured for a recovery length of 20D does not deviate
significantly (£5%) from the straight tube pressure drop measured at 50D. In this sense,
to minimize the test section size, the minimal flow recovery length of 20D was selected to
locate the pressure taps downstream of the return bends. In addition, authors compared
the straight tube pressure gradients to the models of [Miiller-Steinhagen & Heck 1986] and
[Moreno Quibén & Thome 2007]. Results showed that the data were comprised between
these two models.

In order to double-check the perturbation effects up- and downstream of the singularity
(return bends, sudden contractions), two test sections for perturbation lengths measure-
ments have been developed.
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Figure 4.6: HFO-1234yf frictional pressure drop in straight tubes vs. vapor quality
for two flow recovery lengths upstream of the straight tube, namely 20D and 50D.
[Padilla et al. 2011Db]
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4.2.2.1 Test section for perturbation length measurements up- and
downstream of a return bend

Figure 4.7, shows the test section for perturbation length measurements up- and down-
stream of a return bend. This test section leads to measure the total pressure drop along
the return bend with the pressure taps placed at different up- and downstream locations.
In this sense, to determine the perturbation length downstream of the return bend, the
total pressure drop is measured from a pressure tap positioned 50D upstream of the return
bend to different pressure taps located at 5D, 10D, 20D, 30D and 50D downstream of the
return bend. A similar procedure has been conducted to determine the upstream pertur-
bation length measuring the total pressure drop from different pressure taps located at five
different lengths upstream of the return bend to the pressure tap located 50D downstream
of the return bend.
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Figure 4.7: Test section used to measure the perturbation lengths up- and down-
stream of a return bend.

4.2.2.2 Test section for perturbation length measurements up- and
downstream of a sudden contraction

To make a correct pressure drop measurement which includes the effects caused by abrupt
flow area changes upstream and downstream of the sudden contraction, a specific test
section was developed (Fig. 4.8). This test section was made of smooth copper tubes and
includes two straight tubes (D = 7.90 mm and D = 5.30 mm ), one sudden contraction and
two return bends. The downstream segment of the test section has 4 pressure taps spaced
15D, 30D5, 70D5 and 100D5 from the singularity, and the upstream one has 4 pressure taps
spaced 15D1, 28 D1, 70D1 and 100D, from the singularity. The pressure taps are connected
to two manifolds by flexible plastic tubing and these manifolds are connected to a differential
pressure transducer. Through this arrangement, the pressure difference between adjacent
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68 Chapter 4. Description of the experiments

pairs of pressure taps can be measured using the same transducer. Contrary to the return
bends, no perturbation lengths information for two-phase flow up- or downstream of the
sudden contraction were found in the literature.
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Figure 4.8: Test section used to measure the perturbation lengths up- and down-
stream of a sudden contraction.

This arrangement allows to compare several lengths in order to determine which is
the minimal length needed to locate the pressure taps in the test section. Several tests
have been carried out to determine these lengths. The complete description (experimental
conditions and results) is given in Chapter 7. For two different fluids such as R-134a and
R-410A refrigerants, the results obtained show that there was no significant difference for
the sudden contraction pressure drop measured above 70D downstream and above 28D
upstream of the singularity.

4.2.3 Test section for pressure drop measurements

For pressure drop measurements, the experimental setup used a 3105 mm long adiabatic test
section (Fig. 4.9) which is made of smooth copper tubes and includes two straight tubes,
two return bends and one sudden contraction. The test tubes can be set horizontally or
vertically. The saturation pressure is measured using an absolute pressure transducer (JPB
model Th233) located at the outlet of the test section. In addition, two thermocouples
are placed at the inlet and the outlet of the test section in the center of the flow. The
desired vapor quality at the inlet of the test section is obtained by adjusting the power of
the electric heater.

A straight entrance tube of inner diameter 10.85 mm and 550 mm (50D) long is located
upstream of the first straight tube of the test section to achieve a fully-developed flow
condition. A differential pressure transducer (Rosemount 3051C) is used to measure the
pressure drop across the first straight tube (D = 10.85 mm, Lo = 1000 mm). The pressure
gradient along the first return bend (2R/D = 3.68) is measured from a second differential

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/20111SAL0121/these.pdf
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



4.2. Description of the test sections

69

10.85

»D

,,,,,,,,,,,,,,,,, ]

¢—— 550=50D 4+7L04>
(o)

L3"=650~82D L3=300=28D
R 16 L4 — 4><7L2

2R/D=4.05

A ST !

Figure 4.9: Test section for pressure drop measurements. Ly = 1000 mm
L; =110 mm ~ 10D, Ly = 210 mm =~ 20D, Ly = 950 mm, L4 = 120 mm
Ly =160 mm ~ 20D, Lg = 1000 mm =~ 127D.
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70 Chapter 4. Description of the experiments

pressure transducer (Elsag Baley type PTS). The pressure tap is located 210 mm ~ 20D
(L2) downstream of the return bend. 300 mm = 28D downstream of the pressure tap the
flow passes across a sudden contraction to obtain a new tube diameter. A straight tube of
length 650 mm = 82D is directly connected downstream of the sudden contraction for the
flow recovery.

The differential pressure transducers described above are used to measure the pressure
drop across the second return bend (2R/D = 4.05) and the second straight tube (D = 7.90
mm, Lg = 1000 mm) by using a set of 11 valves in two manifolds (Fig. 4.10). The pressure
tap is located 165 mm = 20D downstream of the second return bend. As explained in
section 3.2.1, the flow recovery length of 9D downstream of the return bend is respected.

Differential pressure Differential pressure
transducer 1 transducer 2
O R

Figure 4.10: Details of the manifolds and valves arrangement for pressure drop
measurements. Continuous lines show the connections for straight tube pressure
drop measurements. Dashed lines show the connections for the return bends and
the sudden contraction pressure drop measurements.

4.3 Instrumentation and data acquisition

The experimental setup, as described above, is completely monitored using a computer.
Signals from the thermocouples, pressure transducers and the mass flow meter are collected
by a computerized data acquisition system (Fig. 4.11). The entire acquisition system
includes:

1. Laptop.

2. LabView 8.2, a graphical data acquisition programming language (National Instru-
ments, 2006). A LabView program was written to perform system monitoring and
data acquisition (Section 4.3.1).

3. One KEITHLEY Data Acquisition model 2701 with two slot cards allowing for mul-
tiple measurements up to 40 channels.

4. Two (2) DC/DV electric sources. These sources are capable of supplying 24 V. They
are used to supply power to differential pressure transducers.
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5. One Hyoki 3193 power tester unit to control the phases of the refrigerant electrical
heater.

6. Two (2) PID controllers for the 4-ways valve and the PT-100 for the water-glycol
cooling loop

4.3.1 The LabView program

The data acquisition program was developed in National Instruments’ LabView. This
interface utilizes the inputs received from sensors to achieve the data acquisition. The
sensors utilized by the LabView software are presented in Table 4.2.

Table 4.2: Equipment utilized by the LabView software backbone in the two-phase
experimental setup.

Equipment Range Incertitude
K-Type thermocouple: -30 - 300 °C +0.1K
PT-100 probe class B: -50 - 450 °C +0.1K
Rosemount 3051C pressure transducer: 25 Pa - 27.6 MPa +0.04%
Elsag Baley pressure transducer: 0 - 33.29 kPa +0.1%
Danfoss coriolis-type mass flow meter: 0 - 5600 kg- h™* +0.15%
Hyoki power tester: 0-10 kW +0.001 kW

The main LabView VI (Virtual Instrument) performs the data acquisition operations
required. As shown in Figure 4.12, the program is divided into two ’tabs’; each one of
these is utilized to show the salient information of each circuit described in section 4.1.
It is important to note that there are several data which are not placed inside tabs; due
to the fact that they are, in general, part of the calculation procedure to obtain the final
parameters tabbed for monitoring purposes. These include the enthalpies for the energy
balance, signal conversion from 4 - 20 mA to Pa, Reynolds number, etc.

The water-glycol circuit tab allows the operator to check the inlet and the outlet water-
glycol temperatures in the condenser and the sub-cooler. In the refrigerant circuit tab
(LabView front panel) are included:

e Refrigerant: for refrigerant selection (R-410A, R-134a or HFO-1234yf).

e Refrigerant electrical heater power supply: gives in real-time the corresponding power
supply of each three phases of the electrical heater. In this sense, Phase 1 is a variable
phase that let modify the power supply in a range from 0 to 3.4 kW. Phases 2 and
3 are fixed to 3.3 kW each one. The total power supply in the refrigerant electrical
heater is up to 10 kW.

o Test section operational conditions: TCg1, TCo2, Ap, Pabs, APRosemount; APElsag Baley
and paps are calculated by the relations (4.2), (4.3) and (4.4) respectively. These
relations are given by the manufacturer.

ApPRosemount = 25012.1485(7) — 5002.1176 (4.2)
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Figure 4.12: LabView VI (Virtual Instrument).
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ApFisag Baley = 37349.390365(1) — 7529.71 (4.3)

Pabs = 24.85165(1) — 3.10386 (4.4)

where I is the current expressed in [A].
e Condenser outlet temperature: TCgz.
e Main liquid line temperature (before Coriolis mass flow meter): TCoa.
e Refrigerant electrical heater inlet and outlet temperatures: TCy5 and TCpg.
e Sub-cooler water-glycol inlet and outlet temperatures: TCy7 and TCpg.
e Condenser water-glycol inlet and outlet temperatures: TCyg and TC1g.

e Mass flow rate (1h): calculated by the relation (4.5) given by the manufacturer.

i = 437.5(I) — 87.5 (4.5)

e Mass velocity (G): mass velocity corresponding to each pipe inner diameter (D) is
calculated following the expression introduced in section 2.5.1, where A = 7D? /4.

e Vapor quality (z): the vapor quality entering the test section is calculated from the
energy balance on the electrical heater given by Eq. (4.6):

Pheater
(ﬂ) - (hl - hheatemin)
Az =

m
hlv

(4.6)

where hjy = hy — hy is the latent heat of vaporization and (k) — hneater,in) corresponds
to the sub-cooling sensible heat. Preater is the electrical power of the heater. When
the pressure drop related to the frictional dissipation term reaches non-negligible
values and provokes the so-called flashing (see section 2.6.3.1), the flashing effect is
calculated using the relation (2.50).

e All thermodynamic properties such as saturation temperature (Tsat), enthalpy (h),
density (p), viscosity (¢) and surface tension (o) for refrigerants R-410A and R-134a
have been obtained from the NIST thermodynamic properties of refrigerants and
refrigerant mixtures database [McLinden et al. 2007]. The thermodynamic property
tables of the refrigerant HFO-1234yf have been generated using the REFPROP soft-
ware with the last updated properties library. Appendix C provides information
about physical properties of these refrigerants.

e A running history of the mass velocities, pressure drops and fluids (both the refrig-
erant and the water-glycol mixture) temperatures are presented in time dependent
graphs.

e Error indicators are also available. These indicators provides important information
in order to notify if any system parameters falls over or runs over the specified safety
limits.

e The ’Save’ button is used to manually specify the file name convention, and the
directory used for saving, as well as the number of samples to capture per saved data
point (30 by defect).
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4.4 Measurements and accuracy

This section introduces the root-sum-square (RSS) combination, the basic form used for
combining uncertainty contributions in multiple-sample analysis. In this section, the term
0X; refers to the uncertainty in X; in a general and nonspecific way: whatever is being
dealt with at the moment (for example, fixed errors, random errors, or uncertainties).

Consider a variable X, which has a known uncertainty 6 X. The form for representing
this variable and its uncertainty is:

X = Xi(measured) +0X; (47)

The value of Xj(jeasureq) represents the observation in a single-sample experiment or the
mean of a set of NV observations in a multiple-sample experiment. The value of 6 X represents
20 for a single-sample analysis, where o is the standard deviation of the population of
possible measurements from which the single sample X, was taken. For multiple-sample
experiments, 6.X; can have three meanings. It may represent ¢S/ VN for random error
components, where S(y) is the standard deviation of the set of N observations used to
calculate the mean value X; and t is the Student’s ¢ statistic appropriate for the number
of samples N and the confidence level desired. Finally, § X; may represent U g5, the overall
uncertainty in Xj.

The result R of the experiment is assumed to be calculated from a set of measurements
using a data interpretation program (by hand or by computer) represented by:

R =R(X1, X2, X3, X4, -+, Xn) (4.8)

The effect of the uncertainty in a single measurement on the calculated result, if only
that one measurement were in error would be:

OR
0Rx,;, = =——0X; 4.9
X1 aXl 1 ( )
The partial derivative of R with respect to Xj is the sensitivity coefficient for the result
R with respect to the measurement X;. When several independent variables are used in the

function R, the individual terms are combined by a root-sum-square method.

-5 (2man) ) w0

1

Equation (4.10) is the basic equation of uncertainty analysis. Each term represents the
contribution made by the uncertainty in one variable, dXj, to the overall uncertainty in the
result, § R. Each term has the same form: the partial derivative of R with respect to Xj
multiplied by the uncertainty interval for that variable.

According to [Moffat 1988], in many applications, the uncertainty estimate is wanted as
a fraction of reading, rather than in engineering units. While this can always be calculated,
starting from the results of the general form in Eq. (4.10), it is sometimes possible to do the
calculation of relative uncertainty directly. In particular, whenever the equation describing
the result is a pure "product form," such as Eq. (4.11), or can be put into that form, then
the relative uncertainty can be found directly. That is, if:

R:R(XilegﬂXgﬂva"'vXI\n/}) (411)

then
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SR 0X1\2 [ 0X:\2 [ 0X3\? oxa 2\

— = —_— b—— —_— = 4.12

R {(QX1)+(X2)+(CX3)+(me)} 412
This is a natural and convenient approach in situations when the uncertainties of the

component measurements are described in terms of percent of reading and the result is
needed in the same terms. The exponent of X; becomes its sensitivity coefficient.

4.4.1 Tube diameter

Tube diameters have been measured with a digital vernier caliper with a resolution of +0.03
mm. The measurements for each diameter have been carried out on two samples chosen
among the same tube used in the test section fabrication. 8 measurements have been made
for each diameter. The results are obtained using the Student distribution. The uncertainty
obtained for the lower diameter used in the present study (D = 5.30 mm) is less that 0.6
%.

4.4.2 Tube lengths

Tube lengths are measured with an error less than 0.5 mm. This uncertainty comes directly
from the measurement instrument.

AL=5x10""m (4.13)

The minimal tube length measured is 100 mm, thus the relative error is 0.5 %.

4.4.3 Temperature

All the thermocouples are K-type and come from the company Serv-Instrumentation. They
have been calibrated with two reference platinum probes in a temperature range from -
20 °C to 40 °C. A second degree polynomial equation has been applied to correct the
measurements. The absolute error is:

AT = 0.1K (4.14)

4.4.4 Fluid properties
The fluid properties were calculated from a temperature measurement by applying a linear
regression of the 3rd order determined with REFPROP software.

X =ag+a;T + aoT? + a3T? (4.15)

and the corresponding uncertainty is:

AX = [a1 + 2a2T + 3a3T°] AT (4.16)

The coefficients ag, a1, as and as for the R-134a enthalpy calculations are given in the
Table 4.3.

For example, for a given temperature of 30 °C the results for the enthalpies for R-134a
are hy = 241712 J'kg=! £0.06% and h, = 414853 J-kg=! 4+0.01%. As can be seen, the
relative errors made on the enthalpy calculations are negligible.
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Table 4.3: Coefficients for the refrigerants enthalpy calculations.

Fluid R-134a R-410A HFO-1234yf
h hy M hy M hy
aop 200002.6  398600.1 200007.3 421297.8 36922.1 200100.1
ay 1343.4 583.6 1513.12 314.8 1296.5 656.2
as 1.3 -1.0 2.4 -3.4 1.7741 -0.817
as 0.0088 -0.0131 0.0316 -0.0518 0.0049  -0.0104

4.4.5 Mass flow

The specifications of the Danfoss MASSFLO 2100 Coriolis-type mass flow meter are indi-
cated as follows:

forn > 5% (full scale) kg -s™*, A = 0.15%m (4.17)

66 °
form < 5% (full scale) kg -s™*, A = i\/(0.15)2 + (_) %

m

4.4.6 Mass velocity

The definition of the mass velocity G was introduced in section 2.5.1. It can be expressed
for a circular pipe as:

4w
- aD?

(4.18)

The uncertainty for G is:

so=ayf(22) "4 (A2) (119

The mass velocity ranges from 186.7 kgm~2.s7! (for D = 10.45 mm) to 1702.2
kgm~2s7! (for D = 7.90 mm). Thus the uncertainties are:

G=186.Tkg-m 2 s~ +0.5% for D = 10.45mm

G =1702.2kg-m™2 .51 £+ 1.3% for D = 7.90mm

4.4.7 Pressure drop

The pressure transducers are connected to a Keithley data acquisition system. The nominal
uncertainty given by the manufacturers are + 0.10 % for the Elsag Baley transducer and
+ 0.04 % for the Rosemount 3051CD in overall measure range. The total performance
includes the errors due to nominal uncertainty, environment temperature effect and static
pressure efect. This nominal uncertainty includes to the hysteresis errors, the linearity as
a function of scale limit values and the repeatability of measurements.
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4.4.8 Energy balance

The power supplied to the electrical heater in the refrigerant circuit is directly measured
using the HIOKI 3193 POWER HiTESTER. The power measurements accuracy given by
the manufacturer is + 1 W. If considering the pressure drop measurements for R-410A, the
entire range of power supplied to the electrical heater was from 0.311 4+ 0.001 kW to 10.378
=+ 0.001 kW. The uncertainty is less than 0.33 %. The description of the uncertainties of the
single-phase energy balance carried out on the electrical heater is presented in Appendix B.

4.4.9 Vapor quality

The vapor quality entering the test section is calculated from the energy balance on the
electrical heater given by Eq. (4.1):

Pheater
( he.ate ) + hheater,in - hl
m

hlv

€r=

The absolute error is expressed as:

Au 1 ( APh'eater ) 2 + (PheaterAm

2
== h_lv " m2 ) + (Ahheater,in)2 + (Ahl)2 + (mAhlv)2 (420)
where Ahi, Ahpeaterin and Ahi, are given by Eq. (4.16).
For example, if considering the most critical operation test conditions for R-410A (low
mass velocity and high vapor quality) as @ = 0.96, Tsat = 10.1 °C, Pheater = 3.965 kW,
m = 0.019 kg-s~!, T} = 4.1 °C and Theater,in = 10.4 °C, the uncertainty is less than 0.82 %.

4.5 Experimental procedure

Once the commissioning procedure is finished (the system is considered leak-free and is
charged with the proper refrigerant) the system is ready to be started. It is necessary to
check that the water-glycol supply temperatures are within tolerances. In the case of the
cooling water-glycol supply, the mixture temperature should be between -3 - 0 °C, while in
the heating water-glycol loop, the mixture temperature should be between 30 - 35 °C. To
get these conditions, the first step is to start up the chiller and the 30 kW electrical heater
in the cooling water-glycol loop (see section 4.1.2). Then, the centrifugal pump and the 9
kW electrical heater. For security reasons, it is very important not to start up the electrical
heaters without having a proper water-glycol flow in both loops.

Before starting up the refrigerant circuit, all valves in the refrigerant loop need to be fully
opened. In the main control panel, there are 9 switches which activate the refrigerant pump,
the water-glycol pump, the Coriolis-type mass flow meter, the 4-ways valve, the absolute
pressure transducer and each phase of the refrigerant electrical heater. The last switch
governs the power supply to the experimental facility. An emergency stop button is also
available. In the operation of this experimental facility, all protocols for industrial hygiene
and safety (including those under special regulations related to refrigerants handling) have
been respected.
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4.6 Chapter Conclusion

The existing flow boiling test facility used by [Branescu 2000] at the Centre Thermique de
Lyon (CETHIL UMR-5008) has been successfully modified and adapted to the different
test conditions and measurement methods required by the present PhD work. Two new
test sections for flow regime visualization and pressure drop measurements have been suc-
cessively implemented into the modified test rig. The visualization test section allows to
visualize flow regimes in straight tubes, sudden contractions and return bends. The latter
can be placed horizontally and vertically. The test section for pressure drop measurements
consists of five sections: two straight tubes (7.90 mm and 10.45 mm inner diameter), two
return bends and one sudden contraction. This configuration allows the tests to be run in
order to obtain experimental two-phase pressure drop values under adiabatic conditions.

Regarding the test section design, to minimize the test section length, the minimal flow
recovery length of 20D was selected to locate the pressure taps downstream of the return
bends. Concerning the sudden contraction, the minimal flow recovery length of 82D was
selected to locate the pressure taps downstream of the singularity.

A mirror was settled down behind the glass tube in the visualization test section in order
to visualize flow regimes simultaneously from the top and the side views of the straight tube
and sudden contractions. Observations of flow patterns are obtained from images given by
a high-speed high-resolution camera.

No two-phase flow regimes visualization of refrigerants in sudden contraction, return
bends nor the top and the side views simultaneously of the straight tube have been found
in the literature. Hence, investigations related to these points are one of the objectives of
the present thesis.
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CHAPTER b

Two-phase flow in straight tubes
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This chapter presents the results for two-phase flow regime visualizations for the next
generation HFO-1234yf and the well known R-134a refrigerants in straight tubes. In addi-
tion, a new pressure drop database measured during two-phase flow of refrigerants HFO-
1234yf, R-134a and R-410A in horizontal straight tubes is presented. The results are
compared against 10 well-known two-phase frictional pressure drop prediction methods. A
statistical analysis for each flow regime was also carried out.

5.1 Experimental procedure

5.1.1 Single-phase experiments

In order to check the measurements made with the present experimental facility, an energy
balance and single-phase pressure drop measurements have been carried out. The energy
balance (Fig. 5.1(a)) depicts a Mean Relative Error less than 1%. The single-phase pressure
drop data have been compared to the Blasius correlation for smooth tubes with a MRE less
than 0.5% (Fig. 5.1(b)). The test facility is thus validated.

5.1.2 Data reduction

In order to obtain the values of the straight tube pressure gradient, the pressure drops in
straight tubes have been measured and divided by the appropriate length:

dp Apgt
_r — 1
( dZ ) st Li (5 )

where L; = Ly = 1000 mm for D = 10.85 mm and L; = Lg = 1000 mm for D = 7.90
mm, (see Fig. 4.9). For D = 5.3 mm, the test section depicted in Fig. 4.8 has been used
considering Ly = 1000 mm

In the experiments, the maximum pressure drop measured from the outlet of the elec-
trical heater (where the vapor quality is calculated) to the outlet of the test section can
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Figure 5.1: Energy balance and single-phase pressure drop measurements.
[Padilla et al. 2011a)
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reach up to 0.83 bar. This pressure drop is not negligible and provokes a flashing effect
(see section 2.6.3.1) and a temperature difference. The flashing effect is calculated using
the relation (2.50).

The maximum vapor quality variation Az due to the flashing effect from the outlet of
the electrical heater to the outlet of the test section is 0.02. As a consequence, the variation
of the vapor quality along the tubes has been taken into account. This increase in the vapor
quality induces a momentum pressure drop. The ratio of the momentum pressure drop to
the total pressure drop over the whole length of the circuit from the outlet of the electrical
heater to the outlet of the test section was found to be always lower than 2.6 %. As the
test section used to obtain the pressure drop data is much shorter than the whole length
of the circuit (about 4 times shorter), the additional momentum pressure drop in the test
section can thus be neglected. In addition, the maximum temperature difference due to
the pressure drop along the tube is up to 2.3 K. As a result, the saturation temperature is
recalculated at the inlet of each straight tube,return bend and sudden contraction.

5.2 Experimental results

5.2.1 Two-phase flow visualization in straight tubes

Flow regimes of HFO-1234yf and R-134a have been observed in the range of mass velocities
from 297 to 512 kg-m~2.s~!, vapor qualities from 5 to 90 % and Ty, from 9.5 to 10.5°C.
Both top and side views were recorded simulaneously.

Flow regime visualizations of HFO-1234yf and R-134a have been compared to the
[Wojtan et al. 2005a] flow pattern map. It is important to note, that this flow pattern
map was developed for R-22 and R-410A inside a 13.6 mm horizontal smooth tube and
further validated for R-134a and other fluids. Figure 5.2 presents the HFO-1234yf and
R-134a visualization data points for D = 6.70 mm, and Ts,; = 10 °C plotted on the
[Wojtan et al. 2005a] flow pattern map.

As can be seen, no major difference was found between the experimental flow regimes
(slug, intermittent and annular flows) and their transitions and those predicted by
[Wojtan et al. 2005a]. As a result, the flow pattern map proposed by the latter was used
to predict the flow pattern of the current experimental pressure drop database.

Figures 5.3 and 5.4 show the different flow regimes observed. The side view reveals the
effect of gravity, e.g. the vapor is to a certain extend preferentially located at the upper
part of the tube. From the top view, we see that the vapor phase is centered.

40 experimental videos have been taken in total for HFO-1234yf and R-134a. No major
difference can be observed when comparing the flow patterns of both refrigerants for the
same conditions of mass velocity, saturation temperature, inner diameter and vapor quality,
which was desirable since HFO-1234yf was designed so that its properties would be close
to those of R-134a.
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Figure 5.2: HFO-1234yf and R-134a visualizations plotted in the flow pattern map of
[Wojtan et al. 2005a]. (I: intermittent, A: annular, Slug: slug, SW: stratified-wavy).
[Padilla et al. 2011a)
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top view

side view

(a) Slug flow at z = 5.2% and G = 306 (b) Intermittent flow at x = 19.1% and
kgm~2.s7 1 G =306 kgm~2s7 1.

(c) Annular flow at © = 61.0% and G = 307 (d) Intermittent flow at x = 6.7% and G =
kgm~2.s7 ! 512 kg-m~2.s7L.

(e) Intermittent flow at © = 21.8% and G = (f) Annular flow at © = 58.9% and G = 506
497 kgm 257!, kgm~2.s7 L

Figure 5.3: Top and side views of the HFO-1234yf flow patterns for Ty, = 10 °C
and D = 6.70 mm. [Padilla et al. 2011a]
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top view

(a) Slug flow at = = 4.8% and G = 302 (b) Intermittent flow at = = 20.7% and
kgm~2.s7!. G =310 kgm~2s7 1.

(c) Annular flow at z = 60.0% and G = 301 (d) Intermittent flow at x = 4.8% and G =
kgm~2.s7 L 496 kg-m 2571,

(e) Intermittent flow at z = 20.4% and G = (f) Annular flow at © = 59.4% and G = 494
498 kg-m 257!, kgm~2.s7 L

Figure 5.4: Top and side views of the R-134a flow patterns for Ty = 10 °C and
D = 6.70 mm. [Padilla et al. 2011a]
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5.2.2 Two-phase pressure drop in straight tubes

5.2.2.1 Experimental conditions for the pressure drop measurements

Table 5.1 summarizes the experimental conditions of the present pressure drop database
along with the corresponding uncertainties. The 884 experimental tests have been carried
out using three different tube diameters (10.85, 7.90 and 5.30 mm) for three refrigerants
(R-410A, R-134a and HFO-1234yf), saturation temperatures from 4.8 °C to 22.0 °C, and
over the entire range of the vapor quality. The mass velocity ranges from 187 to 2146

kg-m~2.s71.

Table 5.1: Experimental conditions and uncertainties of the present straight tube
pressure drop database.

Parameters Range Uncertainties
Fluids R-410A, R-134a, HFO-1234yf
D 10.85, 7.90 and 5.3 mm +0.6%
G 187 to 2146 kg m~2 57! < 1.3%
Tiat 4.8 - 22.0 °C +0.1K
Pheater 0-10 kW +1'W
x 0.04 - 0.98 < 0.82%
D 3.48 - 14.50 bar +0.1%
Ap 0 - 33.29 kPa +0.1%
Ly 1000 mm +0.5%
Ly 110 mm +0.5%
Lo 210 mm +0.5%
Ls 120 mm +0.5%
L, 165 mm +0.5%
Ls 1000 mm +0.5%

5.2.2.2 Flow regimes

Since the two-phase frictional pressure drop depends on the flow regime, one must first
determine the flow pattern prior to reducing the measurement data. Figure 5.5 presents
the HFO-1234yf pressure drop data points for D = 10.85 mm, Ts,; = 15 °C and D = 7.90
mm, T, = 10 °C mapped on the [Wojtan et al. 2005a] flow pattern map. For the HFO-
1234yf pressure drop database (308 points), 59 % (182 points) of the experiments are thus
considered to belong to annular flow, whereas almost 39 % (118 points) are for intermitent
flow, the rest (8 points around 2 %), is segregated between slug and stratified wavy. For the
whole pressure drop database (884 points), almost 57% (501 points) of the experiments are
for annular flow, whereas 39 % (340 points) are for intermitent flow. The rest, (43 points,
around 4 %) is segregated between slug flow and stratified wavy.

Figure 5.6 presents a comparison between the three working fluids considered in this
investigation for two different conditions. Figures 5.6(a) and 5.6(b) show that the pressure
drop of R-134a is higher than the pressure drop of HFO-1234yf and is also significantly
higher as compared to the R-410A results. This behavior occurs as a consequence of the

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/20111SAL0121/these.pdf
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



88 Chapter 5. Two-phase flow in straight tubes
700 1200 : :
o o o o o
oopi® @ 8 w8 ® 1000
o o o o o o a
— 500 goo@ooge )8 BB BB -
Nm Nm 800
c | A c o o o o o o a o oo
D400F o\o o o o a o oo oo ® o o o o o o a oo o
: o o o a o o o oo o o :
2 2 600
5300* o o o a a a o oo oo % ¢ ° ° ¢ ° H ° poooe
gzoo— Slug & 400t | A 1
100 Slugrsw 200f_Slug 1
sw Slug+Sw sw
oS . n o= n T
0 0.2 08 0 02 08 1

(a) Tsat = 15 °C, G = 400 kgm™2.s7 ",

0.4 0.6
Vapor quality [-]

D =10.85 mm and ¢ = 0 kW-m~2.

0.4 0.6
Vapor quality [-]

(b) Tsar = 20 °C, G = 750 kgm™2.s7 ",
D =7.90 mm and ¢ =0 kW-m~2.

Figure 5.5: HFO-1234yf pressure drop data plotted in the flow pattern map of
[Wojtan et al. 2005a]. (I: intermittent, A: annular, Slug: slug, SW: stratified-wavy).
[Padilla et al. 2011a)

physical properties of the refrigerants. For T,y = 15 °C, the working refrigerant with the
highest pressure drop (R-134a), has the highest density ratio (p1/py) and viscosity ratio
(i /pty). In addition R-410A shows lower two-phase frictional pressure drop than R-134a
and HFO-1234yf, consequence of its properties.
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Figure 5.6: Pressure drop vs. vapor quality for 3 different fluids: R-134a, R-410A
and HFO-1234yf. [Padilla et al. 2011a]

In addition, Figure 5.7 presents the effect of the mass velocity G, the saturation tem-
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Figure 5.7: Effect of the mass velocity, the temperature and the inner diameter on
the frictional pressure drop. [Padilla et al. 2011a]

Figure 5.7(a) shows the effect of the increasing mass velocity on the frictional pressure
drop. When the mass velocity increases, the frictional pressure drop increases. An increase
in mass velocity results in a higher flow velocity and a higher flow inertia, which increases the
frictional pressure drop. Figure 5.7(b) shows the influence of the saturation temperature. It
can be observed that the frictional pressure drop increases when the saturation temperature
decreases. This result can be explained by the effect of physical properties such as density
and viscosity on the pressure drop at different temperatures. The liquid density p; and
liquid viscosity ui, increase as the temperature decreases, whereas the vapor density p, and
vapor viscosity p, decrease as the temperature decreases. Finally, in Fig. 5.7(c) when the
inner diameter is smaller, it can be noted that the frictional pressure drop is higher. The
pressure drop in the smallest diameter tube is higher than that in the largest one. This
can be explained by the fact that smaller inner tube diameter results in a higher wall shear
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90 Chapter 5. Two-phase flow in straight tubes

stress, leading to a higher friction, which then results in a higher frictional pressure drop.

As can be observed in the previous figures, maximum pressure drop occurs at a vapor
quality of about 80%. According to the flow pattern map of [Wojtan et al. 2005a], this
maximum occurs in annular flow regime. To better understand this maximum, an analysis
on the maximum pressure gradient has been carried out.

5.2.2.3 Maximum two-phase pressure gradient

Figures 5.8(a) and 5.8(b) show predicted values of the maximum frictional pressure gradi-
ent using two methods [Miiller-Steinhagen & Heck 1986, Revellin & Haberschill 2009] com-
pared to experimental values. In a first approach, both methods lead to good predictions
of the maximum pressure gradient. The method of [Miiller-Steinhagen & Heck 1986] is
however slightly better with 98.3 % of the data predicted within a + 30 % error band.
The method of [Revellin & Haberschill 2009] tends to over predict values of the maximum
frictional pressure gradient for high mass velocities.
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(a) [Miiller-Steinhagen & Heck 1986] pre- (b) [Revellin & Haberschill 2009] predic-
diction method. tion method.

Figure 5.8: Comparison between predicted and experimental maximum frictional
pressure gradients. [Padilla et al. 2011a]

Figures 5.9(a) and 5.9(b) show the predicted values of the vapor qualities corresponding
to the maximum frictional pressure gradient, compared to experimental values. It can be
noted that both methods predict almost constant values of the vapor qualities. In the
case of [Miiller-Steinhagen & Heck 1986] method, the vapor quality corresponding to the
maximum pressure gradient is almost constant and is around 93%, and in the case of
[Revellin & Haberschill 2009] it is near 80 %. Note that the experimental vapor quality
corresponding to the maximum pressure gradient ranges from 77 % to 92 %. Even if the
statistics indicate that both methods are able to fairly predict the data within a 4+ 10 %
error band, the trend of the vapor quality corresponding to the maximum pressure gradient
is in fact not well captured by these methods.

As a preliminary conclusion, future prediction methods should focus on the correct
prediction of this maximum pressure drop. As explained by [Revellin & Haberschill 2009,
when this maximum is known, the prediction is more accurate.
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Figure 5.9: Comparison between predicted and experimental vapor qualities corre-
sponding to the maximum pressure gradients. [Padilla et al. 2011a)

5.2.2.4 Comparison to prediction methods

The present database is now compared with existing prediction methods to

give some indications on the best method to use. In this sense, the
whole set of two-phase pressure drop data for the 3 fluids tested in this
work was compared against available correlations: i.e. the methods developed

by [Miiller-Steinhagen & Heck 1986, Gronnerud 1979, Moreno Quibén & Thome 2007,
Lockhart & Martinelli 1949, Chisholm 1973a, Friedel 1979, Revellin & Haberschill 2009,
Bankoff 1960, Chawla 1967] and the Homogeneous Model (Cicchitti viscosity model). All
these methods allow the calculation of the frictional pressure drop. The results of the com-
parison are summarized in Table 5.2 and some of these results are shown in Fig. 5.10. As
can be observed in this figure, low mass velocities (200 kg-m~2-s7!) result in a very small
pressure drop at low vapor qualities (below 400 Pa-m~!). Under this threshold, the test
facility is not stable enough for an accurate measurement.

The best accuracy is, by far, given by the method of [Miiller-Steinhagen & Heck 1986].
The data predicted are around 90 % within a 4 30 % error band. The mean absolute error is
near 18 % and the the mean relative error is around -4 %. Although the method proposed by
[Miiller-Steinhagen & Heck 1986] is a method which has been developed without considering
flow pattern effects on the process, this method gives the best prediction for intermittent
and annular flows, but also for the entire database.

The methods of [Lockhart & Martinelli 1949, Bankoff 1960, Chawla 1967| give particu-
larly poor predictions. These methods are not reliable to predict frictional pressure drop of
refrigerants and also are not suited to describe the behavior of refrigerant fluids at different
evaporation pressures.

Nevertheless, the correlation of [Lockhart & Martinelli 1949] gives better predictions
than the [Bankoff 1960], [Chawla 1967] and Homogeneous models. The best results for
[Lockhart & Martinelli 1949] occur in annular flow with 44% of the data predicted within
a £+ 30 % error band.
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Figure 5.10: Experimental pressure gradient data (884 points) compared to predic-
tion methods. [Padilla et al. 2011a]
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(S
b
Table 5.2: 884 experimental pressure drop data points for refrigerants HFO-1234yf, R-134a and R-410A in straight tubes compared =
to different correlations from the literature ’é
:
Number Miiller-Steinhagen Gronnerud Friedel Revellin and Chawla Chisholm Bankoff Homogeneous Lockhart Moreno E
of points and Heck Haberschill and Martinelli and Thome [¢)
SLUG 39 Ev-
(%) 55.6 75.0 61.1 52.8 13.9 0.0 30.6 8.3 0.0 44.4 =
MAE(%) 45.9 35.3 42.4 46.7 633.7 452.6 113.3 60.8 239.1 35.9 S
MRE(%) 42.6 21.8 38.7 44.4 628.4 452.6 66.3 -60.8 238.2 -6.8 g
INTERMITTENT 340 =
%) 88.6 78.1 81.9 49.5 0.3 10.8 32.1 1.3 0.3 74.6 @
MAE(%) 18.5 22.9 20.8 36.1 >1000 143.5 317.9 77.8 164.5 25.9
MRE(%) 9.2 19.2 -6.3 34.2 863.5 143.2 301.1 -77.2 164.1 6.2
STRATIFIED-WAVY 2
(%) 100.0 100.0 100.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0
MAE(%) 19.2 8.3 20.9 41.7 >1000 24.4 >1000 73.1 64.2 41.5
MRE(%) -19.2 -0.6 -20.9 -41.7 >1000 -24.4 >1000 -73.1 -64.2 -41.5
ANNULAR 501
(%) 95.3 15.7 68.5 80.2 0.0 62.1 0.0 0.0 44.0 76.1
MAE(%) 16.7 54.7 26.3 19.8 >1000 37.1 >1000 88.7 36.1 20.0
MRE (%) -15.0 54.2 -25.5 -0.4 >1000 20.7 >1000 -88.7 0.2 6.6
DRY-OUT 2
%) 50.0 50.0 100.0 100.0 0.0 100.0 0.0 0.0 0.0 100.0
MAE(%) 18.4 21.2 15.1 11.8 >1000 9.6 >1000 56.8 55.2 13.5
MRE(%) 18.4 21.2 15.1 -11.8 >1000 9.6 >1000 -56.8 -55.2 7.4
ALL DATA 884
(%) 90.7 42.9 70.6 62.9 0.7 39.8 13.7 0.9 25.0 72.5
MAE(%) 18.1 41.4 24.9 30.3 >1000 96.2 >1000 83.2 94.6 25.0
MRE(%) 4.3 39.1 -16.7 18.3 >1000 86.6 >1000 -82.9 73.4 7.8
N=]
w
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94 Chapter 5. Two-phase flow in straight tubes

The method proposed by [Friedel 1979] is a method developed using a large database
valid for horizontal flows, which predicts around 70 % of the entire database within a £ 30
% error band. This method also gives good prediction for intermittent and annular regimes.

Regarding the phenomenological models, although the method proposed by
[Moreno Quibén & Thome 2007] is not the best one, it gives reasonably good predictions
for all flow regimes. Its best results are found for annular and intermittent regimes.

For slug flow, the best method is that of [Gronnerud 1979] with 75 % of the data within
a + 30 % error band.

Beyond the above statistics, Figs. 5.11(a) and 5.11(b) graphically show the comparison
between the prediction methods with experimental data obtained for the most recently de-
veloped refrigerant, namely HFO-1234yf. Correlations of [Miiller-Steinhagen & Heck 1986,
Moreno Quibén & Thome 2007, Friedel 1979, Revellin & Haberschill 2009] better de-
scribe the behaviors of the data. On the contrary, using the methods of
[Lockhart & Martinelli 1949, Chisholm 1973a] the calculation results are not in agree-
ment with the data. It is also important to note that only the methods proposed
by [Miiller-Steinhagen & Heck 1986, Gronnerud 1979, Moreno Quibén & Thome 2007,
Revellin & Haberschill 2009] give a good representation of the pressure gradient trend ver-
sus vapor quality. They also capture the peak in the pressure gradient at high vapor

qualities.
10000 T T 50000 T T
O Experimental data O Experimental data
9000} = Miiller-Steinhagen and Heck . 45000 H = Miiller-Steinhagen and Heck
—e— Gronnerud —e— Gronnerud
8000H = = = Friedel 400004 = = = Friedel

== Revellin—-Haberschill
2000 —— Chisholm

—— Lockhart-Martinelli
60001 """ Moreno Quibén & Thome
HFO-1234yf
5000 D = 10:85 mm
G =300 kg/m?s
4000 Tsal: 10°C

== Revellin—-Haberschill

35000 —— Chisholm

—— Lockhart-Martinelli

30000} """ Moreno Quibén & Thome

HFO-1234yf

| D=7.9mm

G =750 kg/m*s

T_=20°C
sat

25000
20000
3000+ 15000

2000 10000

Frictional pressure drop in straight tubes [Pa]
Frictional pressure drop in straight tubes [Pa]

1000+ 5000+

B L L L L L L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Vépor quality [—j Vépor quality [—j
(a) (b)

Figure 5.11: Experimental pressure drop in straight tubes as a function of the vapor
quality compared to different prediction methods. [Padilla et al. 2011a]

5.3 Chapter conclusions

Two-phase flow regime visualizations of HFO-1234yf and R-134a in a 6.70 mm inner diam-
eter glass straight tube have been simultaneous performed by top and side views with a
high-speed high-definition camera. These flow regimes have been observed in the range of
mass velocities from 297 to 512 kg m~2 s™!, vapor qualities from 5 to 90 % and Ty, from
9.5 to 10.5 °C. The different flow regimes observed were: slug, intermittent and annular
flows. No major difference was observed between both refrigerants. Indeed HFO-1234yf
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properties are close to those of R-134a. It was found that the [Wojtan et al. 2005a] flow
pattern map was able to satisfactorily predict the HFO-1234yf flow regimes.

884 pressure drop data points measured in horizontal straight tubes have been presented
for refrigerants R-410A, R-134a and the next-generation refrigerant HFO-1234yf. The tube
diameter (D) varied from 5.30 to 10.85 mm and the mass velocity (G) ranged from 187 to
2146 kg m~2 s~!. Vapor quality (z) ranged from 0.04 to 0.98. Saturation temperatures
were tested from 4.8 °C to 20.7 °C.

The 884 experimental data have been compared against selected correlations found
in the literature. The best accuracy was given by [Miiller-Steinhagen & Heck 1986] with
around 90 % of the data predicted within a & 30 % error band.
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CHAPTER 6

Two-phase flow in return bends
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The aim of this chapter is to present original experimental two-phase flow regime visual-
izations and two-phase pressure drop data points in horizontal and vertical return bends for
the next generation HFO-1234yf and for well known R-134a and R-410A conventional refrig-
erants. This permits to extend the existing database available in the literature (presented
in Table 3.1 ) and also to better understand the physical phenomena involved. In addition,
this chapter aims at discussing the perturbation length encountered up- and downstream
of the return bend. Furthermore, the new experimental data measured for two-phase flow
of HFO-1234yf, R-134a and R-410A refrigerants in horizontal and vertical return bends are
presented and compared against 4 prediction methods from the literature.

Based on the present database and as proposed by [Padilla et al. 2009], we suggest a
correlation for predicting the pressure drop in return bends, which is understood as the
sum of the regular pressure drop along the length 7R and the frictional pressure drop due
to the singularity and its perturbation effects up- and downstream (proposed equation).

6.1 Experimental procedure

To obtain the values of the return bend pressure drop Ap,,, the total pressure drop and the
horizontal straight tube pressure drops have been measured. Figure 6.1 shows a synthesis
of the idealized pressure profile of the flow path along a vertical return bend (as explained
later, horizontal return bends can be treated as a particular case of vertical return bends).
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98 Chapter 6. Two-phase flow in return bends

Apgot corresponds to the total pressure drop experimentally measured over the length Lq +
wR1 + Lo = 0.383 m for the first return bend and L3 +7Rs + L4 = 0.335 m for the second
return bend (Fig. 4.9). In Fig. 6.1, Apiet is measured along the length L;,.

Pressure
Upstream pertutbation
A | | : Flow
pst,in ; : direction
Ap::‘.t,vert rbg(lTR)
Y- Y S N
tot : total
Aptot ApC rb :return bend

st :straight tube
curv : curvature
pert : perturbation
in  :inlet

out :outlet

‘l‘L

Inlet | _ Return bend Outlet
straight tube (TTR) straight tube >Length

o @ @ ®) ©

Figure 6.1: Idealized pressure profile along a vertical return bend.

The total pressure drop is expressed as follows:

Aptot = Apst7in + Aprb + Apst70ut (61)
The term Apst in + ADst,out i calculated by:

d
Apst,in + Apst,out = <d_p) Leq (62)
Z st

where Leq = L1 + Lo = 0.320 m for the first return bend and Leq = L3 + Ly = 0.285 m
for the second return bend.

The straight tube (regular) pressure gradients are experimentally measured along the
length Lo and Lg (see Fig. 4.9) for inner tube diameters 10.85 mm and 7.90 mm. These
gradients are calculated using Eq. (5.1).

The term Ap,, corresponds to the return bend pressure drop. This term is the sum
of the static pressure drop (Apstatic), the regular pressure drop along the vertical bend of
length 7R (Apsg,vert,, (k) and the singular pressure drop (Apsing) Which can be viewed as
the sum of the pressure drops due to the curvature effect (Apeyry) and the perturbations
up- and downstream of the return bend. (Appert,in, APpert,out)-

Apr, = Apst,vertrb(ﬂ'R) + Apstatic + Apsing (63)
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6.1. Experimental procedure 99

Apsing = Apcurv + Appert,in + Appert,out (64)

Note that Apg vert,, (rr) means that the corresponding length is 7R and is thus a
succession of elementary regular pressure drops at different orientations from 0° to 180°
(Fig. 6.2). It can be expressed by the following relation:

o R dpst,f (9) B T dpstf (9) N T dpst,f (9)
ApSt’Vertrb(WR) _/0 sz = /0 WRCIG —/O Td@ (65)
doe
Flow
direction dps1+(6)
0 R do

z «—

Figure 6.2: Description of the regular frictional pressure drop in a vertical return
bend.

The static pressure drop is calculated as follows:

Apstatic = pPhg 2R (66)

For the particular case of a horizontal return bend, Apgiatic = 0. The homogeneous
density p is:

pn=pi(1 =€)+ py(e) (6.7)

The void fraction ¢ is calculated by the [Rouhani & Axelsson 1970] model (Eq.(3.68)).

In the experiments, as explained in [Padilla et al. 2011a], the maximum pressure drop
measured from the outlet of the electrical heater (where the vapor quality is calculated) to
the outlet of the test section can reach up to 0.84 bar. This pressure drop is not negligible
and provokes a flashing effect (see section 2.6.3.1) and a temperature difference. The flashing
effect is calculated using the relation (2.50).

As explained in section 5.1.2, from the outlet of the electrical heater to the outlet of
the test section, the Ax and ATy, variations due to the flashing effect have been taken
into account. Both vapor quality and saturation temperature are recalculated at the inlet
of each straight tube and return bend.
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100 Chapter 6. Two-phase flow in return bends

6.2 Experimental results

6.2.1 Two-phase flow visualization in return bends

6.2.1.1 Flow regimes at the return bend inlet

The flow regimes of HFO-1234yf and R-134a encountered at the inlet of the return bend
for each visualization are presented in Figures 5.2(a) and 5.2(b) respectively. The cor-
responding experimental conditions are mapped in the flow pattern map proposed by
[Wojtan et al. 2005a] only as information. It is important to note that this flow pattern
map was developed for R-22 and R-410A inside a 13.6 mm horizontal smooth tube and
further validated for R-134a and other fluids. Therefore, it can not strictly be used to de-
termine the flow pattern in the return bend test section. Nevertheless, it gives an indication
of the flow regimes encountered at the inlet of the return bend.

For the present visualization dataset, at the return bend inlet, 60.0% (24 points) of
the experiments belong to annular flow, whereas 30.0% are for intermittent flow. The
rest corresponds to slug flow. Note that the flow pattern map of [Wojtan et al. 2005a]
was implemented by setting the heat flux to 0.00 kW-m~2, as the present experiment is
performed in adiabatic conditions.

The flow regime visualizations at the inlet of the return bend for both refrigerants have
been compared to the [Wojtan et al. 2005a] flow pattern map. As can be seen, no major
difference was found between the experimental flow regimes (slug, intermittent and annular
flows) and their transitions and those predicted by [Wojtan et al. 2005a]. As a result, the
flow pattern map proposed by the latter could be used to predict the flow pattern at the
inlet of the return bend for the current experimental database.

6.2.1.2 Two-phase flow visualization in horizontal return bends

Flow regimes of HFO-1234yf and R-134a have been observed using the test section depicted
in Fig. 4.3. The range of mass velocities was from 297 to 512 kg-m~2.s~!, vapor qualities
from 5 to 90 % and Tyat from 9.5 to 10.5 °C. As shown in Figs. 6.3 and 6.4, the different flow
regimes observed are: slug, intermittent and annular flows. The liquid and vapor phases
distribute naturally into several recognizable flow structures.

At the beginning of the curved section of the return bend, one can see that the vapor
phase moves toward the inside of the curve, while the liquid phase moves to the outside
due to the effect of the centrifugal force. After a length of about 20D from the return bend
outlet, it appears that the flow pattern recovers the original shape it had before entering
the return bend.

During intermittent flow (Figures 6.3(b), 6.3(d), 6.3(e), 6.4(b), 6.4(d) and 6.4(e)), there
is a notable difference observed between the flow structure at G = 300 kg-m~2.s~! and
G = 500 kg:m~2.s7!. Increasing the mass velocity provokes higher vapor velocity that
distorts the interfacial waves. Large amplitude waves intermittently wash the top of the
tube while smaller amplitude waves are also observed in between. Large amplitude waves
often contain entrained bubbles. Figure 5.3 also presents images for annular flow regime at
G = 300 kgm~2:s7! and G = 500 kg-m~2:s~!. Annular flow images show that 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 are observed
to be dispersed in the vapor core.
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(a) Slug flow at z = 5.2% and G = (b) Intermittent flow at x = 19.1%
306 kgm 257 and G = 306 kg-m 257!,

(c) Annular flow at = = 61.0% and (d) Intermittent flow at =z = 6.7%
G =307 kgm™2s7 " and G = 512 kgm™2.s7 %,

(e) Intermittent flow at © = 21.8% (f) Annular flow at z = 59.0% and
and G = 497 kgm 2571 G =506 kgm ™27

Figure 6.3: Top view of the HFO-1234yf flow patterns in a horizontal return bend
for Ty, = 10 °C and D = 6.70 mm.
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102 Chapter 6. Two-phase flow in return bends

(a) Slug flow at x = 4.9% and G = 301 (b) Intermittent flow at = = 19.8% and
kgm™2.s7 1. G =303 kgm™2s™ 1.

(¢) Annular flow at z = 61.2% and G = (d) Intermittent flow at © = 4.8% and
307 kg-m 2.5~ L. G =509 kgm~2.s7 L.

(e) Intermittent flow at x = 20.1% and (f) Annular flow at © = 59.7% and G =
G =503 kgm~2.s7 L. 502 kg-m 257!,

Figure 6.4: Top view of the R-134a flow patterns in a horizontal return bend for
Tsar = 10 °C and D = 6.70 mm.
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6.2.1.3 Two-phase flow visualization in vertical return bends

The test section depicted in Fig. 4.3 has been placed to allow flow regimes visualizations
of HFO-1234yf and R-134a in vertical return bend. The range of mass velocities was from
300 to 500 kg-m~2-s~!, vapor qualities from 5 to 95 % and Tya; = 10 °C.

(a) Slug flow at © = 5.4% and G = 306 (b) Intermittent flow at x = 20.1% and

kgm™2.s7 1. G =306 kgm™ 2571

(¢) Annular flow at * = 61.0% and (d) Intermittent flow at x = 4.9% and
G =302 kgm™2s™ 1. G =505 kgm™ 2571

(e) Intermittent flow at © = 21.1% and (f) Annular flow at z = 61.0% and
G =496 kgm™2.s7 ", G =504 kgm™2s7 1

Figure 6.5: Side view of the HFO-1234yf flow patterns in a vertical return bend for
Tsar = 10 °C and D = 6.70 mm.
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104 Chapter 6. Two-phase flow in return bends

(a) Slug flow at = = 5.5% and G = (b) Intermittent flow at = = 22.0%
308 kgm 2571, and G = 301 kgm~2.s™ %

(¢) Annular flow at * = 62.0% and (d) Intermittent flow at x = 5.4% and
G =297 kgm™ 2571, G =498 kgm 2571

(e) Intermittent flow at = = 20.1% (f) Annular flow at © = 61.2% and
and G = 501 kgm™2.s7 " G =503 kgm™2s7 .

Figure 6.6: Side view of the R-134a flow patterns in a vertical return bend for
Tsar = 10 °C and D = 6.70 mm.

As shown in Figs. 6.5 and 6.6, the different flow regimes observed are: slug, intermittent
and annular flows. For slug flow regime, the co-current flow in the straight tube upstream
of the vertical return bend is strongly influenced by gravity that acts to stratify the liquid
to the bottom of the tube and the vapor to the top. The liquid and vapor phases distribute
naturally into several recognizable flow structures.

At the beginning of the curved section of the return bend, one can see that the vapor
phase tends toward the convex part of the curved section, while the liquid phase goes to the
concave part due to the effect of the centrifugal force. Similar as observed for horizontal
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return bends, after a length of about 20D from the return bend outlet, it seems that the
flow pattern recovers its original shape that it had before entering the return bend.

Figure 6.5 also presents images for intermittent and annular flow regimes at G = 300
kgm~2s7! and G = 500 kg'm~2.s7!. Similar behavior as shown for horizontal return
bends, annular flow images for vertical return bends show that 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 are observed to be dispersed
in the vapor core.

6.2.2 Dynamical behavior of bubbles and vapor slugs in vertical
return bends

The different flow patterns were found to be characterized by distinct dynamical bubble
behaviors. In the general case of slug and bubbly flow regimes, when a bubble or a vapor
slug travels along the curved section of the return bend, it first slides on the outer side
tube wall for a distance, and then detaches. After a period of movement inside the curved
section, it re-attaches to the inner side tube wall and then slides on the upper part of the
tube wall along the liquid flow direction.

In the results that follow, an equivalent radius Req = (3/47 x actual volume)'/* is
used as a measure of the bubble size. In bubbly flow regime, the observed bubbles have
an equivalent radius inferior to 4 mm. They would depart away from the outer side tube
wall before about 45° after they slide to the inner side tube wall (see Fig. 6.7(a)). Similar
observations have been carried out by [Meng et al. 2009] with R-141b. The small bubbles
(equivalent radius < 1.5 mm) are observed to follow an arc route, as shown in Fig. 6.7(g).
These bubbles would detach from the outer side tube wall before a bend angle of 70°
([Meng et al. 2009]). In our case, the detachment point is not superior to 50°.

Figure 6.8(a) presents a superposition of 30 images (time lapse between images 15 ms)
which allows to visualize the trajectory of a small bubble of HFO-1234yf (approx. Req = 0.5
mm) moving along the return bend. The flow conditions are G = 300 kg:m~=2-s71, Ty, = 10
°C and x = 5%. As can be observed, the bubble slides from the outlet of the horizontal
tube to the outer side wall of the curved tube. The bubble detaches at approx. 30° and
then takes off. After a period of movement inside the curved section (between 40° and
130°), it re-attaches to the inner side tube wall at 135° and slides on the tube wall along
the liquid flow direction.

Concerning the vapor slug behavior, although the size of the vapor phase is bigger,
the detachment still happens before 50°. When the equivalent bubble radius grows up to
greater than 3 mm, a vapor slug is relatively long and the detachment process is separated
into two different parts, one concerning the vapor slug head detachment and the other
regarding the vapor slug tail detachment.

1/3
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(a) o ) TS|

Figure 6.7: Side view progress of HFO-1234yf slug flow entering at the higher tube
(lowing downwards) in a vertical return bend for z = 5%, G = 300 kgm~2.s71,
Tsat = 10 °C and D = 6.70 mm (time lapse between images = 15 ms, total time

lapse = 0.28 s).
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As explained in section 3.1.3.1, the information available in the literature related to
slug flow for inclined straight tubes give very little attention to downward gas-liquid flows.
In analogy with the work by [Roitberg et al. 2008], a superposition of 7 images (time lapse
between images 60 ms) for vapor slug head (6.8(b)) and vapor slug tail (6.8(c))of HFO-
1234yf have been constructed in order to visualize the evolution of a slug along the return
bend. Both head and tail depart from the outer side tube wall at different positions.
Normally, vapor slug head is lifted up at about 80° of a bend, leaving a liquid film between
it and the outer side tube wall. Sometimes the vapor slug head re-attaches to the inner
side tube wall even before the vapor slug tail detaches the outer side tube wall. Note that
the effect of the centrifugal force acting on the liquid phase produces a radial force over
the vapor phase which lifts the vapor slug off the concave section of the curved tube and
contributes to the detachment.

Detachment point

Detachment point

Displacement zone

Displacement zone
Reattachment point

Reattachment point

'—mﬁ Detachment point
Flow - v - .

Displacement zone

Reattachment point

(c)

Figure 6.8: Visual reconstitution of bubble, slug head and slug tail behaviors and
trajectories during a vertical downward flow in a return bend. Test conditions are
x=5%, G =300 kgm 257!, Tyay = 10 °C and D = 6.70 mm.

To better understand these observations, an analysis of forces acting on the bubble was
performed. The forces are applied at the gravity center of a moving small vapor bubble
induced by the flow field with a non uniform pressure gradient (Fig. 6.9), where the bubble
experiences (i) buoyancy due to gravity (which comprises the effect of the bubble weight
in the opposite direction); (ii) hydrodynamic drag which is opposed to the relative motion
of the bubble through the liquid phase; (iii) a hydrodynamic lift force due to the shear
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108 Chapter 6. Two-phase flow in return bends

within the liquid phase which is perpendicular to the flow direction; and (iv) buoyancy
caused by the reaction of the liquid phase on the bubble due to the effect of the centrifugal
acceleration acting on the liquid phase (which also comprises the effect of the centrifugal
acceleration acting on the vapor phase in the opposite direction).

—_ — 1 buoyancy due —_ — 1
Flow hydrodynamicdeag § to gravity Flow
Y4
hydrody miclift\\
TN
apparent buoyancy \ flow pressure
‘N gradient
] r resultant
/ / _
gravity l y; i gravity l apparent /hydrodynamic
buoyancy
/
I P = hydrodynamic
’ regultant lift
7777777777777777777777777777777777777777 ’ gradie
(a) Detachment (b) Re-attachment

Figure 6.9: Acting forces on a moving vapor bubble along a return bend.

The latter, is also known as “apparent buoyancy” and is described by [Batchelor 1967].
When the bubble touches the tube wall, a new force due to the contact pressure appears
in the forces balance at the center of the bubble. A convenient strategy to identify this
force is presented by [van der Geld 2009] by considering a bubble footed at a plane wall and
symmetrical around the axis perpendicular to the wall through the center of the bubble.
The time rate of change of the kinetic energy in the liquid is computed with the mechanical
energy balance. This force represents the hydrodynamic force component of the bubble
normal to the wall, and it depends on the dynamic contact angle and the surface tension.

The detachment is mainly controlled by the apparent buoyancy and hydrodynamic lift.
The re-attachment is controlled by the apparent buoyancy and the radial component of
buoyancy due to gravity. In general, the secondary flow in the liquid phase influences the
trajectory of the small bubbles while it is probably negligible in the case of vapor slugs.

After detaching from the outer side tube wall, bubbles and vapor slugs experience a
period of movement inside the tube before they re-attach to the inner side tube wall. The
interval between detachment and re-attachment is shown in Fig. 6.8. It is also observed
that the re-attachment of the slug head happens even before the detachment of the slug
tail when the vapor slug is long enough.

Since the shape of the bubbles is rather complex during its evolution, the bubble size
is characterized by an equivalent diameter which is defined as the radius of a disk with
exactly the same projected area. The projected area is computed by an image processing
software at 3 different locations upstream of the return bend.

Bubble detachment positions as a function of the bubble equivalent radius for HFO-
1234yf and R-134a are plotted in Fig. 6.10(a). This figure also presents the results obtained
by [Meng et al. 2009] for R-141b as comparison. The general trend is that bigger bubbles
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always detach later (at greater angle) than smaller ones. Considering a very small bub-
ble, it is reasonable to believe that secondary flow would be strong enough to detach it
from concave part of the curved tube before 40°, and further dominate its trajectory after
departure.

It is also noted that for the same bubble size, the detachment point for R-134a occurs
before that for HFO-1234yf, and both before those observed for R-141b. Although the tem-
perature range for R-141b is different from that for the other fluids and the data reduction
method employed by [Meng et al. 2009] is not the same as in the present work, the effect of
the fluid on the detachment behavior is clearly shown. Figure 6.10(b) presents the bubble
re-attachment positions as a function of the bubble equivalent radius for HFO-1234yf and
R-134a. Results suggest that the re-attachment of the biggest bubbles occurs at a lower
angle than for smaller ones.
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Figure 6.10: Bubble position vs. bubble equivalent radius. Test conditions are
x = 5%, G =300 kgm 257!, Ty = 10 °C and D = 6.70 mm.

6.2.3 Determination of the perturbation lengths up- and down-
stream of a return bend

To determine the perturbation lengths up- and downstream of a return bend (sections a-
a’ and b-b’, see Fig. 6.1), some experimental tests have been performed using the test
section depicted in Fig. 4.7. As can be noted, this test section contains 10 pressure taps
at several locations along the straight tubes up- and downstream of the return bend. Each
measurement is made with a pressure transducer connected to a valve manifold which
permits to isolate the pressure drop measurement at each location while maintaining the
same measurement uncertainty.

The effect of the saturation temperature on the pressure drop in straight tubes and
also in return bends was presented in [Padilla et al. 2011a] and [Padilla et al. 2011b] re-
spectively. From these sets of experimental results, the saturation temperature of 10 °C
was selected to perform the tests. As a matter of fact, this temperature corresponds to the
condition which yielded the highest pressure drop for R-134a in our experimental facility.
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110 Chapter 6. Two-phase flow in return bends

Mass velocities of G = 570 kg'm~2-s~! and G = 950 kg:-m~2-s~! correspond to the minimal
and maximal mass velocities studied in the present work for an inner diameter of 7.90 mm.

The pressure drops presented in this section correspond to the return bend pressure
drop (Apib = Aptot — ADstin — APst,out, Of Fig. 6.1). To compare the results up to an
objective significance, the Wilcoxon matched-pairs signed rank tests for two-related sam-
ples ([Wilcoxon 1950]) were used in all experiments. This is a well-known non-parametric
statistical test for the relative size of the scores of the same (or matched) subjects under two
experimental conditions by comparing the distributions for positive and negative differences
of the ranks of their absolute values. The significance criterion for two independent samples
was set to p = 0.05.
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Figure 6.11: Return bend pressure drop as measured at different pressure tap loca-
tions (5D, 10D, 20D, 30D and 50D) up- and downstream on vertical and horizontal
return bends. Filled markers correspond to measurements affected by the perturba-
tion.

A comparison between the return bend pressure drop measured at different pressure
tap locations up- and downstream for vertical and horizontal return bends is presented in
Fig. 6.11. Each measurement presented corresponds to a mean of 30 data points measured
during about 3 min.

In both horizontal and vertical cases, it is noted that there was no significant difference
in the return bend pressure drop between any position from 20D to 50D downstream of the
return bend (p > 0.05). Concerning the perturbation length upstream of the return bend,
in both cases (horizontal and vertical) there was found a significant difference in the return
bend pressure drop (p < 0.05) between the pressure taps located at 5D and 10D.

6.2.4 Two-phase pressure drop in return bends

The pressure drops presented hereafter correspond to the return bend pressure drop (Ap,,).
Note that Ap,y, is obtained from Apy, = Apiot — ADst,in — APst,our and depends on the return
bend orientation. The general formulation for Ap,, has been presented for vertical return
bends in Eq. (6.3). For horizontal return bends, Apw, = Apgi(xr) + APsing-

Table 6.1 summarizes the experimental conditions of the return bend pressure drop
database presented by [Padilla et al. 2011b, Padilla et al. 2012a, Padilla et al. 2012¢] along
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with the corresponding uncertainties. The 1087 experimental tests have been carried out
using two different tube diameters (10.85 and 7.90 mm), saturation temperatures from 4.4
°C to 22.1 °C, two orientations (horizontal and vertical) and over the entire range of the

vapor quality. The mass velocity ranges from 189.45 to 1695.26 kg-m~2-s71,

Table 6.1: Experimental conditions and uncertainties of the present return bend

pressure drop database. (1087 points)

Parameters Range Uncertainties
Fluids R-410A, R-134a, HFO-1234yf
D 10.85 and 7.90 mm +0.6%
Orientation Horizontal - Vertical
G 189.5 to 1695.3 kg m~2 s~ ! < 1.3%
Tiat 4.4-22.1°C +0.1K
heater 0-10 kW +1W
x 0.04 - 0.98 < 0.82%
D 3.48 - 14.50 bar +0.1%
Ap 0 - 33.29 kPa +0.1%

6.2.4.1 Results for horizontal return bends

The pressure drop along the return bend (Ap,p,), the regular pressure drop along the length
TR (Apse(rr)) and the singular pressure drop (Apsing = Apeurv + APpert,in + APpert,out) are
presented in Fig. 6.12 for the HFO-1234yf at two different conditions as a function of the
vapor quality.
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Figure 6.12: Return bend, regular (over the length 7R) and singular pressure drop
vs. vapor quality.

Figure 6.13 shows the effect of the mass velocity at different saturation temperatures.
The maximum pressure drop occurs above 60% of vapor quality at the return bend inlet.
According to the flow pattern map of [Wojtan et al. 2005a], this maximum occurs in annular
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112 Chapter 6. Two-phase flow in return bends

flow regime. The effects of the mass velocity G and saturation temperature Ty, in the total
pressure drop are also observed. As the mass velocity increases, the singular pressure drop
increases by the effect of the centrifugal forces acting on both phases, which is consistent
with the correlation of [Padilla et al. 2009].
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Figure 6.13: Return bend pressure drop vs. vapor quality.

6.2.4.2 Results for vertical return bends

Figure 6.14 presents the different pressure drop contributions of the return bend pressure
drop (Aprb = Aptot — APst,in — APst,out) for the HFO-1234yf at two different conditions as
a function of the vapor quality. These contributions are: the static pressure drop (Apstatic),
the regular pressure drop along the length 7R for different orientations (Apg vert,, (rr)) and
the singular pressure drop (Apsing = APcurv + APpert,in + APpert,out). As can be noted in
Fig. 6.14(a), at low vapor quality (z < 20%), the contribution of the static pressure drop
to the return bend pressure drop is important due to the predominant effect of the liquid
phase; as the vapor quality increases, it is observed that this contribution decays and at
high vapor quality it can be neglected. Figure 6.14(b) presents the results for the same
fluid flowing in a smaller inner diameter (D = 7.9 mm) at G = 950 kg-m~2.s7!. At these
conditions, the contribution of the static pressure drop is negligible.

Figure 6.15(a) presents a comparison between refrigerants HFO-1234yf, R-410A and
R-134a. Results show that the pressure drop for HFO-1234yf is lower than that for R-
134a. Similar behavior was observed for horizontal return bends. This behavior is the
consequence of the physical properties of the refrigerants and is independent of the return
bend orientation.

Figure 6.15(b) shows the orientation effect for the three refrigerants at the same ex-
perimental conditions. The maximum pressure drop occurs above 60% of vapor quality
regardless of orientation. According to the flow pattern map of [Wojtan et al. 2005a], this
maximum occurs for annular flow regime at the inlet of the bend.
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Figure 6.15: Return bend pressure drop vs. vapor quality. Fluid and orientation
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114 Chapter 6. Two-phase flow in return bends

6.2.5 Comparison of the database to prediction methods

6.2.5.1 Predictions of the current two-phase pressure drop database for
horizontal return bends

The 802 pressure drop data points measured in horizontal return bends (Ap,,) for re-
frigerants HFO-1234yf, R-134a and R-410A are compared against four two-phase frictional
pressure drop prediction methods in return bends. These methods are: [Chisholm 1983] and
[Idelshik 1986], [Chen et al. 2004], [Domanski & Hermes 2008] and [Padilla et al. 2009].
These methods were introduced in section 3.2.2.4 and their experimental conditions were
summarized by [Padilla et al. 2009].

Figure 6.16 shows the results for experimental pressure drop in return bends compared
to predictions.

The best prediction was achieved by the method of [Chisholm 1983] and [Idelshik 1986]
with 47.6% of the data predicted within a £30% error band. Nevertheless, the trend of the
experimental pressure drop data in return bend was not well captured by this method.
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Figure 6.16: Experimental pressure drop data in horizontal return bends (over the
length mR) compared to prediction methods. (802 points)
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6.2. Experimental results 115

6.2.5.2 Predictions of the current two-phase pressure drop database for
vertical downward flow return bends

The 285 pressure drop data points measured in vertical downward flow return bends (Ap,p)
for refrigerants HFO-1234yf, R-410A and R-134a are compared against the same two-phase
frictional pressure drop prediction methods. Although these methods are for predicting two-
phase pressure drop in horizontal return bends, it is interesting to investigate the predictions
given by them on the calculation of the return bend pressure drop in vertical orientation.
In this sense, the static pressure drop, which has been calculated using Eq.(6.6) has been
added to the correlations.

Figure 6.17 shows the results for the experimental pressure drops in vertical return
bends compared to predictions.
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Figure 6.17: Experimental pressure drop data in vertical return bends (over the
length mR) compared to prediction methods. (285 points)

The best prediction was achieved by the method of [Domanski & Hermes 2008] with
around 49% of the data predicted within a £30% error band. Nevertheless, the trend of the
experimental pressure drop data in return bend was not well captured by these methods.
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116 Chapter 6. Two-phase flow in return bends

The [Padilla et al. 2009] prediction method gave the lower MRE with -33.2%.

To check the performance of the existing correlations, the distribution of the parameters
of influence in the whole database are shown in Fig. 6.18. Figures 6.18(a) to 6.18(c) show the
data distribution with respect to mass velocity, saturation temperature and vapor quality,

respectively.

150

Number of data points [ -]

200 400 600 800 1000 1200
Mass velocity [ kg/m 25 1

(a) Mass velocity G.

Number of data points [ -]

0 5 10 15 20 25 30
Saturation temperature [ °C ]

(b) Saturation temperature Tyas.

~
=}
T

)
=}
T

o
=}
T

40

w
=]
T

Number of data points [-]

N
=]
T

0 0.2 0.4

0.6 0.8 1
Vapor quality [-]

(c) Vapor quality x.

Figure 6.18: Distribution of the two-phase pressure drop database in return bends
(1087 data points for HFO-1234yf, R-134a and R-410A).
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6.3. New prediction method in return bends 117

6.3 New two-phase pressure drop prediction method in
return bends

From the comparison carried out in the previous section, some of the methods which gave the
best predictions for horizontal return bends do not seem to be valid for vertical orientation.
In general, none of the prediction methods allow to explain the phenomena involved during
two-phase flow in return bends. Based on the observations made in this study, the intention
is to develop a new method for predicting the pressure drop in return bends using a different
approach from those used in other studies. The new method is called mainly to predict
the return bend pressure drop (Apyp) from the contributions of all the effects previously
discussed (e.g friction, curvature, orientation, perturbation lengths, etc.).

6.3.1 Formulation

The return bend pressure drop (Apyb) is calculated by Eq.(6.3). In the case of vertical
return bends, the static pressure drop (Apstatic) is calculated using Eq. (6.6), the regular
pressure drop along the bend of length 7R for different orientations (Aps; vers, (xr)) 18
calculated using the [Miiller-Steinhagen & Heck 1986] correlation (Eq.(3.54)). Note that
this method was initially developed based on horizontal and vertical orientations pressure
drop data. Only the singular pressure drop (Apsing = Appert + APeury) is correlated.

Apyp, = Apst(wR) + Apstatic + Apsing

The new method is expected to predict the effect of the friction resistance due to the
singularity (Apsing), which includes the curvature effect (Apcurv) and its perturbation effect
up- and downstream (Apper;). As explained in section 6.2.2, the effect of the curvature on
the dynamical behavior of liquid and vapor phases, results in the generation of centrifugal
forces producing an apparent buoyancy which, combined with other effects such as the flow
pressure gradient, hydrodynamic lift, hydrodynamic drag and buoyancy due to gravity,
govern the phenomena along the return bend, including the perturbation lengths up- and
downstream of it. Since the overall effect is given by the composition of vapor and liquid
flows, the following terms for the liquid and the vapor phases are considered:

G?*(1 —x)?
Ap = pud = —— 6.8
b= pi(l —¢)? 68)
G222
Ap, = poul = 6.9
Py = putly = (6.9)

Two coefficients (K and K) are introduced, one for each phase. These coefficients are
function of the vapor quality and the curvature ratio (2R/D):

1/a
Ki=x"+1—-2z)+b(1—2)a (%) (6.10)

D 1/a
Ky =[2(b—(1— — 6.11
o 0= (-] (57) (6.11)

where parameters a = 3 and b = 0.055 have been obtained from the least square method
based on the present experimental database (1087 data points). The new prediction method
is then given by the following relation:
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118 Chapter 6. Two-phase flow in return bends

Apsing = KlApl + KVAPV (612)

Then, the return bend pressure drop can be predicted by:

Apr, = [Apst,vertrb(wR)} + [Apstatic] + [Apsing] (613)
Note that when z = 0, Eq. (6.13) becomes:

(6.14)

G2 24, D\Y®
APrbx—0 = APrblo = — 2g(2R) + (1 +b
Drb,x=0 Drb,lo o | D +pig(2R) + (1 +b)a R

where the friction factor fi, is calculated using Eq. (3.17).

6.3.2 Capability of prediction of the new method

In this section an assessment of the new developed method is carried out. To compare the
performance of the new method, the entire database of this study (1087 experimental points
for vertical and horizontal return bends) and the database shown in [Padilla et al. 2009] (325
points in the literature) have been selected. A total of 1412 points that contain information
of 3 laboratories, on 4 fluids (R-12, R-134a, R-410A and HFO-1234yf), with horizontal and
vertical orientations and for the entire range of vapor quality have been compared with
the four prediction methods of the literature and the new prediction method. Table 6.2
presents the results of this comparison.

Table 6.2: 1412 experimental pressure drop data points for HFO-1234yf, R-410A,
R-12 and R-134a refrigerants in return bends compared to different correlations from
the literature and the new prediction method.

4+ 30 % error band MAE MRE

[Chisholm 1083] and [IdeShik 1986] 417 (25.0) % 697 % 575 %
[Chen et al. 2004] 43.8 (34.7) % 71.0 % -62.5 %
[Domanski & Hermes 2008] 43.3 (31.5) % 66.2 % 59.0 %
[Padilla et al. 2009] 38.4 (23.5) % 386 % 34.7%

New method 47.0 (32.1) % 364 % -3.7%

Figure 6.19 shows the comparison of 1412 data points with predictions by the new
method. Around 47% of the data are predicted within a £30% error band (32% of the data
within a +20% error band). The mean relative error is less than 5%.

Fig. 6.20 presents the pressure drop in return bend as a function of the vapor quality.
The experimental data are plotted and compared to different prediction methods from the
literature as well as the new prediction method. Note that for each refrigerant, the predic-
tions of the proposed correlation show good agreement with the shape of the experimental
pressure drop profile.

In addition to the previous comparisons, simulations have been performed using the
proposed equation. Fig. 6.21(a) shows the effect of the mass velocity and saturation
temperature on the predicted return bend pressure drop (Apyp). The range of mass velocity
and saturation temperature have been voluntarily extrapolated in order to check if any
particular behavior might occur. Fig. 6.21(b) presents the effect of 2R/D on the predicted
return bend pressure drop. It is observed that when (2R/D) increases, Apsing = 0 and
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Figure 6.19: Comparison of 1412 data points with predictions by the proposed

correlation.

Ap,, = Apg. Finally, Fig. 6.21(c) presents the effect of the orientation. Note that for
vertical orientation, at values of x close to 0, Ap,, increases due to the effect of gravity
acting on the liquid phase. This effect decreases with the increasing vapor quality, and

becomes negligible for high values of x.
Eq. 6.13 presents many advantages:

— It contains only two empirical constants.

— It has been developed based on a large database (1412 data points) including the
fourth generation HFO-1234yf and the well know third generation R-134a, R-410A
and R-12 refrigerants in both horizontal and vertical orientations.

— Based on the visual observations, various effects including centrifugal forces acting
on both phases and buoyancy due to gravity have been considered in the formulation

of the new method.

— This correlation does not assume a homogeneous flow.

— The physical limits in the new method are correct. Note that when R — D/2,
the effect of the curvature on the singular pressure drop reaches it maximum value
(Apcurvy = APcurv,max), and when R — oo, (D/2R) = 0, giving Apsing = 0. In
addition, when x = 0 or x = 1, the resulting pressure drop tends toward the single

phase pressure drop in return bend.

— The relation has been developed considering commercial tube diameters from 7.9 to
10.85 mm, (2R/D) from 3.68 to 4.05, a wide range of mass velocities (189 to 1695
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Figure 6.20: Pressure drop in return bend as a function of the vapor quality using
the experimental data compared to different prediction methods.
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Figure 6.21: Predicted return bend pressure drop evolution as a function of the

vapor quality.
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122 Chapter 6. Two-phase flow in return bends

kg m~2 s71) and saturation temperatures from 4.4°C to 22°C, which constitute a
relatively large range of experimental conditions.

— The term [Apstatic] represents the contribution of the static pressure drop given by a
vertical orientation.

— The term [Apsing + Appert] takes into account the contribution of the curvature effect
due to the singularity and its perturbation effects up- and downstream on the return
bend pressure drop.

6.3.3 Predictions for single-phase flow in return bend

Knowing that Eq. (6.13) has been developed from two-phase flow experimental data, it
is especially interesting to evaluate its performance on the particular case of single phase
flow prediction in return bends. Very little information related to single-phase pressure
drop prediction in return bends using refrigerants as working fluid has been found in the
literature. [Chen et al. 2005] presented single-phase pressure drop data for R-410A in a
copper wavy tube having an inner diameter of 3.25 mm and a curvature radius of 6.35 mm.
The authors reported that the ratio of frictional factor between U-bend in wavy tube' and
straight tube ( fin/fst) is about 1.5 to 2.5 for Rej, = 2500 to 25000. They also presented

an expression for fyp = 2.737Re1;0'56, which allows to predict Aprp, 10, as shown below:
G? [2fwL
Aprb,lo = — [ fb :| (615)
pL D

2
Considering that Ap,, = —®, Fig. 6.22 presents a comparison between the multiplier
Pl

® obtained for regular pressure drop in straight tubes (Eq. (3.54)), the new prediction
method (Eq. (6.14)) and that obtained from [Chen et al. 2005] method (Eq. (6.15)).

Note that at low values of Rey,, the single-phase predictions given by the method of
[Chen et al. 2005] and the new method are similar. However, at high values of Rejo, ®chen
tends toward ®g; while remains around 2.5 times of these obtained for straight tube, which
is in agreement with the results previously reported.

The ®cpen multiplier does not seems to be valid because it only considers the effect of
the friction (regular pressure drop) which becomes lower than that for straight tube at high
liquid Reynolds values, which has no physical meaning. On the contrary, at high values of
Rej, where the effect of the friction is small when comparing to the curvature effect, Pnew
and &g follow a parallel evolution.

6.4 Chapter conclusions

In this chapter, two-phase flow regimes for HFO-1234yf and R-134a in a 6.70 mm inner
diameter glass return bend have been investigated with a high-speed high-resolution camera
for both horizontal and vertical orientations. The different flow regimes observed were: slug,
intermittent and annular flows.

The dynamical behavior of vapor bubbles or slugs in vertical downward flow return bend
was reported. A simplified analysis of the forces acting on the bubble has been proposed to
better understand the observations. The detachment is mainly controlled by the apparent
buoyancy and hydrodynamic lift. The re-attachment is controlled by the apparent buoyancy

'U-type wavy tubes (hairpin) with consecutive 180° return bends are widely employed in the
condenser and evaporator of the refrigerating systems.
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Figure 6.22: ® multiplier comparison as a function of liquid Reynolds number (Rey,).

and the radial component of buoyancy due to gravity. In general, the secondary flow in the
liquid phase influences the trajectory of the small bubbles while it is probably negligible in
the case of vapor slugs.

In addition, to determine the perturbation lengths up- and downstream of the return
bend, an experimental study has been carried out by measuring the return bend pressure
drop at different pressure tap locations up- and downstream of the singularity. In both
horizontal and vertical cases, it is noted that there was no significant difference in the
return bend pressure drop between any position from 20D to 50D downstream of the
return bend. Concerning the perturbation length upstream of the return bend, in both
cases (horizontal and vertical) there was found a significant difference in the return bend
pressure drop between the pressure taps located at 5D and 10D.

A new pressure drop database for horizontal and vertical return bends has been pre-
sented for HFO-1234yf, R-134a and R-410A refrigerants. 802 data points for horizontal and
285 data points for vertical return bends were determined by subtracting the inlet and out-
let regular pressure drops in straight tube from the total pressure drop. It has been shown
that the return bend pressure drop increases when the mass velocity increases because of
the increasing effect of the centrifugal force acting on both phases. These experimental
data have been compared against correlations found in the literature.

An improved prediction method for return bend pressure drop including important
parameters such as void fraction, curvature ratio and effect of the orientation (i.e vertical
orientation) has been developed from the present experimental data. This new method
allows to predict single- and two-phase pressure drop in return bends in a wide range of
conditions.
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CHAPTER 7
Two-phase flow in sudden
contractions
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This chapter presents qualitative two-phase flow visualizations of R-134a in the test sec-
tion described in section 4.2.1.3. In addition, the perturbation lengths up- and downstream
of the sudden contraction are investigated. Furthermore, 360 pressure drop data points
measured for two-phase flow of HFO-1234yf, R-134a and R-410A refrigerants in horizontal
sudden contractions are presented and compared against 6 prediction methods from the
literature.

Based on the present database, a new method is proposed for predicting the pressure
drop in sudden contractions, which is the sum of the pressure drop due to the flow accelera-
tion in a geometrical change of flow cross-section (change in momentum) and the frictional
pressure drop due to the singularity and its perturbation effects up- and downstream (pro-
posed equation).

7.1 Experimental procedure

7.1.1 Data reduction

In order to obtain the values of the sudden contraction pressure drop Ape, the total pressure
drop and the straight tube (regular) pressure drops have been measured. Figure 7.1 shows
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a synthesis of the idealized pressure profile along the flow path in a sudden contraction.
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Figure 7.1: Idealized pressure profile along a sudden contraction.

Apyot corresponds to the total pressure drop experimentally measured over the length
Ls. This term is expressed with the following relation:

Aptot = Apst7in + Apc + Apst,out (71)
The term Apst in + Apst,out is calculated as:

dp dp
Apstin + A w = —— L - LY 2
Dst,in T APst,out < dz)st,Dl 3+ ( dz>st7D2 3 (7.2)

The straight tube (regular) pressure gradients are experimentally measured along the
length Lo and Lg (see Fig. 4.9) for inner tube diameters of 10.85 mm and 7.90 mm. These
gradients are calculated using Eq.(5.1).

The term Ap, corresponds to the sudden contraction pressure drop and is expressed as
the sum of the contributions of the the singular pressure drop (Apsing), the pressure drop
due to the flow acceleration across a geometrical area change (Apn) and the perturbations
upstream and downstream of the sudden contraction along the transitional region (Appery =
Appert,in + Appert,out)-

Ap = Apsing + Apm + Appert (73)
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In the experiments, as explained in [Padilla et al. 2011a], the maximum pressure drop
measured from the outlet of the electrical heater (where the vapor quality is calculated)
to the outlet of the test section can reach up to 0.84 bar. This pressure drop is not
negligible and provokes a flashing effect (see section 2.6.3.1) and a temperature difference.
As explained in section 5.1.2, from the outlet of the electrical heater to the outlet of the
test section, the Az and ATy, variations due to the flashing effect have been taken into
account. The flashing effect is calculated using the relation (2.50) and both vapor quality
and saturation temperature are recalculated at the inlet of each straight tube and the
sudden contraction. However, the variation of the vapor quality due to the flashing effect
along the pressure drop measurement lengths is small enough to assume the vapor quality
to be constant along these lengths.

Considering that = do not vary along the pressure drop measurement lengths, the term
App, is calculated from Eq. (2.34) and expressed as follows:

€2 €1

2 12 2 1— z)2 2 2
App = — {ﬂ - &} P Cal)) [ G G (7.4)
v p (I-e) (I-e1)
and the void fraction (g) is calculated using the [Steiner 1993] version of
[Rouhani & Axelsson 1970] correlation (Eq. 3.68).

7.2 Experimental results

7.2.1 Two-phase flow visualization in horizontal sudden contrac-
tion

Flow regimes of R-134a have been observed in the test section described in section 4.2.1.3.
As shown in Fig. 7.2, the different flow regimes observed were: slug, intermittent and
annular flows. For slug flow regime (Fig. 7.2(f)), as seen in the side view, the flow in
the straight tube upstream of the sudden contraction is strongly influenced by gravity that
acts to stratify the liquid to the bottom of the tube and the vapor to the top. Regarding
the annular flow observations (Figures 7.2(a) and 7.2(b)), for different vapor qualities,
visualization results show that the liquid forms a continuous film around the perimeter of
the tube and the interface between the liquid annulus and the vapor core is disturbed by
small amplitude waves with some droplets dispersed in the vapor core. This flow behavior
beyond the sudden contraction is found similar to the behavior observed in straight tubes.
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side view

(a) Annular flow at Gi = 200 (b) Annular flow at G; = 200
kgm™2:s71, Tsat = 10°C and = = 40%. kgm~2.871, Tsay = 10°C and z = 60%.

(c) Slug flow at G1 = 300 kg:m~2.s71, (d) Slug flow at G1 = 300 kg:m~2.s71,
Tsat = 9°C and =z = 2%. Tsat = 9°C and =z = 5%.

(e) Intermittent flow at Gi = 300 (f) Slug flow at G1 = 200 kg:m~2.s71,
kgm~2-571, Tsat = 9°C and = = 10%. Tsat = 9°C and z = 2%.

Figure 7.2: Side and top views of the R-134a flow patterns in a horizontal sudden
2

D
contraction. Dy = 10 mm, op = D—g = 0.49.
1
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Figure 7.3 shows the progress of R-134a vapor slug flowing along a sudden contraction.
In these figures it can be seen the effect of the vapor slug acceleration at the inlet of the

singularity.

top view,’.’ i

e
side view* =

(288ms) (300ms) (312ms)

Figure 7.3: Side and top views progress of R-134a slug flow along a sudden con-

traction for z = 1%, G1 = 200 kg-m_z-s_l, Tsar = 8 °C, D7 = 10.0 mm and
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At the beginning of the singularity, approximately 17 upstream of the change of cross-
section, the flow acceleration enlarges the vapor slug , and in some cases, the slug breaks
into a succession of small bubbles. In some occasions, these bubbles coalesce to form again
a vapor slug approximately 1D5 downstream of the change of cross-section, but usually, the
small bubbles follow the vapor slug head from a distance of about 2D5. It is also important
to note that the change of cross-section induces a flow acceleration which causes, in many
cases, a flow pattern change.

During slug and intermittent flow (Figures 7.2(c) to 7.2(e)), an hydraulic jump is ob-
served in the liquid phase as a result of its “collision” with the singularity. When the void
fraction is small, this jump in the liquid phase is one of the causes observed, along with the
flow acceleration due to the area change, which produces the breakdown of the vapor slugs
mentioned above.

7.2.2 Dynamical behavior of bubbles and vapor slugs during a slug
flow regime in a sudden contraction

As mentioned before, some typical flow regimes are observed during flow boiling in the
experiments. The working fluid undergoes slug flow, intermittent flow and annular flow.
Different flow patterns would perform distinct dynamical behavior as liquid and vapor pass
through a sudden contraction. Figure 7.4(a) presents the evolution of a small bubble of
R-134a (approx. equivalent radius 1.0 mm) moving along the sudden contraction. The flow
conditions are G = 200 kg-m~2.s7!, Ty = 8 °C and xz = 1%.

As can be observed, the side view reveals the effect of buoyancy on the bubble which
slides from the horizontal inlet tube attached to the top side wall of the tube. This behavior
continues beyond the sudden contraction in the outlet tube following the liquid flow direc-
tion. The top view shows the bubble trajectory almost centered in the tube. The effect of
the acceleration due to a change of cross-section in the singularity can be observed as the
bubble elongates when passing through the singularity.

Figures 7.4(b) and 7.4(c), present the evolution of a vapor slug head and vapor slug tail
respectively. As can be noted in Fig. 7.4(b), the vapor slug head elongates when passing
along the singularity due to the effect of the flow acceleration. It is also observed that
the vapor slug head recovers its rounded shape after a distance of 3Dy of the singularity.
Regarding the vapor slug tail behavior, Fig. 7.4(c) shows that when the thickness of the
tail is small, the tail detaches from the vapor slug, leaving small bubbles behind it.
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top view

st

side view

3D1 2D1 D1 Cc D2 2D2 3D2 4D2

Figure 7.4: Image reconstitution of bubble, slug head and slug tail behaviors and
trajectories in an horizontal sudden contraction. Test conditions are z = 2%, G =
200 kgm 257!, Ty =9 °C, Dy = 10.0 mm and ox = 0.49. (Time lapse 12 ms).
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7.2.3 Determination of the perturbation lengths up- and down-
stream of the sudden contraction

A similar procedure explained in section 6.2.3 has been conducted to determine the pertur-
bation lengths up- and downstream of the sudden contraction (sections a-a’ and b-b’; see
Fig. 7.1). The test section depicted in Fig. 4.8 has been used to measure these lenghts.

The pressure drops presented in this section correspond to the sudden contraction pres-
sure drop (Apc = Aptot - Apst,in - Apst70ut)-

Figure 7.5 presents the results of the sudden contraction pressure drop measurements
for R-134a and R-410A refrigerants at four different pressure tap positions downstream of
the singularity.
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Figure 7.5: Sudden contraction pressure drop measured at four different pressure tap
positions downstream of the singularity. Filled markers correspond to measurements
affected by the perturbation.
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Figure 7.6: Sudden contraction pressure drop measured at four different pressure tap
positions upstream of the singularity. Filled markers correspond to measurements
affected by the perturbation.

Each measurement presented in Figs. 7.5 and 7.6 correspond to a mean of 30 data
points measured during about 3 min. To compare the results obtained from one to the
other, the Wilcoxon method ([Wilcoxon 1950]) that has been used on the determination of
the perturbation lengths in return bends (Section 6.2.3) was used in all experiments for the
perturbation lengths determination in sudden contractions. The significance criterion for
two independent samples was set at p = 0.05.

For both fluids at the experimental conditions showed in this figure, it can be noted
that there was no significant difference in the sudden contraction pressure drop as measured
with the pressure drop tap located beyond 70D downstream of the singularity (p > 0.05).
Nevertheless, there was found a significant difference in the sudden contraction pressure
drop between the pressure taps located at 15D5 and 30D (p < 0.05), and this difference
was found to be increasing with the increase of the vapor quality. Note that the effect of the
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saturation temperature on the sudden contraction pressure drop is shown in Figs. 7.5(c)
and 7.5(d)

Figure 7.6 shows the sudden contraction pressure drop (Ap.) for R-410A with a mass
velocity of G1 = 570 kg:m~=2-s7! and G; = 950 kg-m~2.s~! for various locations of the
upstream pressure tap. For these conditions, there was no significant difference in the
sudden contraction pressure drop between each pressure tap position above 28D upstream
of the singularity (p > 0.05). The results for both mass velocities show that there is a
significant difference in the sudden contraction pressure drop (p < 0.05) when measuring
at the pressure tap located at 15D; upstream of the singularity for all the vapor qualities
tested. In Figs. 7.5 and 7.6, the positions affected by the perturbations are represented by
a filled marker.

7.2.4 Two-phase pressure drop in sudden contractions

Table 7.1 summarizes the experimental conditions of the sudden contraction pressure drop
database presented by [Padilla et al. 2012b] database along with the corresponding un-
certainties. The 360 experimental tests have been carried out using three different tube
diameters (10.85, 7.90 and 5.30 mm), saturation temperatures from 4.4°C to 20.4°C, and
over a broad range of vapor quality. The mass velocity (G;) ranges from 188.71 to 966.14
kg- m~—2- s~1. The working fluids are the fourth generation refrigerant HFQ-1234yf and the
well-known third generation refrigerants R-134a and R-410A.

Table 7.1: Experimental conditions and uncertainties of the present sudden contrac-
tion pressure drop database.

Parameters Range Uncertainties
Fluids HFO-1234yf, R-134a and R-410A
Dy 10.85 and 7.90 mm +0.6%
Doy 7.90 and 5.30 mm +0.6%
oA 0.53 and 0.45 +0.5%
G 188.7 to 966.1 kg m—2 s~ ! +1.3%
Tiat 4.4 -204 °C +0.1 K
Pheater 0-10 kW +1 W
x 0.04 - 0.96 +0.82%
P 4.12 - 13.03 bar +0.1%
Ap 0 - 190 kPa +0.1%

Figure 7.7(a) presents the different pressure drop contributions of the sudden con-
traction pressure drop (Ap. = Apm + Appert + Apsing) for HFO-1234yf and R-410A at
two different conditions. These contributions are: the pressure drop due to the flow ac-
celeration in a geometrical area change (Apm) and the singular pressure drop (Apsing)
plus the pressure drops due to perturbation up- and downstream of the singularity
(Appert = Appert,in + APpert,out)-

As can be noted in these figures, the contribution of Apy, increases with the increase
of the vapor quality, while in the contribution of the Apging + Appert there is a maximum.
This maximum occurs for a vapor quality around 0.65. Figure 7.7(b) presents the results
for the R-410A flowing at G; = 200 kg-m~2-s~!. As can be seen, at a lower mass velocity,
the contribution of App, is less than that for Apging + Appert-

This contribution predominates only at high vapor qualities when the maximum in the
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Figure 7.7: Pressure drop contributions vs. vapor quality.

Apsing + Appert has been reached. Nevertheless, the behavior of the contributions on the
sudden contraction pressure drop is very similar for both refrigerants at two different ex-
perimental conditions. Figure 7.8 presents a comparison between refrigerants HFO-1234yf,
R-410A and R-134a for two different experimental conditions.
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Figure 7.8: Sudden contraction pressure drop vs. vapor quality for different refrig-
erants.

Results show that the pressure drop of HFO-1234yf is lower than that of R-134a at
high vapor qualities, which is linked to the physical properties of the refrigerants. The
maximum pressure drop occurs above 60% of vapor quality. According to the flow pattern
map of [Wojtan et al. 2005a], this maximum occurs in annular flow regime in the straight
tube that constitutes the sudden contraction inlet.
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7.2.5 Comparison to prediction methods

The 360 pressure drop (Ap.) data points measured in two sudden contractions for re-
frigerants HFO-1234yf, R-410A and R-134a are compared against 6 two-phase pressure
drop prediction methods. These prediction methods are those of [Collier & Thome 1994],
[Chisholm 1983], [Schmidt & Friedel 1997], [Abdelall et al. 2005], [Chen et al. 2008a] and
[Chen et al. 2009]. All these methods allow the calculation of the sudden contraction pres-
sure drop in horizontal orientation.

Figure 7.9 shows the results for experimental pressure drop in the sudden contraction
compared to predictions. The results of the comparison are also summarized in Table 7.2.

Table 7.2: Experimental pressure drop data points for HFO-1234yf, R-410A and
R-134a refrigerants in sudden contractions compared to different correlations from

the literature

+ 30 % error band MAE MRE

[Collier & Thome 1994] 28 % 492 % -492 %
[Chisholm 1983] 1.9 % 111.6 % 111.6 %
[Schmidt & Friedel 1997] 11.9 % 41.0% -41.0 %
[Abdelall et al. 2005] 54.2 % 288 % -17.0 %
[Chen et al. 2008a] 2.8 % 495 % -49.5 %
[Chen et al. 2009] 0.0 % 62.0 % -62.0 %

The best prediction was achieved by the method of [Abdelall et al. 2005] with 54% of
the data predicted within a +30% error band. None of the other methods was able to
predict the sudden contraction pressure drop with refrigerants as working fluid.

Similarly to the return bend database, the distribution of the parameters of influence in
the sudden contraction database are shown in Fig. 7.10. Figures 7.10(a) to 7.10(c) show the
data distribution with respect to mass velocity, saturation temperature and vapor quality,
respectively.
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Figure 7.9: Experimental pressure drop data in sudden contractions compared to
prediction methods. (360 points)
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7.3 New two-phase pressure drop prediction method in
sudden contraction

From the comparison carried out in the previous section, only the method proposed by
[Abdelall et al. 2005] was able to predict to a certain extend the experimental database for
the HFO-1234yf, R-134a and R-410A refrigerants. Based on the observations made in this
study, the intention is to develop a new method for predicting the pressure drop in sudden
contractions using a different approach from those used in other studies.

7.3.1 Formulation

The pressure drop due to the flow acceleration in a geometrical area change (Apy,) will be
calculated using Eq.(7.4) and subtracted from the sudden contraction pressure drop. Only
the term (Apsing + Appert) Will be correlated.

Ap. = Apsing + Apm + Appert

and the term Apy,, is calculated as follows:

22 [G_g_c_q+(1_x)2[ ez @2 }

Apm = — -
P Pv 135} €1 P1 (1 *52) (1 751)

The void fraction (¢) 1is calculated using the [Steiner 1993] version of
[Rouhani & Axelsson 1970] correlation (Eq. (3.68)), given by:

== _on(E - 1.18(1 — z)[ga(pr — py)]*2° -1
= [(1+0.12(1 ) <pv = ) N loot ]

The new method will predict the effect of the friction resistance due to the singularity
(Apsing) and its perturbation effects up- and downstream (Apper). Since this effect is linked
to the contribution of both vapor and liquid flows, the following terms for the liquid and
the vapor phases are considered:

G3(1 —x)?
Ap = =22 7/ 7.5
pl p](l o 52)2 ( )
G2:C2
Ap, = —2 7.6
va% (7.6)

Two coefficients (K] and K) are introduced, one for each phase. These coefficients are
function of the vapor quality and the passage cross-section area ratio (oa):

Ky = (1~ 2)(1 — 2] (1 — 0a)° (7.7)

Ky = [az® + bz (1 — 2)] (1 — oa)" (7.8)

where parameters a = 0.017, b = 2 and ¢ = 1/4 have been obtained from the least
square method based on the present experimental database. The new prediction method is
then given by the following relation:

Apsing + Appert = KlApl + KVApV (79)
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140 Chapter 7. Two-phase flow in sudden contractions

Then, the sudden contraction pressure drop can be predicted by:

Apc = [Apm] + [Apsing + Appert] (710)
Note that when z = 0, Eq. (7.10) becomes:

G2 :
Apex—o = Apa = p_f [(1—0%)+b(1—0a)] (7.11)

For single phase flow, the pressure drop is normally expressed by the loss coefficient K
multiplied by the kinetic energy of the flow:

2
Ape = = —= 12
Pel 9 2P1 (7 )

By comparing Eq. (7.11) with (7.12), the loss coefficient given by the new prediction
method can be found as:

Ka=2[(1-03)+b(1—04a)] (7.13)

Although the loss coefficient for single phase K. has been obtained from two-phase
flow data, the single phase pressure drop predictions obtained using Eq.(7.11) show a good
agreement with those presented by [Chisholm 1983] (Eq. 3.88). For instance, for oo = 0.4,
Kchisholm = 6.7 and K¢ = 5.20.

7.3.2 Predictions of the new method

Figure 7.11 shows a comparison of 360 data points with predictions by the proposed cor-
relation. More than 94% of the data are predicted within a £30% error band (84 % of
the data within a £20% error band). The mean relative error is 0.7%. The prediction is
satisfactory.

Eq. 7.10 presents many advantages:

— It contains only three empirical constants.

— It has been developed based on a large database (360 data points) including the
fourth generation HFO-1234yf and the well know third generation R-134a and R-
410A refrigerants.

— Based on the visual observations, unlike single-phase flow, a two-phase flow does not
contract behind the edge of the transition at least in a range of vapor quality between
4 and 97%. No parameter is therefore included in the new correlation to take into
account a would-be vena-contracta phenomenon.

— This correlation does not assume a homogeneous flow.

— The physical limits in the new method are correct. Note that when opo= 1, Ap. =
0. In addition, when = 0 or z = 1, the resulting expressions for pressure drop
calculation tend toward the single phase pressure drop in sudden contraction.

— The relation has been developed considering commercial tube diameters from 5.3 to
10.85 mm, o from 0.45 to 0.53, a wide range of mass velocities (189 to 966 kg m 2
s~!) and the saturation temperatures from 4.4°C to 20.4°C.

— The term [App,] represents the contribution to the pressure drop of the flow acceler-
ation effect due to a change of cross-section.
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Figure 7.11: Comparison of 360 data points with predictions by the proposed cor-
relation.

— The term [Apsing + Appert] takes into account the contribution of the friction resis-
tance due to the singularity and its perturbation effects up- and downstream on the
sudden contraction pressure drop.

Fig. 7.12 presents the pressure drop in sudden contraction as a function of the vapor
quality. The experimental data are plotted and compared to different prediction methods
from the literature as well as the new prediction method. Note that for each refrigerant,
the predictions of the proposed correlation show good agreement with the shape of the
experimental pressure drop profile.

Figure 7.13 shows some simulations that have been performed using the proposed equa-
tion. Fig. 7.13(a) shows the effect of the mass velocity and saturation temperature on
the predicted sudden contraction pressure drop (Ap.). The range of mass velocity and
saturation temperature have been voluntarily extrapolated in order to check if any partic-
ular behavior might occur. Fig. 7.13(b) presents the effect of oa on the predicted sudden
contraction pressure drop. Note that when o, increases up to the physical limit oo =1 ,
Ape = 0.
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Figure 7.12: Pressure drop in sudden contraction as a function of the vapor quality
using the experimental data compared to different prediction methods.
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144 Chapter 7. Two-phase flow in sudden contractions

7.4 Chapter conclusions

In this chapter, visualizations of the two-phase flow regimes of R-134a in a 10 mm glass
tube including a sudden contraction of cross-section ratio (o4) equal to 0.49 have been
performed with a high-speed high-definition camera. The different flow regimes observed
were: slug, intermittent and annular flows. Observations in the contraction section show
that the distribution of the phases is influenced by a combination of the acceleration of both
phases and the effect of the liquid phase hydraulic jump in the singularity. It was observed
that the vapor slug head in the contraction section elongates due to the effect of the flow
acceleration. Beyond the contraction section, the vapor slug head recovers its rounded
shape after a distance of 3Ds of the singularity. From the vapor slug tail visualizations, it
was observed that when the thickness of the tail is small, the tail detaches from the vapor
slug, leaving small bubbles behind it.

The perturbation lengths up- and downstream of the singularity were experimentally
investigated and their contribution to the pressure drop was identified. For two different
fluids such as R-134a and R-410A refrigerants, the results obtained show that there is
no significant difference for the sudden contraction pressure drop measured above 70Ds
downstream and above 28 D; upstream of the singularity.

360 pressure drop data points measured in horizontal sudden contractions have been
presented for the fourth generation HFO-1234yf and third generation R-134a and R-410A
refrigerants. The sudden contraction pressure drop was determined by subtracting the
inlet and outlet regular pressure drop in straight tube from the total pressure drop. These
experimental data have been compared against 6 prediction methods from the literature.
Ounly the method of [Abdelall et al. 2005] gives prediction over 50 % of the data predicted
within a + 30 % error band.

Based on the experimental database developed in this PhD work, a new method is pro-
posed for predicting the pressure drop in sudden contractions. This new method represents
the sum of the pressure drop due to the flow acceleration in a geometrical area change
(Apm) and the frictional pressure drop due to the singularity and to the perturbation it
induces up- and downstream (proposed equation). This relation includes only 3 empirical
constants and shows the correct physical limits when oo — 1, z = 0 and x = 1. More
than 94% of the data are predicted within a +30% error band. The mean absolute error is
around 12% and the mean relative error is 0.7%.
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This chapter concludes the present PhD thesis by giving a brief synthesis of the main
results obtained in this experimental investigation on flow boiling of third and fourth gen-
eration refrigerants in singularities such as return bends and sudden contractions. Aspects
meriting further investigation, as well as recommendations concerning the experimental
system will be detailed.

8.1 Synthesis

An extensive review of the existing two-phase flow models to predict pressure drops in
singularities such as sudden contractions and return bends showed a general trend that the
two-phase pressure drop prediction methods available for air-water mixtures in singularities
are not suitable for refrigerants. For these fluids, the prediction methods available give very
little information about the physics of the phenomena involved. In general, these methods
are still based on numerous empirical constants and do not take into account some important,
geometrical parameters such as void fraction.

In order to reach the main objectives of this PhD work, the existing flow boiling test
facility used by [Branescu 2000] has been successfully modified and adapted to the different
test conditions and measurement methods. The present study involved boiling refrigerants
that were tested in a wide range of conditions for straight tubes, horizontal and vertical
return bends and sudden contractions. These experimental conditions were chosen to ob-
tain experimental values over a wide range of test parameters so that the effect of each
parameter may be easily identified. The range of experimental conditions covered were:
three refrigerants (third and fourth generation), three internal tube diameters, two return
bend curvature ratios, two sudden contraction cross-sectional area ratios, more than ten
mass velocities over a large range of vapor quality. The campaign led to acquire 884 exper-
imental two-phase pressure drop values for straight tubes, 802 data points for horizontal
return bends, 285 data points for vertical return bends and 360 data points for sudden
contractions, covering a wide range of experimental conditions and four flow regimes.
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8.2 Concluding remarks

The analysis of the results obtained leads to the following conclusions, classified according
to the objectives of the thesis announced in Section 1.3:

8.2.1 Two-phase flow visualization

— Two-phase flow regime visualizations of refrigerants have been carried out with a
high-speed high-definition camera. The different flow regimes observed were: slug,
intermittent and annular flows. For straight tubes and also for sudden contraction, a
mirror has been placed in order to simultaneously investigate both top and side views.
For return bends, visualizations have been carried out for horizontal and vertical
downward flow orientation. The general conclusion is that no major difference was
observed between the refrigerants studied for the experimental conditions considered.
In addition, it was found that the [Wojtan et al. 2005a] flow pattern map was able
to satisfactorily predict the HFO-1234yf flow regimes.

— Observations in the curved section of the vertical return bend showed that the distri-
bution of the phases is influenced by a combination of the gravity and the centrifugal
forces. In this sense, the dynamical behavior of a bubble and a vapor slug in ver-
tical downward flow return bend was reported. An analysis of the forces acting on
the bubbles has been proposed. This model allows to better understand the differ-
ent forces acting on the vapor phase. The detachment is mainly controlled by the
apparent buoyancy and hydrodynamic lift. The re-attachment is controlled by the
apparent buoyancy and the radial component of buoyancy due to gravity. In general,
the secondary flow in the liquid phase influences the trajectory of the small bubbles
while it is probably negligible in the case of vapor slugs.

— Two-phase flow regime visualizations of R-134a in a sudden contraction showed that
the distribution of the phases was influenced by a combination of the acceleration of
both phases and the effect of the hydraulic jump of the liquid phase in the singularity.
The side view revealed the effect of buoyancy on the bubble which slides from the
horizontal inlet tube attached to the top side wall of the tube. The top view showed
the bubble trajectory almost centered in the tube. The effect of the acceleration
due to a change of cross-section across the singularity can be observed as the bubble
elongates when passing along the singularity. The evolution of the vapor slug head
and vapor slug tail have been discussed. As a concluding remark, the vapor slug head
elongates when passing along the singularity due to the effect of the flow acceleration
given by the area change. Regarding the vapor slug tail behavior, for smaller thickness
of the tail, the tail detaches from the vapor slug, leaving small bubbles.

8.2.2 Effects of the perturbation length on the two-phase pressure
drop

The perturbation lengths up- and downstream of the singularities were specifically studied.
For return bends, in both horizontal and vertical cases, it is noted that there is no significant
difference in the return bend pressure drop above 20D downstream of the return bend.
Concerning the perturbation length upstream of the return bend, in both cases (horizontal
and vertical) there was found a significant difference in the return bend pressure drop
between the pressure taps located at 5D and 10D.
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The results obtained for the sudden contraction show that there is no significant dif-
ference for the sudden contraction pressure drop measured above 70Ds downstream and
above 28 D; upstream of the singularity. These lengths have been considered in the design
of the test sections for pressure drop measurements.

8.2.3 Development of prediction tools from an original experimen-
tal database

The third objective of this PhD work was to develop a pressure drop database for third and
fourth generation refrigerants which allowed to develop reliable pressure drop predictive
methods for singularities. Based on the previous visualizations and perturbation lengths
studies, two-phase pressure drops in straight tubes, return bends and sudden contraction
have been measured. This experimental database allowed to better understand the physics
involved in the refrigerant flow boiling, especially the effect of mass velocity, saturation
temperature, inner diameter, return bend curvature ratio, orientation, sudden contraction
cross-section ratio and fluid properties (density, viscosity, etc).

Based on the experimental database and flow regime visualizations developed in this
PhD work, two new prediction methods were proposed for predicting the pressure drop in
return bends and in sudden contractions, respectively. These new methods represent the
sum of each contribution of the pressure drop. In this sense, two diagrams which represent
the idealized pressure drop profile showing the contributions of the effects considered to
develop the new prediction methods have been introduced for both return bends and sudden
contraction.

The new methods developed for predicting two phase pressure drop in singularities
include few empirical constants and show the correct physical limits. The predictions given
by these new methods on their respective database were generally satisfactory.

8.3 Perspectives

As some of the aspects of this work are new and complex, further research definitely needs
to be carried out. Although the new prediction methods developed in this PhD thesis
show good agreement to the present experimental database, future work should extend
comparison of these new models to other refrigerants and databases. Specific areas that
should be given priority for future works are suggested below:

— The bubble detachment mechanism in vertical return bends are not completely as-
sessed yet. In addition, the interaction between adjacent bubbles should be studied
in future work. Specific experiments devoted to that subject should be performed.

— The two-phase prediction methods developed in this work are able to successfully
predict the present experimental data. However, some of the geometric parameters of
the singularities such as the straight tube orientation, the return bend curvature ratio
(2R/D) and the sudden contraction cross-sectional area ratio (oa) in this database
are limited. In order to further study the effect of these parameters on the pressure
drop, is highly recommended to extend the existing database including a wider range
of these parameters.

— Finally, based on the simultaneous visualizations in straight tubes, a new technique
for measuring void fraction is in development ([Wallet et al. 2012]). This method
gives good agreement when compared with predictions given by methods of the lit-
erature. Further investigation in this area is needed to develop a reliable method
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for measuring void fraction along the singularities that allows to improve the new
two-phase pressure drop prediction methods being developed for singularities such as
return bends and sudden contractions.
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CVC&R chauffage, ventilation,

climatisation et réfrigération
GWP global warming potential
HCFC hydrochlorefluorocarbon
HFO hydrofluoroolefin
HFC hydrofluorocarbon
HVAC&R heating, ventilation, air conditioning

and refrigeration
OoDP ozone depletion potential
TC thermo-couple
VI virtual instrument
Dimensionless
numbers
Bo Bond number
Fr Froude number
Re Reynolds number
We Weber number
X Martinelli parameter
Greeks
o correlation parameter
€ cross-sectional void fraction
vy correlation parameter
r mass transfer (kgm~t.s71)
A data predicted within error bands
1 dynamic viscosity (Pa-s)
Q correlation parameter
P two-phase multiplier
o heat flux (W-m—2
) specific rate of internal heat generation (W-m—3)
v curvature multiplier
p density (kg:m~3
o surface tension (N-m~—1)
oA sudden contraction cross-sectional area ratio
0 inclination angle (rad)
Sub and
superscripts
a acceleration
annular annular flow
¢ contraction
crit critic
curv curvature
dryout dryout flow pattern
eq equivalent
f frictional
F Friedel parameter
F friction
h homogeneous
heater electrical heater
in inlet
iD interface peripheral fraction
1 liquid
1D liquid cross-sectional fraction
lo liquid only
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Ltt

mist
mix
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pert
rb
sat
sing
Sp

st
static
strat
tot
tp
Vit

vD
V]

wavy
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liquid turbulent, turbulent
momentum

maximum

mist flow pattern

mixture

turning of the flow

outlet

constant pressure
perturbation

return bend

saturation

singular

single-phase

straight tube

static head

stratified flow pattern
total

two-phase

vapor turbulent, turbulent
vapor

vapor cross-sectional fraction
weighted mean drift flux velocity indexes

wall

stratified-wavy flow pattern

constant vapor quality
orientation
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APPENDIX B

Single-phase energy balance

Energy balance

In order to validate the Joule heating in the electrical heater as well as the insulation around
it, and single-phase energy balance test has been carried out with R-410A.
Energy Q;, supplied by the electrical heater
The electrical power supplied by Joule effect by the refrigerant electrical heater is:
Qin =UI (Bl)
The uncertainty related to Q;, is given by the following equation:

AU Al
AC2ir1 = Qin (7 + T)

The power supplied Qj,, is directed measured by the HIOKI 3193 POWER HiTESTER
described in Chapter 4. The accuracy given by the manufacturer is £0.001 kW.

(B.2)

Sensible energy inside the liquid ()

The energy acquired by the liquid is given by the increase of the liquid enthalpy:

Qout =m (hLout - hl,in) (B3)

The corresponding absolute error is thus:

Ah + Ahpin Am
AQout = Qout (L + —) (B.4)
hl,out - hl,in m
Energy balance Qi out
The energy balance is defined by:
Qin,out = Qin - Qout (B5)
The uncertainty is :
AC?in,out = AC2in + AQout (BG)
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APPENDIX C

Refrigerant properties

Fluid properties

This appendix provides information about physical properties of refrigerants R-134a,
R-410A and HFO-1234yf such as saturation temperature (7i.), enthalpy (h), density
(p), viscosity (u) and surface tension (o).
the NIST thermodynamic properties of refrigerants and refrigerant mixtures database
[McLinden et al. 2007]. The thermodynamic property tables of the refrigerant HFO-1234yf
have been generated using the REFPROP software with the last updated properties library.

Table C.1: Physical properties of refrigerant R-134a.

These properties have been obtained from

Tsat (°C)  p1 (kgem™®)  py (kg m™3)  p (Pa-s) py (Pa-s)  h (Jkg™') hy (Jkg™') o (Nom™!)
4 1281.5 16.6 0.000258  0.0000109 205397.8 400917.1 0.01099
5 1278.1 17.1 0.000254  0.0000109 206753.5 401490.5 0.01084
6 1274.8 17.7 0.000251  0.0000110 208112.2 402061.5 0.01070
7 1271.4 18.3 0.000248  0.0000110 209473.8 1402629.9 0.01056
8 1268.0 18.9 0.000245  0.0000111 210838.4 403195.7 0.01042
9 1264.5 19.6 0.000242  0.0000111 212206.0 403758.7 0.01028
10 1261.1 20.2 0.0002390  0.0000111 213576.7 404319.0 0.01014
11 1257.6 20.9 0.000236  0.0000112 214950.6 404876.4 0.01000
12 1254.1 21.6 0.000233  0.0000112 216327.7 1405430.8 0.00986
13 1250.6 22.3 0.000230  0.0000113 217708.1 405982.2 0.00072
14 1247.1 23.0 0.000227  0.0000113 219091.8 406530.5 0.00958
15 12435 23.7 0.000224  0.0000114 220478.8 407075.6 0.00944
16 1240.0 24.5 0.000221  0.0000114 221869.3 407617.4 0.00930
17 1236.4 25.3 0.000219  0.0000114 223263.2 408155.9 0.00017
18 1232.8 26.1 0.000216  0.0000115 224660.6 408691.0 0.00903
19 1220.1 26.9 0.000213  0.0000115 226061.7 409222.6 0.00889
20 1225.5 27.8 0.000211  0.0000116 227466.3 409750.6 0.00876
21 1221.8 28.6 0.000208  0.0000116 228874.7 410274.9 0.00862
22 1218.1 20.5 0.000205  0.0000117 230286.7 410795.5 0.00848
23 1214.4 30.4 0.000203  0.0000117 231702.6 411312.2 0.00835
24 1210.6 31.4 0.000200  0.0000118 233122.3 411825.1 0.00822
25 1206.8 32.4 0.000198  0.0000118 234545.9 412334.0 0.00808
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Table C.2: Physical properties of refrigerant R-410A.

Tear (°C)  p1 (kg m™3)  py (kg m™3)  py (Pa-s) py (Pa-s) by (Jkg™')  hy (Jkg™!) o (N-m™1)

4 1153.6 34.7 0.000161 0.0000129 206118.0 422467.0 0.00839
5 1149.5 35.8 0.000159 0.0000130 207658.1 422741.9 0.00823
6 1145.3 36.9 0.000157 0.0000130 209203.6 423009.1 0.00808
7 1141.1 38.1 0.000155 0.0000131 210754.8 423268.2 0.00793
8 1136.9 39.3 0.000153 0.0000132 212311.7 423519.0 0.00777
9 1132.6 40.5 0.000151 0.0000132 213874.5 423761.3 0.00762
10 1128.3 41.7 0.000149 0.0000133 215443.4 423994.8 0.00747
11 1124.0 43.0 0.000147 0.0000134 217018.7 424219.1 0.00732
12 1119.6 44.4 0.000145 0.0000134 218600.3 424434.0 0.00717
13 1115.2 45.7 0.000143 0.0000135 220188.7 424639.3 0.00702
14 1110.8 47.1 0.000141 0.0000136 221783.9 424834.4 0.00687
15 1106.3 48.6 0.000139 0.0000137 223386.1 425019.3 0.00672
16 1101.7 50.1 0.000137 0.0000137 224995.5 425193.5 0.00657
17 1097.1 51.6 0.000135 0.0000138 226612.4 425356.7 0.00642
18 1092.5 53.2 0.000134 0.0000139 228236.9 425508.5 0.00628
19 1087.8 54.9 0.000132 0.0000140 229869.3 425648.6 0.00613
20 1083.1 56.5 0.000130 0.0000141 231509.7 425776.7 0.00599
21 1078.4 58.3 0.000128 0.0000141 233158.4 425892.4 0.00584
22 1073.5 60.1 0.000126 0.0000142 234815.7 425995.2 0.00570
23 1068.6 61.9 0.000125 0.0000143 236481.7 426084.9 0.00555
24 1063.7 63.8 0.000123 0.0000144 238156.6 426161.0 0.00541
25 1058.7 65.8 0.000121 0.0000145 239840.8 426223.1 0.00527

Table C.3: Physical properties of refrigerant HFO-1234yf.

Tsat (°C)  p1 (kgem™®)  py (kg m™®)  p (Pa-s) py (Pa-s) hy (Jkg™') hy (Jkg™') o (Nom™!)

4 1163.5 20.1 0.000199 0.0000120 202707.2 42139.0 0.00881
5 1160.3 20.8 0.000197 0.0000120 203355.8 43451.6 0.00868
6 1157.0 21.4 0.000195 0.0000120 204002.5 44767.8 0.00856
7 1153.8 22.1 0.000192 0.0000120 204647.4 46087.7 0.00843
8 1150.5 22.8 0.000190 0.0000120 205290.2 47411.4 0.00831
9 1147.2 23.5 0.000188 0.0000120 205930.9 48738.8 0.00818
10 1143.9 24.3 0.000186 0.0000120 206569.4 50070.0 0.00806
11 1140.6 25.0 0.000183 0.0000120 207205.7 51405.1 0.00793
12 1137.3 25.8 0.000181 0.0000120 207839.8 52744.0 0.00781
13 1133.9 26.6 0.000179 0.0000120 208471.4 54086.8 0.00768
14 1130.5 27.4 0.000177 0.0000120 209100.5 55433.6 0.00756
15 1127.1 28.3 0.000175 0.0000120 209727.0 56784.3 0.00743
16 1123.7 29.1 0.000173 0.0000120 210351.0 58139.1 0.00731
17 1120.2 30.0 0.000171 0.0000120 210972.1 59498.0 0.00718
18 1116.8 30.9 0.000169 0.0000120 211590.5 60861.0 0.00706
19 1113.3 31.8 0.000167 0.0000120 212206.0 62228.1 0.00693
20 1109.8 32.8 0.000165 0.0000120 212818.4 63599.5 0.00681
21 1106.3 33.8 0.000163 0.0000120 213427.7 64975.1 0.00669
22 1102.7 34.8 0.000161 0.0000120 214033.9 66355.0 0.00656
23 1099.2 35.8 0.000159 0.0000120 214636.8 67739.2 0.00644
24 1095.6 36.8 0.000157 0.0000120 215236.2 69127.8 0.00632
25 1092.0 37.9 0.000155 0.0000120 215832.2 70520.9 0.00619
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