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ii Experimental study of third (HFC) and fourth generation (HFO)refrigerants during �ow boiling in singularitiesAbstra
t:The refrigerant 
harge redu
tion HVAC & R systems is an important issue be
ause itfalls within environmental poli
ies regarding refrigerants 
ontributions to the greenhousee�e
t. A way to move toward 
harge redu
tion is to in
rease the 
ompa
tness of heatex
hangers, whi
h means more 
omplex designs of the evaporators. Nevertheless, whilea large amount of studies have been published on the thermal and hydrauli
 analysis of�ow boiling of refrigerants in horizontal tubes, very little attention has been given to �owboiling in geometries di�erent from straight tubes. This PhD thesis aims at studying the�ow boiling 
hara
teristi
s of third generation (HFC) and fourth generation �uids su
has HFO-1234yf in geometries whi
h modify the �uid dynami
s and two-phase �ow withrespe
t to horizontal straight tubes. To a
hieve this goal, an experimental test fa
ility wasspe
i�
ally designed and built to 
ondu
t refrigerant evaporation experiments. This testfa
ility allowed to perform �ow regime visualizations and pressure drop measurements insingularities (su
h as sudden 
ontra
tions and return bends).First, two-phase �ow regimes visualizations have been 
arried out using HFO-1234yf, R-134a and R-410A either in straight tubes or in singularities. A qualitative analysis of the�ow behavior and also several 
omparisons to �ow pattern predi
tion methods from theliterature were 
ondu
ted.The se
ond obje
tive of this work was to 
hara
terize the �ow disturban
es 
aused bysingularities su
h as sudden 
ontra
tions and return bends, and to study their e�e
ts onthe hydrodynami
 performan
e (e.g. pressure drop) of refrigerants. An experimental studyhas been 
arried out to determine the perturbation lengths up- and downstream of thesingularities. For return bends, both for horizontal and verti
al 
ases, it is noted that thereis no signi�
ant di�eren
e in the return bend pressure drop above 20D downstream and10D upstream of the return bend. For the sudden 
ontra
tion, the results obtained showedthat there is no signi�
ant di�eren
e for the sudden 
ontra
tion pressure drop measuredabove 70D2 downstream and above 28D1 upstream of it.Lastly, pressure drop databases for third and fourth generation refrigerants are presented.Experimental values of pressure drops in straight tube were 
ompared against 10 methodsfound in the literature, the measured return bend pressure drop values were 
omparedagainst 4 methods and for the sudden 
ontra
tion pressure drop database has been 
omparedto 6 predi
tion methods from the literature. These databases have been used to developnew two-phase pressure drop predi
tion methods in singularities su
h as return bends andsudden 
ontra
tions.Keywords: Refrigerant, return bend, straight tube, sudden 
ontra
tion, experimentation,�ow pattern, two-phase �ow, visualization, pressure drop

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



iiiEtude expérimentale des �uides frigorigènes de troisième (HFC) et quatrième(HFO) génération lors de l'ébullition 
onve
tive dans des singularitésRésumé:La rédu
tion de 
harge de �uides frigorigènes dans les systèmes de produ
tion de froidest un enjeu important s'ins
rivant dans les politiques environnementales sur la 
ontribu-tion de 
es �uides à l'e�et de serre. Une des voies menant à la rédu
tion de 
harge estl'augmentation de la 
ompa
ité des é
hangeurs de 
haleur, 
onduisant inévitablement à la
on
eption d'évaporateurs plus 
omplexes. Néanmoins, si de nombreuses études ont étépubliées sur l'analyse thermo-hydraulique de l'ébullition 
onve
tive de frigorigènes dansles tubes horizontaux, très peu ont été menées sur des é
oulements diphasiques dans desgéométries non 
onventionnelles.Cette thèse vise à étudier les 
ara
téristiques des é
oulements diphasiques ave
 
hange-ment de phase des frigorigènes de troisième (HFC) et de quatrième génération tels quele HFO-1234yf dans des singularités (
oudes de retour, 
ontra
tions). Ainsi, un ban
d'essais expérimental a été spé
i�quement 
onçu et 
onstruit pour mener des expérien
essur l'ébullition 
onve
tive. Ce ban
 d'essais a permis de visualiser les régimes d'é
oulementet de mesurer les 
hutes de pression dans les singularités.Des visualisations de régimes d'é
oulement ont été réalisées pour les frigorigènes HFO-1234yf, R-134a et R-410A dans des tubes droits et dans des singularités. Les résultats ontété 
onfrontés ave
 diverses méthodes de prédi
tion de la littérature.Les perturbations sur l'é
oulement 
ausées par 
es singularités et leurs e�ets sur le
omportement hydrodynamique des �uides frigorigènes ont également été étudiées. Unesérie d'expérien
es a été menée pour déterminer la longueur de perturbation en amont eten aval des singularités. Au-delà de 20 D en aval et 10 D en amont, le gradient de pressiondans une se
tion droite n'est pas a�e
té par la présen
e d'un 
oude de retour. Pour les
ontra
tions, les résultats obtenus ont montré qu'il n'y avait pas de di�éren
e signi�
ativepour la 
hute de pression au-delà de 70 D2 en aval et 28 D1 en amont.Finalement, les valeurs expérimentales des 
hutes de pression ont été 
onfrontées àdi�érentes 
orrélations de la littérature. Des nouvelles méthodes de prédi
tion de la 
hutede pression pour des é
oulements diphasiques dans des singularités telles que des 
oudes deretour et des rédu
tions de se
tion ont été proposées.Mots 
lés: Fluide frigorigène, 
oude de retour, tube droit, 
ontra
tion, expérimentation,régime d'é
oulement, é
oulement diphasique, visualisation, 
hute de pression
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Chapter 1Introdu
tion
Contents1.1 Ba
kground . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.2 Motivation of the study . . . . . . . . . . . . . . . . . . . . . . 21.3 Obje
tives of the study . . . . . . . . . . . . . . . . . . . . . . 41.4 Layout of the thesis . . . . . . . . . . . . . . . . . . . . . . . . 41.1 Ba
kgroundRefrigeration is the pro
ess of extra
ting heat from one medium. This pro
ess usually in-volves the transportation of heat from one lo
ation to another by use of refrigerant in a
losed 
y
le. Refrigeration is found everyday in several appli
ations, whi
h in
lude air 
on-ditioning, 
ommer
ial refrigeration, and industrial refrigeration. Commer
ial refrigerationwas born in 1844, when Dr. John Gorrie designed the �rst 
ommer
ial refrigerating ma
hinebased on re
ipro
ating 
ompressors in the United States. The hermeti
ally sealed motor-
ompressor was �rst developed by General Ele
tri
 Company for domesti
 refrigerators andsold in 1924.In late 1920s and 1930s, several 
ompanies su
h as Carrier and Trane introdu
ed the�rst 
entrifugal 
hillers and up to 1937, the 
apa
ity of 
entrifugal 
hillers had in
reasedto 2500 kW. During the 1930s, one of the outstanding developments in refrigeration wasthe invention by [Midgley & Henne 1930℄ of the non-toxi
, non�ammable, �uorinated hy-dro
arbon refrigerant family 
alled Freon in 1930. The 
hloro�uoro
arbons (CFCs), beingthe �rst generation of syntheti
 refrigerants, be
ame widely adopted 
ommer
ial produ
tsin re
ipro
ating and 
entrifugal 
ompressors.The dominating market position of 
hloro�uoro
arbons (CFCs) su
h as R-11 and R-12and hydro-
hloro�uoro
arbons (HCFCs), also known as the se
ond generation of syntheti
refrigerants, was un
hallenged until their impli
ation in the depletion of the ozone layer, as�rst suggested by [Rowland & Molina 1974℄. The authors des
ribed a 
hemi
al rea
tion asa photo-disso
iation of man-made 
hloro�uoro
arbons in the stratosphere whi
h produ
essigni�
ant amounts of 
hlorine atoms and leads to the destru
tion of the stratospheri
 ozone,that 
ould result in depleting the ozone layer for de
ades. The 
on
erns raised by the datain their arti
le grew over time, ultimately leading to the Montreal Proto
ol in 1987, whi
hmandated the phase-out of CFCs and HCFCs. Several reviews of the Proto
ol followed thatestablished a more stringent phase-out s
hedule. This led to an intense resear
h to �ndalternative working �uids. The alternative refrigerants that emanated from these resear
he�orts are predominantly hydro�uoro
arbons (HFCs).A third generation of syntheti
 refrigerants, the hydro�uoro
arbons (HFCs), su
h asR-134a with zero Ozone Depletion Potential (ODP), have emerged as 
andidates for CFCs
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2 Chapter 1. Introdu
tionrefrigerants 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 CO2).A variety of studies have been 
arried out worldwide whi
h have reported HFC refrigerantsas alternative substitutes for CFC and HCFC. In these investigations are dis
ussed severaltopi
s related to the in�uen
e of refrigerant substitutes on the energy e�
ien
y and globalwarming, the use of hydro
arbon refrigerants (HC) as possible CFCs and HCFCs substitutesand on the refrigerant mis
ibility with the lubri
ant oils.To expand the range of possible repla
ement �uids with desired properties, mixturesof refrigerants were investigated. A mixture 
an be formulated to obtain a saturation
urve similar to the saturation 
urve of the original refrigerant, to suppress �ammability ortoxi
ity of one of the 
omponents that otherwise has ex
ellent thermophysi
al properties.The phase-out of CFCs, HCFCs and also some of HFCs su
h as R-134a due to theirhigh GWP, provides the opportunity to a demand of new environmental friendly refrigerantswith low GWP, without having an adverse e�e
t on the refrigeration system performan
e.These new environmental friendly refrigerants, the HydroFluoroOle�ns (HFOs), also 
alled"fourth-generation" refrigerants with low GWP represent a signi�
ant redu
tion of the envi-ronmental footprint asso
iated with air 
onditioning, heat pump and refrigeration systems.In 2007 were developed refrigerants that should meet the new regulations related to en-vironmental impa
t, su
h as a GWP below 150. In this sense, the HFO-1234yf, with aGWP of 4, was the result of the industrial e�orts to give a solution able to provide e�
ientand e�e
tive 
ooling with a near drop-in repla
ement for the 
urrent refrigerant R-134a.Among its interesting 
hara
teristi
s, HFO-1234yf has an atmospheri
 lifetime of only 11days, 
ompared to 13 years for R-134a.Apart from environmental 
on
erns raised by the depletion of the ozone layer and globalwarming, energy e�
ien
y and refrigerant 
harge also 
ame to the forefront. In response tothat, the National Applian
e Energy Conservation A
t of 1987 promulgated a wide rangeof in
reases in minimum energy e�
ien
y standards for heat pumps, refrigerators, freezers,and air-
onditioners in the United States of Ameri
a.The impa
t of these regulatory de
isions on the heating and 
ooling industry is veryimportant, spe
i�
ally regarding heat ex
hanger te
hnology. Combined with spa
e (volume)and materials (mass) saving 
onsiderations, as well as present-day global e
onomi
s, therehas been an expansion in e�orts to produ
e more e�
ient heat ex
hange equipment for agiven heat duty. Therefore the main thermal-hydrauli
 e
onomi
 obje
tives are to redu
ethe size of a heat ex
hanger required for a spe
i�
 heat duty, to upgrade the 
apa
ity of anavailable heat ex
hanger and its operation with smaller approa
h temperature di�eren
es,or to redu
e the pumping power [Didion 1997℄.Apart from the e
onomi
 bene�ts of operating smaller and more e�
ient systems, ma-terial 
onservation would be impli
it, thus bene�ting so
iety, due to the minimization ofadverse environmental impa
ts [Ohadi & Bu
kley 2001℄. However, size redu
tion shouldnot be a
hieved at the expense of 
oe�
ient of performan
e (COP).1.2 Motivation of the studyThe refrigerant 
harge redu
tion in heating, ventilation, air 
onditioning and refrigerationsystems (HVAC & R) is an important issue be
ause it falls within environmental poli
iesregarding refrigerants 
ontributions to the greenhouse e�e
t. A way to move toward 
hargeredu
tion is to in
rease the 
ompa
tness of heat ex
hangers, whi
h means more 
omplexdesigns of the evaporators. Besides, the development of new appli
ations of refrigerationplants, su
h as geothermal heat pumps for whi
h horizontal spa
e may be limited, also
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1.2. Motivation of the study 3requires some spe
i�
 arrangements for the evaporators. Following this, predi
tion of two-phase pressure drop in dire
t-expansion evaporators, 
ondensers and two-phase refrigeranttransfer lines is important in order to design and optimize the refrigeration, air-
onditioningand heat pump systems.Nevertheless, while a large amount of studies have has been published on the thermaland hydrauli
 analysis of �ow boiling of refrigerants in horizontal tubes (Fig. 1.1), very littleattention has been given to �ow boiling in geometries di�erent from straight tubes. Themain aim of this PhD work is to study the �ow boiling 
hara
teristi
s of HFC refrigerantsand new-generation �uids su
h as HFO-1234yf in geometries whi
h will modify the �uiddynami
s and two-phase �ow with respe
t to horizontal straight tubes.

           
0

2000

4000

6000

8000

10000

12000

Geometries

N
um

be
r 

of
 d

at
a 

po
in

ts
 [−

]

S
in

gl
e 

tu
be

M
ul

tip
le

 tu
be

s

S
in

gl
e 

re
ct

an
gu

la
r 

ch
an

ne
l

M
ul

tip
le

 r
ec

ta
ng

ul
ar

 c
ha

nn
el

s

E
nh

an
ce

d 
si

ng
le

 tu
be

H
ea

t e
xc

ha
ng

er
s

S
in

gu
la

rit
ie

s

F
la

tte
ne

d 
tu

be
s

M
ul

tip
le

 e
nh

an
ce

d 
re

ct
an

gu
la

r 
ch

an
ne

ls

S
pi

ra
lly

 fl
ut

ed
 tu

be

Figure 1.1: Number of experimental data points (22363 data points in total) for ea
hgeometry published in 122 arti
les sin
e 1980 for �ow boiling. [Charnay et al. 2011℄Most of the published resear
h works on in-tube evaporation deal with refrigerationmass �uxes (also 
alled mass velo
ity) in the range from 150 to 700 kg·m−2·s−1. Modernevaporators su
h as those used in typi
al heat pump water heater appli
ations, however,usually operate in the mass �ux range of 500 to 1000 kg·m−2·s−1. There is therefore aneed to perform in-tube evaporation in a mu
h wider mass �ux range, viz. 150 - 1000kg·m−2·s−1.The majority of in-tube evaporation works use unrealisti
 evaporator tube dimensions,e.g. too short evaporator tubing (so that entran
e e�e
ts play a prominent role on the�ow re
overy length). Resear
hers may also use too small diameter tubing in their resear
hwork (e.g 3.00 mm), while most 
onventional tubes used for evaporation in the HVAC & Rindustry, have a range from 9.52 mm (3/8") to 12.70 mm (1/2") outside diameters. Be
ausethis study is motivated by "real world" appli
ations, use is made of 9.52 mm and 12.70 mmoutside diameter refrigerant tubing. The fa
t that the evaporators are made of severalsub-se
tions, implies the use of return bends 
onne
tors.Most of the existing works 
arried out to develop predi
tive models for in-tube evap-oration, are of an empiri
al nature, although several resear
hers have re
ently advan
edin the development of semi-empiri
al based models. But, reliable predi
tions of two-phase
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4 Chapter 1. Introdu
tionpressure drop 
hara
teristi
s are still mainly experimental be
ause of the 
omplexity of the�uid dynami
 involved.Fri
tional pressure drop 
orrelations, in several 
ases, still rely on two-phase multipliersto predi
t the e�e
t of the vapor and liquid phases. The main problem is that two-phasemultipliers arti�
ially assume a homogeneous �ow, whi
h is only suitable for high mass ve-lo
ities ([Thome 2004℄). Distin
t mathemati
al models for the pressure drop along straighttubes 
onsidering �ow patterns and parameters su
h as void fra
tion that would be anal-ogous to the models for return bends and sudden 
ontra
tions have not been developed.Almost all empiri
al 
orrelations that have been developed so far rely on the same formof the two-phase multipliers, with di�ering 
onstant 
oe�
ients and exponents. This isprobably be
ause the empiri
al models are the easiest to implement and provide a rea-sonable a

ura
y within the range of database used in their implementation. In 
ontrast,the analyti
al approa
h provides general models, sin
e no empiri
al information is used,but their implementation is very 
omplex and time 
onsuming even just to make a single
al
ulation. A good trade o� between purely empiri
al and purely analyti
al seems to bethe phenomenologi
al approa
h (e.g [Moreno Quibén & Thome 2007℄ method). This laterpreserves the model of general appli
ability, as it is based on theory and, introdu
ing someempiri
ism it over
omes 
omplex 
al
ulations resulting in somewhat easy to use models.The available 
orrelations also satisfy only limited experimental data with a narrowrange of appli
ability. There is no real unanimity for a unique 
orrelation. In some 
ases,signi�
ant dis
repan
ies are apparent when 
omparing experimental data to the 
orrela-tions. This present work aims at 
onsolidating various resear
h e�orts, and at generatingan unambiguous, uni�ed 
orrelation for pressure drop in return bends on the one side andsudden 
ontra
tions on the other side, using empiri
al and semi-empiri
al (analyti
) means.1.3 Obje
tives of the studyThe experimental test fa
ility used in this study was �rst developed by [Branes
u 2000℄ andwas spe
i�
ally designed and built to 
ondu
t refrigerant evaporation experiments. Thistest fa
ility was modi�ed during the present PhD work in order to perform pressure dropmeasurements in singularities (su
h as sudden 
ontra
tions and return bends).The �rst obje
tive of this experimental investigation is to visualize �ow regimes usingHFC and fourth-generation refrigerants either in straight tubes or in singularities and to
ompare them to �ow pattern predi
tion methods from the literature.The se
ond obje
tive is to 
hara
terize the �ow disturban
es 
aused by singularities su
has sudden 
ontra
tions and return bends, and to study their e�e
ts on the hydrodynami
performan
e (i.e. pressure drop) of refrigerants. The 
hara
terization of the perturbationlengths up- and downstream of the singularity to make a 
orre
t pressure drop measurementis ne
essary to be investigated.The third obje
tive is to develop a pressure drop database for third and fourth gen-eration refrigerants whi
h allows to develop reliable pressure drop predi
tive methods insingularities.1.4 Layout of the thesisThe thesis is divided into eight 
hapters with several appendi
es. It is organized as follows:
• Chapter 1 provides a ba
kground to the study, by motivating the study and statingthe resear
h obje
tives.
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1.4. Layout of the thesis 5
• In Chapter 2, the de�nition of the main parameters and basi
 equations used intwo-phase �ow and two-phase pressure drop analysis are presented.
• Chapter 3 gives an overview of the state-of-the-art of two-phase pressure drop modelsand �ow pattern maps for in-tube evaporation using straight tubes, return bends andsudden 
ontra
tions. The experimental database 
olle
ted from the literature is alsopresented.
• Chapter 4 des
ribes the experimental test fa
ility as well as the test se
tions used forvisualization and pressure drop measurements. The experimental methodology anddata redu
tion pro
edure are also des
ribed.
• Chapter 5 presents the experimental results of the two-phase pressure drop measure-ments and visualizations in straight tubes. Several 
omparisons to the existing mosta

urate pressure drop 
orrelations for smooth straight tubes are 
arried out.
• Chapter 6 presents original experimental two-phase �ow regime visualizations andtwo-phase pressure drop data points in horizontal and verti
al return bends for thefourth generation HFO-1234yf and for the well known R-134a and R-410A 
onven-tional refrigerants. In this 
hapter, the perturbation lengths en
ountered up- anddownstream of the return bend are dis
ussed. The new experimental database (1087data points) measured for two-phase �ow of HFO-1234yf, R-134a and R-410A refrig-erants in horizontal and verti
al return bends are presented and 
ompared against4 predi
tion methods from the literature. Based on the present visualizations andexperimental measurements, a new 
orrelation is proposed for predi
ting the pressuredrop in return bends.
• Chapter 7 gives qualitative two-phase �ow visualizations of R-134a. In addition, thee�e
t of perturbation lengths up- and downstream of the sudden 
ontra
tion is alsopresented. 360 pressure drop data points measured for two-phase �ow of HFO-1234yf,R-134a and R-410A refrigerants in horizontal sudden 
ontra
tions are presented and
ompared against 6 predi
tion methods from the literature. Based on this database,a new method is proposed for predi
ting the pressure drop in sudden 
ontra
tions.
• Chapter 8 presents the general 
on
lusions of this study and the perspe
tives.
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hapter presents the fundamentals two-phase �uid me
hani
s and provides infor-mation on the primary parameters used throughout this work and derives some simplerelationships between them for the 
ase of one-dimensional �ow.To distinguish between vapor and liquid the subs
ripts "l" for liquid and "v" for vaporwill be used. Basi
 equations for two-phase �ows are also introdu
ed at the end of the
hapter.
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8 Chapter 2. Fundamental de�nitions2.1 Two-phase �owA phase, from Classi
al thermodynami
s view, is a ma
ros
opi
 state of matter whi
h ishomogeneous in 
hemi
al 
omposition and physi
al stru
ture; e.g. a gas, a liquid or solidof a pure 
omponent. Two-phase �ow is the simplest 
ase of multiphase �ow in whi
h twophases are present for a pure 
omponent.In internal �ow boiling pro
esses, the vapor and liquid are in simultaneous motioninside the pipe. The resulting two-phase �ow is generally more 
ompli
ated physi
ally thansingle-�ow. In addition to the usual inertia, vis
ous, and pressure for
es present in single-phase �ow, two-phase �ows are also a�e
ted by interfa
ial tension for
es, the �ow regime,the thermodynami
 and transport properties of both the vapor and the liquid, the wetting
hara
teristi
s of the surfa
e-liquid pair, and other parameters.Two-phase �ow is en
ountered extensively in the air-
onditioning, heating, and refrig-eration industries. A 
ombination of liquid and vapor refrigerant exists in 
oolers (e.gdire
t-expansion 
oolers), plate evaporators and 
ondensers (e.g brazed plates), and tube-in-tube evaporators and 
ondensers, as well as in air-
ooled evaporators and 
ondensers.2.2 Flow boiling in TubesBoiling o

urs when a liquid is in 
onta
t with a surfa
e maintained at a temperature Tssu�
iently above the saturation temperature Tsat of the liquid. Boiling is 
lassi�ed as poolboiling or �ow boiling, depending on the presen
e of bulk �uid motion. Boiling is 
alledpool boiling in the absen
e of bulk �uid �ow and �ow boiling (or for
ed 
onve
tion boiling)in the presen
e of it. Pool boiling involves a pool of seemingly motionless liquid, with vaporbubbles rising to the top as a result of buoyan
y e�e
ts. In �ow boiling, the �uid is for
edto move by an external sour
e su
h as a pump as it undergoes a phase-
hange pro
ess. Theboiling in this 
ase exhibits the 
ombined e�e
ts of 
onve
tion and pool boiling.In Internal �ow boiling, whi
h is the 
ase of study of the present investigation, both theliquid and the vapor are for
ed to �ow together inside a du
t.2.3 Vapor qualityThe vapor quality x is de�ned as the vapor mass �ow rate ṁv (kg·s−1) divided by the totalmass �ow rate ṁv + ṁl:
x =

ṁv
ṁv + ṁl (2.1)When phase 
hange does not take pla
e in the tube, one needs to measure the mass�ow rate of ea
h phase, and the quality is then determined for the entire tube. In 
asethere is a phase 
hange in the tube, e.g. if the tube is heated and boiling takes pla
e,then the quality will in
rease downstream with the �ow. Sin
e often there is no thermalequilibrium between the phases, one 
annot 
al
ulate the quality merely by knowing theinlet quality and the heat �ux from the wall. Unfortunately, it is very di�
ult to measureor 
al
ulate with pre
ision the quality of the liquid vapor mixture �owing in a tube wherea 
hange of phase takes pla
e. However a �
titious quality, the so 
alled thermodynami
equilibrium quality, 
an be 
al
ulated by assuming that both phases are saturated, e.g., thattheir temperatures are equal to the saturation temperature 
orresponding to their 
ommonpressure. The so-
alled thermodynami
 equilibrium quality 
an be 
al
ulated as:
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2.4. Void fra
tion 9
x =

hz − hl
hlv (2.2)where hl (J·kg−1) is the enthalpy of the saturated liquid, hlv is the latent heat ofvaporization, and hz is the enthalpy at a 
ross se
tion z. This 
an be 
al
ulated from:

hz = hin +
1

ṁ

∫ zin q(z)dz (2.3)where hin is the enthalpy of the �uid at the inlet and q(z) (W·m−1) is the heat inputper unit length of tube.2.4 Void fra
tionIn two-phase �ow, void fra
tion is one of the most important parameters to be determined.It de�nes the 
ross-se
tional area o

upied by ea
h phase (Fig. 2.1) As it determinesmean velo
ities of the liquid and the vapor, it represents a fundamental parameter in the
al
ulation of pressure drop, �ow pattern transitions and heat transfer 
oe�
ients.

Figure 2.1: Void fra
tion representation.The void fra
tion of the vapor is de�ned as:
ε =

Av
Av + Al (2.4)where Av is the sum of areas o

upied by the vapor and Al is the sum of areas o

upiedby the liquid. The total 
ross-se
tional area of the tube is 
alled A.2.5 Velo
itiesThere are a number of velo
ities whi
h 
an be de�ned in a two-phase �ow. In general, thetwo phases will not have the same velo
ity, and there will be a relative velo
ity betweenthem, as dis
ussed below.2.5.1 Mass velo
ityThe mass Velo
ity, also known as mass �ux, is de�ned to the mass �ow rate divided bythe total 
ross-se
tional area:
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10 Chapter 2. Fundamental de�nitions
G =

ṁ

A
(2.5)The prin
ipal unit of the mass velo
ity is [kg·m−2·s−1℄. Considering the 
ontinuity law,the mass velo
ity is also the expression of the mean �ow velo
ity multiplied by the meandensity.2.5.2 A
tual velo
itiesThe a
tual velo
ities (or true mean velo
ities) of the phases uv and ul, are the meanvelo
ities at whi
h the phases a
tually travel. The 
ross-se
tional velo
ities are determinedby the volumetri
 �ow rates Q̇v and Q̇l (m3· s−1 and divided by the 
ross-se
tional areaswhi
h are a
tually o

upied by the phases as:

uv =
Q̇v
Av =

Q̇v
εA

(2.6)
ul =

Q̇l
Al =

Q̇l
(1 − ε)A

(2.7)From the 
ontinuity law, it is possible to de�ne both liquid and vapor a
tual velo
ities:
uv =

x

ε

ṁ

ρvA =
G

ρv x

ε
(2.8)

ul =
(1 − x)

(1 − ε)

ṁ

ρlA =
G

ρl (1 − x)

(1 − ε)
(2.9)2.5.3 Super�
ial velo
itiesThe super�
ial velo
ities (also 
alled volumetri
 �ux densities) Jv and Jl are the velo
itiesof the phases as if they were ea
h �owing alone in the tube, o

upying the total 
ross-se
tional area. The are de�ned as:

Jv =
Q̇v
A

= εuv (2.10)
Jl =

Q̇l
A

= (1 − ε)ul (2.11)and the total super�
ial velo
ity is the sum of the vapor and liquid super�
ialvelo
ities:
J = Jv + Jl (2.12)2.6 Basi
 equations of two-phase �owDevelopments of the full governing equations for three-dimensional, time-varying two-phase�ow 
an be found in [Ishii 1975℄, [Bouré 1978℄ and [Delhaye 1990℄. The form of the gov-erning equations 
an be simpli�ed by invoking time and/or spa
e averaging. The averagingpro
esses make the equations more tra
table but, at the same time, useful informationabout the �ow is lost at ea
h simplifying step. In the present 
ontext, for sake of simpli
ity,the �ow is 
onsidered to be steady and one-dimensional in the sense that all dependent
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2.6. Basi
 equations of two-phase �ow 11variables are idealized as being 
onstant over any se
tion of the tube, varying only in theaxial dire
tion.To fa
ilitate development of a one-dimensional analysis of multi-phase �ow, we will
onsider the system shown in Fig. 2.2.

Figure 2.2: Idealized model for multiphase-�ow in an in
lined tube.A strati�ed �ow is 
hosen to allow the equations to be derived for the general 
asewhere ea
h phase is in 
onta
t with the tube wall as well as having a 
ommon interfa
e.It is further assumed that the pressure a
ross any phase normal to the 
hannel is uniform.Mean values of velo
ity and density of ea
h phase are assumed to exist a
ross any phasenormal to the �ow.2.6.1 Conservation of massThe equation expressing the 
onservation of mass in the absen
e of any removal or additionof �uid through the 
hannel walls for phase k is:
∂

∂t
(Aεkρk) +

∂

∂z
(Aεkρkuk) = Γk (2.13)where εk is the void fra
tion of phase k, ρk is the density of phase k, uk is the a
tualvelo
ity of phase k and Γk is the mass transfer (mass �ow rate ṁ per unit length) to phase

k from the various interphase mass transfer, where:
∑

k

Γk = 0 (2.14)For the parti
ular 
ase of steady state two-phase vapor (v)/liquid (l) �ow in a 
onstantarea tube this redu
es to two expressions:
∂

∂z
(Aεvρvuv) = Γv (2.15)

∂

∂z
(Aεlρlul) = Γl (2.16)and
Γv + Γl = 0 (2.17)
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12 Chapter 2. Fundamental de�nitions2.6.2 Conservation of momentumThe rate of 
reation of momentum of phase k plus the rate of in�ow of momentum isbalan
ed against the sum of the for
es a
ting on that phase plus the momentum generationdue to mass transfer, as follows:
M1 = M2 − M3 − M4 + M5 + M6 (2.18)where M1

M1 =
∂

∂t
(ṁkδz) +

(

ṁkuk + δz
∂

∂z
(ṁkuk))− ṁkuk (2.19)represents the rate of 
reation of momentum plus the rate of in�ow of momentum withinthe 
ontrol element. The term M2,

M2 =

[

Aεkp −
(

Aεkpδz
∂

∂z
(Aεkp))+

{

p

(

−δz
∂

∂z
(Aεk))}] (2.20)represents the pressure for
es in the 
ontrol element. The term M3,

M3 = Aεkρkδzgsinθ (2.21)represents the gravitational for
es. The term M4,
M4 = τkwPkwδz (2.22)represents the wall shear for
e (dFk), where τkw is the wall shear stress between thephase k and the 
hannel wall and Pkw is the 
onta
t perimeter between the wall and phase

k. The term M5,
M5 =

n
∑

1

τknzPknδz (2.23)represents the sum of the interfa
ial shear for
es (S1, S2, . . . ), where where τknz isthe z 
omponent of the interfa
ial shear stress between phase k and phase n and Pkn is the
onta
t perimeter between phase k and phase n.The term M6 represents the rate of generation of momentum of phase k due to masstransfer assuming that the mass transferred a
ross the interfa
e is a

elerated to the meanvelo
ity of the re
eiving phase.
M6 = ukΓk (2.24)Rearranging terms, equation (2.18) 
an be written as:

∂

∂t
(ṁkδz) + δz

∂

∂z
(ṁkuk) = −Aεk ∂p

∂z
− τkwPkwδz

+

n
∑

1

τknzPknδz − Aεkρkδzgsinθ + ukΓk (2.25)Thus for a steady-state two-phase vapor (v) / liquid (l) �ow in a 
onstant area tube,for the vapor phase
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



2.6. Basi
 equations of two-phase �ow 13
ṁvduv = −Avdp − τvwPvwdz − Avρvdzgsinθ + uvΓv (2.26)and for the liquid phase

ṁldul = −Aldp − τlwPlwdz − Alρldzgsinθ + ulΓl (2.27)Adding equations (2.26) and (2.27) and using the 
onservation of momentum a
ross theinterfa
e
τvlPvldz + uvΓv = τlvPlvdz + ulΓl (2.28)The following equation is obtained, whi
h represents the basi
 di�erential equation forthis simpli�ed approa
h

d (ṁlul + ṁvuv) = Adp + τvwPvwdz − τlwPlwdz − gsinθ [Avρv + Alρl] (2.29)The net fri
tional for
e a
ting on ea
h phase may be expressed in terms of the oneso

upied by ea
h phase:
(dFv + S) = −τvwPvwdz − τvlPvldz = −Av(dp

dz

)

F,v dz (2.30)
(dFv − S) = −τlwPlwdz + τvlPvldz = −Al(dp

dz

)

F,l dz (2.31)Adding equations (2.30) and (2.31), the expression for the total net fri
tional for
e isobtained as:
(dFv + dFl) = −τvwPvwdz − τlwPlwdz = −A

(

dp

dz

)

F

dz (2.32)where the term (

dp
dz

)

F
represents the part of the overall pressure gradient required toover
ome fri
tion. Substitution of equation (2.32) into equation (2.29) and rearrangementyields:
(

dp

dz

)

=

(

dp

dz

)

F

+

(

dp

dz

)

a

+

(

dp

dz

)

z

(2.33)where the term (dp
dz

)

a
re�e
ts the 
hange in momentum of the �ow and 
an be expressed,using relationships introdu
ed in this 
hapter, as:

−
(

dp

dz

)

a

=
1

A

d

dz
(ṁvuv + ṁlul) = G2 d

dz

[

x2

ερv +
(1 − x)2

(1 − ε)ρl ] (2.34)and the term (

dp
dz

)

z
re�e
ts the 
hange in stati
 head and 
an be expressed as:

−
(

dp

dz

)

z

= gsinθ [Av
A

ρv +
Al
A

ρl] = gsinθ [ερv + (1 − ε)ρl] (2.35)The above derivation introdu
es the use of the momentum equation to relate the totalpressure gradient in terms of its three separate 
omponents: fri
tion, a

eleration and stati
head. It should be explained at this point that the fri
tional 
omponent has been derivedin terms of the total wall shear for
e (dFv + dFl).
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14 Chapter 2. Fundamental de�nitions2.6.3 Conservation of energyThe rate of in
rease of total energy for phase k (internal plus kineti
 energy) within the
ontrol element plus the rate at whi
h total energy is 
onve
ted into the 
ontrol element isbalan
ed against the rate at whi
h heat is added to phase k plus the rate at whi
h workis done on phase k plus the rate at whi
h energy is transferred a
ross the interfa
e to the
ontrol element. The equation expressing the di�erential energy balan
e is:
E1 = E2 + E3 − E4 + E5 + E6 (2.36)where E1

E1 =
∂

∂t

[

εkρk(ek +
u2k
2

)

Aδz

]

+ ṁk(ek +
u2k
2

)

δz

−
[

ṁk(ek +
u2k
2

)

− δz
∂

∂z
ṁk(ek +

u2k
2

)] (2.37)represents the rate of in
rease of total energy plus the rate at whi
h energy enters withinthe 
ontrol element in the absen
e of the addition or subtra
tion of mass through the tubewalls.The term E2,
E2 = φkwPkwδz +

n
∑

1

φknPknδz + φ̇kAεkδz (2.38)represents the rate at whi
h heat enters phase k within the 
ontrol volume, namely:the heat �ow via the 
hannel wall over the perimeter Pkw, the heat �ow via the variousinterfa
es with the other n phases and the internal heat generation for phase k within the
ontrol element itself.The terms E3, E4 and E5 represent the work done by pressure for
es, the work doneby body for
es and the work done by shear and pressure for
es at the interfa
e with otherphases respe
tively.
E3 =

[

ṁkp
ρk −

{

ṁkp
ρk + δz

∂

∂z

(

ṁkp
ρk )}] (2.39)

E4 = ṁkgsinθδz − pAδz
∂εk
∂t

(2.40)
E5 = Γk δzp

ρk + uk n
∑

1

τknPknδz (2.41)Finally, the term E6 represents the rate at whi
h energy is added to phase k by virtueof mass transfer a
ross the interfa
e.
E6 = Γkδz (ek +

u2k
2

) (2.42)Rearranging terms, equation (2.36) may be written as
∂

∂t
Aεkρk(ek +

u2k
2

)

+
∂

∂z
ṁk(hk +

u2k
2

)

= −ṁkgsinθ + φkwPkw
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2.6. Basi
 equations of two-phase �ow 15
+

n
∑

1

φknPkn + φ̇kAεk − pA
∂εk
∂t

+ Γk(hk +
u2k
2

)

+ uk n
∑

1

τknPkn (2.43)where hk represents the enthalpy of phase k per unit of mass
hk = ek +

p

ρk (2.44)For the parti
ular 
ase of steady-state, two-phase vapor(v)/liquid(l) �ow in a 
onstantarea tube with no internal heat generation (φk), equation (2.43) redu
es to the followingexpressions for the vapor and liquid phases:
d

[

ṁv(hv +
u2v
2

)]

+ ṁvgsinθδz =

φwvPwvδz + φvlPvlδz + uvτvlPvlδz + Γvδz(hv +
u2v
2

) (2.45)
d

[

ṁl(hl + u2l
2

)]

+ ṁlgsinθδz =

φwlPwlδz + φlvPlvδz + ulτlvPlvδz + Γlδz (hl + u2l
2

) (2.46)Adding equations (2.45) and (2.46) and taking into a

ount the 
onservation of energya
ross the interfa
e, the results gives:
Γv(hv +

u2v
2

)

+ φvlPvl + uvτvlPvl = Γl(hl + u2l
2

)

+ φlvPlv + ulτlvPlv (2.47)Now it 
an be obtained the following di�erential equation for this simpli�ed approa
h:
d

dz
[ṁvhv + ṁlhl] +

d

dz

[

ṁvu2v
2

+
ṁlu2l

2

]

+ (ṁv + ṁl) gsinθ = Qwl (2.48)where the term Qwl = φwlPwl + φwvPwv represents the heat transferred to the �uida
ross the wall per unit of tube length.Using relationships introdu
ed in this 
hapter, equation (2.48) may be written
−

dp

dz

[

x

ρv +
(1 − x)

ρl ]

=

{

dE

dz
−

Qwl
(ṁv + ṁl)}

+

{

p
d

dz

[

x

ρv +
(1 − x)

ρl ]

+
G2

2

d

dz

[

x3

ρ2vε2
+

(1 − x)3

ρ2l (1 − ε)2

]}

+ gsinθ (2.49)where E = xev+(1−x)el is the �ow-weighted mixture internal energy per unit of mass.The above equation shows that the total pressure gradient 
an be expressed in terms ofa fri
tional dissipation term (�rst bra
keted term), an a

elerational term (se
ond bra
k-eted term) and a stati
 head term (�nal term). It should pointed out that the fri
tionaldissipation term (

dE
dz − Qwl

(ṁv+ṁl)) in
ludes the dissipation of me
hani
al energy not onlywithin the �uid due to fri
tion at the tube walls but also at the interfa
e due to the relativemotion of the phases.
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16 Chapter 2. Fundamental de�nitions2.6.3.1 Flashing e�e
tThe pressure drop related to fri
tional dissipation term 
an rea
h non-negligible valuesand provoke a so-
alled �ashing (in
rease of the vapor quality due to expansion) and atemperature di�eren
e. The �ashing e�e
t may easily be 
al
ulated using the relationdeveloped by [Revellin et al. 2009b℄, whi
h is expressed (for 
onstant properties) as follows:
∆x = −

υlvTsatcx,tp + hlvυtp
h2lv ∆pf (2.50)where cx,tp 
orresponds to the spe
i�
 heat 
apa
ity of the two-phase �ow at 
onstantvapor quality, 
al
ulated by the following relation:

cp,tp = xcx,v + (1 − x)cx,l ; where cx = T

(

∂s

∂T

)

x

(2.51)The indu
ed temperature di�eren
e is obtained using the Clapeyron equation(dp/dTsat = hlv/(Tsatυlv)).2.7 Non-dimensional numbersThe main non-dimensional numbers used in the present study are de�ned below. Di�er-ent de�nitions of main non-dimensional numbers, parti
ularly for the Reynolds and Froudenumber, 
an be found in the literature. In order to be 
onsistent in this work, the 
orre-sponding de�nitions used in this work are introdu
ed.2.7.1 Reynolds numberThe Reynolds number represents the ratio of the inertial for
es to the vis
ous for
es. Forthe parti
ular 
ase of for
ed 
onve
tion inside a tube, the liquid Reynolds number for asingle-phase in a tube 
an be expressed in the following form:Rel =
ρlulD

µl (2.52)Considering one-dimensional �ow and using the de�nition of the a
tual velo
ity fromEq. (2.7), the liquid Reynolds number in a two-phase �ow 
an be expressed as:Rel =
GD

µl (1 − x)

(1 − ε)
(2.53)The same approa
h will be used for the vapor Reynolds number whi
h is de�ned as:Rev =

GD

µv x

ε
(2.54)In the literature, other de�nitions of the Reynolds number may be found. As the voidfra
tion is di�
ult to determine, the following expressions are also used for 
ir
ular tubes:Rel =

G(1 − x)D

µl (2.55)Rev =
GxD

µv (2.56)
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2.7. Non-dimensional numbers 17Another type of Reynolds number may be 
al
ulated when 
onsidering ea
h phase �owsalone in the 
omplete 
ross-se
tion of the tube at its own velo
ity:Relo =
GD

µl (2.57)Revo =
GD

µv (2.58)It represents the liquid (or the vapor) phase only �owing alone in the 
omplete 
ross-se
tion of the tube at the total mass velo
ity.2.7.2 Froude numberThe Froude number represents the ratio of the inertia for
es to the gravitational for
es.The general expression is: Fr =
G2

gDρ2
(2.59)The liquid Froude number for the liquid phase in a tube 
an be expressed in the followingform: Frl =

G2

gDρ2l (2.60)and for the vapor Froude number is de�ned as:Frv =
G2

gDρ2v (2.61)2.7.3 Weber numberThe Weber number expresses the ratio of inertia to surfa
e tension for
es. The referen
elength is the tube diameter. It is expressed for liquid phase as:Wel =
ρlu2l D

σ
(2.62)2.7.4 Martinelli parameterThe Martinelli parameter [Lo
khart & Martinelli 1949℄ is de�ned as the ratio between thetheoreti
al pressure gradients whi
h would o

ur if ea
h phase would �ow alone in the pipewith the original �ow rate of ea
h phase. The Martinelli parameter X2tt is 
al
ulated as:X2tt =

(

dpf
dz

)lo
(

dpf
dz

)vo (2.63)X2tt is void fra
tion independent and is a measure of the degree to whi
h the two-phasemixture is 
lose to being a liquid, e.g. X2tt >> 1, or to being a vapor, e.g. X2tt << 1. Thesubs
ript tt signi�es that both phases are turbulent. Modeling the pressure drop of ea
hphase with its super�
ial velo
ity and fri
tion fa
tors in the 
lassi
al form:
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18 Chapter 2. Fundamental de�nitions
fl = ClRe−nl (2.64)
fv = CvRe−mv (2.65)and assuming the same fri
tion model for both phases (both turbulent or both laminar)whi
h means that m = n and Cl = Cv, Eq. (2.63) redu
es to:Xtt =

(

1 − x

x

)

−n+2/2(
µl
µv)n/2 (

ρv
ρl )1/2 (2.66)In this work, the following expression will be used:Xtt =

(

1 − x

x

)0.9(
ρv
ρl )0.5(

µl
µv)0.1 (2.67)2.8 Geometri
al parameters2.8.1 Return bendsFigure 2.3 shows the geometri
al parameters of a 180o return bend, where D is the tubeinside diameter, R the 
urvature radius, L1 and L2 are inlet and outlet straight se
tionlengths, respe
tively.

Flow

1

2

L2

L1

D

R

Figure 2.3: 180o Return bend.The 
urvature ratio in a return bend is de�ned as 2R

D
.2.8.2 Sudden 
ontra
tionsFigure 2.4 shows the �ow through a sudden 
ontra
tion of a du
t area (based on measure-ments in single-phase water �ow).In a distan
e of about 1.5 times the entran
e-pipe diameter in front of the transitional
ross se
tion the �ow separates from the inner wall and 
ontra
ts to a jet with a narrowest
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2.9. Chapter 
on
lusions 19
Fully developed

inlet flow

Transitional

region

Fully developed

outet flow

Flow

D1

D3

1 2 vc 3

Figure 2.4: Single-phase �ow through a sudden 
ontra
tion.
ross se
tion immediately behind the transition. Hereafter, the jet enlarges and the main�ow reatta
hes to the pipe wall in a distan
e of less than 14 times the outlet-pipe diameter,depending on the �ow 
ondition. In the 
ontra
ted �ow region the stati
 pressure in the inletline de
reases more rapidly than in fully developed �ow. In the narrowest 
ross se
tion, theso-
alled vena 
ontra
ta it attains the (lo
ally) smallest value. Then, the pressure graduallyin
reases and, after rea
hing its maximum, it merges into the 
urve of the pipe fri
tionalpressure drop.The area ratio in a sudden 
ontra
tion is de�ned as A3

A1
=

D2
3

D2
1

.2.9 Chapter 
on
lusionsFundamental parameters and basi
 prin
iples of two-phase �ow used throughout this workhave been presented. Relevant information on the primary variables and some simplerelationships between them are derived for the 
ase of one-dimensional �ow.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



Chapter 3State of the art review
Contents3.1 Two-phase �ow in straight ma
ro 
hannels . . . . . . . . . . 213.1.1 Flow patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . 223.1.2 Flow pattern maps . . . . . . . . . . . . . . . . . . . . . . . . 253.1.3 Flow boiling pressure drop in straight tubes . . . . . . . . . . 293.1.4 Void fra
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . 403.2 Two-phase �ow in return bends . . . . . . . . . . . . . . . . . 423.2.1 Perturbation lengths up- and downstream of a return bend . 423.2.2 Pressure drop in return bends . . . . . . . . . . . . . . . . . . 423.3 Two-phase �ow in sudden 
ontra
tions . . . . . . . . . . . . 523.3.1 Pressure drop in sudden 
ontra
tions . . . . . . . . . . . . . . 523.3.2 Up- and downstream perturbation e�e
ts on the sudden 
on-tra
tion pressure drop . . . . . . . . . . . . . . . . . . . . . . 573.4 Chapter Con
lusion . . . . . . . . . . . . . . . . . . . . . . . . 58Two-phase �ow pressure drop depends on a large number of independent parameterslike geometri
 
on�guration of the du
t, mass and volume fra
tions of the individual phases,pressure, �uid properties, mass velo
ity, orientation of the du
t (e.g horizontal, verti
al orin
lined), �ow dire
tion (e.g verti
al up�ow, down�ow or 
ounter-
urrent �ow) and �owpatterns. Further, in many engineering appli
ations, su
h as refrigeration, two-phase �owsystems 
an be adiabati
, diabati
, one-
omponent, two-
omponent or multi-
omponent. To
ater for the needs of these diverse appli
ations, a very large number of two-phase pressuredrop predi
tion tools are reported in the literature. Many of them are 
orrelations, empiri
alin nature, that are appli
able only for limited parameter ranges. Even me
hanisti
 modelsare based on 
ertain assumptions and 
areful examination of the parti
ular appli
ationif ne
essary to ensure that the assumptions made in deriving the model hold good. Formany pra
ti
al situations, designers and analysts often require some guidan
e to 
hoose theappropriate 
orrelation.In this 
hapter, an overview of the state-of-the-art of two-phase pressure drop modelsand �ow pattern maps are given.3.1 Two-phase �ow in straight ma
ro 
hannelsMany 
lassi�
ations of 
hannels have been proposed. Many authors 
onsider the 
hannelsof diameter greater than 6 mm to be ma
ro 
hannels and smaller than 6 mm as small(mi
ro, mini, et
.) 
hannels. This 
lassi�
ations is arbitrary, without any physi
al basis.
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22 Chapter 3. State of the art review[Cheng & Wu 2006℄ have given the following 
riteria based on an analysis 
onsidering themagnitudes of gravity and surfa
e tension e�e
ts:
• Mi
ro 
hannel, if Bo < 0.5 (negligible e�e
t of gravity).
• Mini 
hannel , if 0.5 < Bo < 3.0 (both gravity and surfa
e tension have signi�
ante�e
t).
• Ma
ro 
hannel, if Bo > 3.0 (surfa
e tension has negligible e�e
t).where Bo is the Bond number de�ned as:Bo =

g(ρl − ρv)D2

σ
(3.1)3.1.1 Flow patternsWhen a mixture of liquid and vapor �ows inside a tube, a variety of �ow patterns may o

ur,depending among other parameters, on the mass fra
tion of liquid, the �uid properties ofea
h phase, and the �ow rate. In an evaporator tube, the mass fra
tion of liquid de
reasesalong the 
ir
uit length, resulting in a series of su

essive vapor-liquid �ow patterns. Ifthe �uid enters as a sub
ooled liquid, the �rst indi
ations of vapor generation are bubblesforming at the heated tube wall (nu
leation). Subsequently, bubble, plug, 
hurn (or semi-annular), annular, spray-annular, and mist �ows 
an o

ur as the vapor 
ontent in
reasesalong the tubes.Idealized �ow patterns are illustrated in Figure 3.1 for a horizontal heated 
hannel.

Figure 3.1: Flow regimes in typi
al evaporator smooth horizontal tube[ASHRAE 2001℄.Be
ause nu
leation o

urs at the heated surfa
e in a thin sublayer of superheated liq-uid, boiling in for
ed 
onve
tion may begin while the bulk of the liquid is still sub
ooled.Depending on the nature of the �uid and the sub
ooling, the bubbles formed 
an either 
ol-lapse or 
ontinue to grow and 
oales
e (Figure 3.1), as [Gouse & Coumou 1965℄ observed forR-113. [Bergles & Rohsenow 1964℄ developed a method to determine the point of in
ipientsurfa
e boiling.
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3.1. Two-phase �ow in straight ma
ro 
hannels 23After nu
leation begins, bubbles qui
kly agglomerate to form vapor plugs at the 
enterof a verti
al tube, or, as shown in Figure 3.1, vapor plugs form along the top surfa
e of ahorizontal tube. At the point where the bulk of the �uid rea
hes saturation temperature,whi
h 
orresponds to lo
al stati
 pressure, there 
an up to 1%, vapor quality be
ause of thepre
eding surfa
e boiling [Guerrieri & Talty 1956℄.Further 
oales
en
e of vapor bubbles and plugs results in 
hurn, or semi-annular �ow.If the �uid velo
ity is high enough, a 
ontinuous vapor 
ore surrounded by a liquid annulusat the tube wall soon forms. This annular �ow o

urs when the ratio of the tube 
rossse
tion �lled with vapor to the total 
ross se
tion is approximately 85%. With 
ommonrefrigerants, this equals a vapor quality of about 0% to 30%.If two-phase mass velo
ity is high (i.g greater than 200 kg·m−2·s−1 for a 12 mm tube),annular �ow with small drops of entrained liquid in the vapor 
ore (spray) 
an persistover a vapor quality range from about 10% to more than 90%. Refrigerant evaporatorsare fed from an expansion devi
e at vapor qualities of typi
ally 20-30%, so that annularand spray annular �ow predominate in most tube lengths. In a verti
al tube, the liquidannulus is distributed uniformly over the periphery, but it is somewhat asymmetri
 in ahorizontal tube (Figure 3.1). As vapor quality rea
hes about 80%, the surfa
e dries out.[Chaddo
k & Noerager 1966℄ found that in a horizontal tube, dryout o

urs �rst at the topof the tube and progresses toward the bottom with in
reasing vapor quality (Figure 3.1).Flow patterns for 
o-
urrent �ow of gas and liquid in a horizontal tube are stronglyin�uen
ed by gravity that a
ts to stratify the liquid to the bottom of the tube and the gasto the top. The liquid and gas phases distribute into several re
ognizable �ow stru
turesthat present 
ertain analogies with those observed during �ow boiling (Fig. 3.2):

Figure 3.2: Two-phase �ow patterns in horizontal �ow [Collier & Thome 1994℄.
• Bubbly �ow: The vapor bubbles are dispersed in the liquid with a high 
on
en-tration of bubbles in the upper half of the tube due to their buoyan
y. When shearfor
es are dominant, the bubbles tend to disperse uniformly in the tube. For hori-zontal �ows, this regime only o

urs at high mass �ow rates.
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24 Chapter 3. State of the art review
• Strati�ed �ow: At low liquid and vapor velo
ities, 
omplete separation of the twophases o

urs. The vapor goes to the top and the liquid to the bottom of the tube.Both phases are separated by an undisturbed �at interfa
e. Therefore, the liquid andvapor are fully strati�ed in this regime.
• Strati�ed-wavy �ow: When in
reasing the vapor velo
ity in a strati�ed �ow, wavesare formed on the interfa
e and travel in the dire
tion of the �ow. The amplitude ofthe waves is notable and depends on the relative velo
ity of the two phases; however,their 
rests do not rea
h the top of the tube. The waves 
limb up the sides of thetube, leaving behind thin �lms of liquid on the wall.
• Intermittent �ow: Further in
reasing the vapor velo
ity, these interfa
ial wavesbe
ome large enough to wash the top of the tube. This regime is 
hara
terizedby large amplitude waves intermittently washing the top of the tube with smalleramplitude waves in between. Large amplitude waves often 
ontain entrained bubbles.The top wall is nearly 
ontinuously wetted by the large amplitude waves and thinliquid �lms are left behind. Intermittent �ow 
an also be des
ribed as a 
ompositeof the plug and slug �ow regimes. These sub
ategories are 
hara
terized as follows:� Plug �ow: This regime presents liquid plugs that are separated by elongatedbubbles. The diameter of the elongated bubbles is mu
h smaller than the tubeso that the liquid phase is 
ontinuous along the bottom of the tube below theelongated bubbles.� Slug �ow: At higher vapor velo
ities, the diameter of elongated bubbles be-
omes similar to the 
hannel height. The liquid slugs separating su
h elongatedbubbles 
an also be des
ribed as large amplitude waves.
• Annular �ow: At even larger vapor �ow rates, the liquid forms a 
ontinuous �lmaround the perimeter of the tube. The interfa
e between the liquid annulus and thevapor 
ore is disturbed by small amplitude waves and droplets may be dispersed inthe vapor 
ore. At high vapor fra
tions, the top of the tube with its thinner �lmbe
omes dry �rst, so that the annular �lm 
overs only part of the tube perimeter.This behavior is thus 
lassi�ed as strati�ed-wavy �ow. At very high velo
ities mostof the liquid is entrained as spray by the vapor. The spray appears to be produ
edby the high velo
ity vapor ripping the annular liquid �lm o� from the wall. Whenthis o

urs, it is then 
lassi�ed as Mist �ow.The distribution of the phases in verti
al upward two-phase �ow is no more in�uen
edby the gravity. The most 
ommon �ow patterns en
ountered in verti
al upward �ow areshown in Fig. (3.3) and presented below:
• Bubbly �ow: The vapor or vapor phase is dispersed in the liquid as dis
rete bubbles.The bubbles may have di�erent shapes and sizes but they are mu
h smaller than thepipe diameter.
• Slug �ow: When the quality in
reases, the bubbles 
oales
e and form larger bubbles,of a size similar to the pipe diameter. These are 
alled Taylor bubbles and have a
hara
teristi
 spheri
al 
ap nose and are somewhat abruptly terminated. The elon-gated vapor bubbles are separated by liquid slugs, whi
h may have smaller bubblesin them. The Taylor bubbles are separated from the wall by a thin liquid �lm.
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3.1. Two-phase �ow in straight ma
ro 
hannels 25
• Churn �ow: When the velo
ity of the �ow is in
reased, the slugs break-down intoa seemingly unstable regime. This is a �ow regime between the slug �ow and theannular �ow regime, where the liquid phase is displa
ed to the tube wall.
• Wispy-annular �ow: When the liquid �ow rate is in
reased, a 
onsiderable amountof liquid may be entrained in the vapor 
ore. These liquid droplets may then 
oales
eto form larger lumps or liquid wisp. This regime o

urs at high mass velo
ities.
• Annular �ow: At even larger vapor �ow rates, the bulk of the liquid �ows onthe wall as a �lm, and the vapor is the 
ontinuous phase at the 
enter of the tube.Normally, there is some liquid entrained in the 
ontinuous vapor in the form of smalldroplets, and there may be some vapor in the liquid �lm in the form of bubbles.

Figure 3.3: Two-phase �ow patterns in verti
al �ow [Collier & Thome 1994℄.3.1.2 Flow pattern mapsFor evaporation in horizontal tubes, Fig.3.4 from [Thome 2004℄ depi
ts the typi
al �owregimes, in
luding 
ross-se
tional views of the �ow stru
ture.To predi
t the lo
al �ow pattern in a tube, a �ow pattern map is used. It is a diagramthat displays the transition boundaries between the �ow patterns. The most widely quoted�ow pattern maps for predi
ting the transition between two-phase �ow regimes for adiabati
�ow in horizontal tubes are those of [Baker 1954℄ and [Taitel & Dukler 1976℄.[Baker 1954℄ was the �rst to re
ognize the importan
e of the �ow pattern as a startingpoint for the 
al
ulation of pressure drop, void fra
tion, and heat and mass transfer. Hepublished the earliest �ow pattern map for horizontal �ow. The [Taitel & Dukler 1976℄map is based on their analyti
al analysis of the �ow transition me
hanisms together withempiri
al sele
tion of several parameters. The proposed map has a better s
ienti�
 basisthan many of the previous attempts and thus extrapolates better than the others maps.
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26 Chapter 3. State of the art review

Figure 3.4: Flow patterns during evaporation in a horizontal tube [Thome 2004℄.The map uses the Martinelli parameter Xtt, the vapor Froude number Frv and is 
omposedof three graphs.Later, [Hashizume 1983℄ performed �ow pattern observation experiments for refriger-ant two-phase �ow in a horizontal tube. He showed that the �ow pattern boundaries ofrefrigerant two-phase �ows di�er 
onsiderably from those of Baker map, whi
h was basedon air-water data. He 
on
luded that the �ow patterns of refrigerant two-phase �ows 
an bepresented on a revised Baker map, where the property 
orre
tion fa
tor on surfa
e tensionwas modi�ed.These �ow patterns maps were all developed for adiabati
 two-phase �ows but are oftenextrapolated to the 
ase of diabati
 pro
ess of evaporation. As with any extrapolation, thismay or may not produ
e reliable results. Important fa
tors in�uen
ing the �ow duringevaporation, whi
h may have an e�e
t on transition between �ow regimes, are nu
leateboiling, evaporation of liquid �lms and the a

eleration of the �ow due to the phase 
hange.It is desirable to de�ne for this type of �ow a �ow pattern map that in
ludes the in�uen
es ofheat �ux and dryout on the �ow pattern transition boundaries and one whi
h is also easierto implement than the frequently used log - log format. As a �rst step in this dire
tion,for small diameter tubes, [Kattan et al. 1998a, Kattan et al. 1998b, Kattan et al. 1998
℄proposed a modi�
ation of the [Steiner 1993℄ map, whi
h itself is a modi�ed Taitel-Du
klermap, and in
luded a method for predi
ting the onset of dryout at the top of the tube inevaporating annular �ows.A more re
ent version of the Kattan et al. �ow map, based on information obtainedfrom dynami
 void fra
tion measurements and observations of the 
ross-se
tional lo
us ofthe liquid-vapor interfa
e has been proposed by [Wojtan et al. 2005a℄, This �ow patternmap also in
ludes the e�e
t of heat �ux on the transition to mist �ow.This new map is illustrated in Fig. 3.5 where S= strati�ed �ow, SW= strati�ed-wavy�ow, I= intermittent �ow, A= annular �ow,M= mist �ow and D represents the transitionzone between annular and mist �ow.The implementation pro
edure for the updated version is as follows:First, the geometri
al parameters ε, AlD, AvD, θstrat, hlD and PiD that are showed inFig. 3.6, are 
al
ulated from the following equations:
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Figure 3.5: Flow pattern map of [Wojtan et al. 2005a℄ for R-22 at Tsat = 5oC in a13.84 mm internal diameter tube at G = 100 kg·m−2·s−1 and q = 2.1 kW· m−2.[Quibén 2005℄

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



28 Chapter 3. State of the art review
hlD =

hl
D

; PlD =
Pl
D

; PvD =
Pv
D

; PiD =
Pi
D

;

AlD =
A(1 − ε)

D2

AvD =
Aε

D2
(3.2)

Figure 3.6: Cross-se
tional and peripheral fra
tions in a 
ir
ular tube. [Quibén 2005℄
θstrat = 2π − 2

{

π(1 − ε) +

(

3π

2

)1/3
[

1 − 2(1 − ε) + (1 − ε)1/3 − ε1/3
]

}

− 2π − 2

{

1

200
(1 − ε)ε

[

1 − 2(1 − ε)
[

1 + 4
(

(1 − ε)2 − ε2
)]]

} (3.3)
hlD = 0.5

[

1 − 
os(2π − θstrat
2

)] (3.4)
PiD = sin(2π − θstrat

2

) (3.5)where the void fra
tion (ε) 
an be 
al
ulated with the [Steiner 1993℄ version of the[Rouhani & Axelsson 1970℄ equation for horizontal tubes, Eq. (3.68). The S-SW transitionis 
al
ulated from:
Gstrat =

[

226.32AlDA2vDρv(ρl − ρv)gµl
x2(1 − x)π3

]1/3 (3.6)The �ow is strati�ed whenever G < Gstrat.The SW-I/A boundary is 
al
ulated from the following equation:
Gwavy =

{

16A3vDgDρlρv
x2π2(1 − (2hlD − 1)2)0.5

+

[

π2

25h2lD (We

Fr

)

−1

l

+ 1

]}0.5

+ 50 (3.7)The strati�ed-wavy region lies above the strati�ed region and is then subdivided intothree zones:
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• G > Gwavy(xIA) gives the SLUG zone;
• Gstrat < G < Gwavy(xIA) and x < xIA give the SLUG/STRATIFIED-WAVY zone;
• x ≥ xIA gives the STRATIFIED-WAVY zone.
• G > Gwavy(xIA) gives the SLUG zone;
• Gstrat < G < Gwavy(xIA) and x < xIA give the SLUG/STRATIFIED-WAVY zone;
• x ≥ xIA gives the STRATIFIED-WAVY zone.The I-A transition is 
al
ulated from the equation below and is extended down to itsinterse
tion with Gstrat:

xIA =

{[

0.341/0.875

(

ρv
ρl )−1/1.75(

µv
µl )1/7

]

+ 1

}

−1 (3.8)The A-D boundary is 
al
ulated from:
Gdryout =







1

0.235

(Ln(0.58
x ) + 0.52

)

(

D
ρvσ

)

−0.17

(

1
Dρv(ρl−ρv)

)0.37 (
ρv
ρl )0.25 (

φ
φ
rit )0.70







0.926 (3.9)and the D-M is 
al
ulated from:
Gmist =







1

0.0058

(Ln(0.61
x ) + 0.57

)

(

D
ρvσ

)

−0.38

(

1
Dρv(ρl−ρv)

)0.15 (
ρv
ρl )−0.09 (

φ
φ
rit )0.27







0.943 (3.10)The following 
onditions are then applied to de�ne the transitions in the high qualityrange:
• If Gstrat ≥ Gdryout, then Gdryout = Gstrat;
• If Gwavy ≥ Gdryout, then Gdryout = Gwavy.The maximum values of x to use in Eqs. (3.9) and (3.10) are 0.99. This updatedversion provides a more a

urate predi
tion of di�erent �ow regimes (in parti
ular the onsetand 
ompletion of dryout around the tube perimeter) and does not require any iterative
al
ulations. Therefore, it 
an be easily used for �ow regime identi�
ation.3.1.3 Flow boiling pressure drop in straight tubesFri
tional 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 datapoints found in the open literature (122 arti
les for 23 refrigerants sin
e 1980) only forrefrigerants �ow boiling ([Charnay et al. 2011, Revellin et al. 2009a℄). As 
an be noted, al-most all studies were 
arried out using R-134a whi
h 
an be 
onsidered as a referen
e �uidsin
e it has been extensively studied over the last 15 to 20 years.
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3.1. Two-phase �ow in straight ma
ro 
hannels 313.1.3.1 Most representative experimental studies for pressure drop pre-di
tion in straight tubes[Ould Didi et al. 2002℄ 
ompared the two-phase pressure gradient data obtained in twohorizontal tubes (D = 10.92 mm and D = 12.00 mm) for �ve refrigerants (R-134a, R-123, R-402A, R-404A and R-502). They found that the methods proposed by[Müller-Steinhagen & He
k 1986℄ and that developed by [Grönnerud 1979℄ provide the mosta

urate predi
tions. Later, [Wongsa-ngam et al. 2004℄ experimentally investigated two-phase heat transfer 
oe�
ient and pressure drop during evaporation of R-134a in smoothand mi
ro�n tubes. The outer diameter was 9.52 mm and the evaporating temperaturesranged between 10 and 20 ◦C. They also proposed their own modi�ed Martinelli 
orrelationby �tting their database.[Bandarra Filho et al. 2004℄ presented a pressure drop study of R-134a under �ow boil-ing 
onditions in horizontal smooth and mi
ro�n 
opper tubes. A

ording to the authors,the method by [Jung & Raderma
her 1989℄ was found to be the best predi
tion methodfor smooth tubes. These authors also proposed their own modi�ed Martinelli's parameterto �t their data. [Gre
o & Vanoli 2006℄ reported the results of an experimental study onpressure drop during horizontal �ow 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). Theexperimental tests were 
arried out varying the mass velo
ity from 280 to 1080 kg m−2 s−1.They found that the pressure drop of R-22 is signi�
antly higher as 
ompared to all theother �uids.[Mauro et al. 2007℄ 
ompared their experimental pressure drop data for di�erent re-frigerants (R-22, R-134a, R-404A, R-407C, R-410A, R-417A and R-507A) and di�er-ent experimental 
onditions to four methods and to the phenomenologi
al model by[Moreno Quibén & Thome 2007℄. They statisti
ally showed that the method by Grönnerudand that by Moreno Quibén and Thome were equally the best. [Park & Hrnjak 2007℄ inves-tigated �ow boiling pressure drops in a horizontal smooth tube of 6.10 mm inner diameterfor R-744, R-410A, and R-22 refrigerants. The tested saturation temperatures were -30 ◦Cand -15 ◦C. They found that the method by [Müller-Steinhagen & He
k 1986℄ was the bestfor predi
ting their data.[Kuo & Wang 1996℄, reported adiabati
 and diabati
 experimental pressure drop datafor R-22 and R-407C in a mi
ro�n tube with nominal diameter of 9.52 mm. They 
on-
luded by saying that their pressure drop data for R-407C were 30-50% lower as 
om-pared to R-22. They proposed their own two-phase fri
tion fa
tor for predi
ting their data.[Wang & Chiang 1997℄ reported in their study the measurement of adiabati
 two-phase fri
-tional pressure drop and heat transfer 
hara
teristi
s for R-22 and R-407C inside a 6.5mmsmooth tube for a mass velo
ity varying from 100 to 700 kg m−2 s−1. They found a lowerpressure drop for R-407C than for R-22.[Habers
hill et al. 2003℄ studied the in�uen
e of di�erent parameters (nature of �uid,mass velo
ity and heat �ux) on the lo
al pressure drop during �ow boiling inside smooth andmi
ro�n tubes. However, they did not 
ompare their data to existing predi
tion methods.They found no e�e
t of the heat �ux on the pressure drop. Their penalty fa
tor was varyingbetween 1.46 and 1.63.Very re
ently, [Padilla et al. 2011a℄ presented 819 pressure drop data points measuredduring two-phase �ow of refrigerants HFO-1234yf, R-134a and R-410A in horizontal straighttubes. The tube diameter (D) varies from 7.90 to 10.85 mm. The mass velo
ity rangesfrom 187 to 1702 kg m−2 s−1 and the saturation temperatures from 4.8 ◦C to 20.7 ◦C. Thisdatabase was 
ompared against 10 well-known two-phase fri
tional pressure drop predi
tionmethods. The best a

ura
y is given by the method of [Müller-Steinhagen & He
k 1986℄
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32 Chapter 3. State of the art reviewwith around 90% of the data predi
ted within a ±30% error band. An analysis was 
arriedout on the maximum pressure gradient and on the 
orresponding vapor quality. A statisti
alanalysis for ea
h �ow regime was also 
arried out.Note that the information available in the literature related to slug �ow are for verti
al,horizontal, and in
lined straight tubes. For the last one, very little attention has been givento downward gas-liquid �ows. [Roitberg et al. 2008℄ 
arried out an study on the e�e
t ofpipe in
lination angle (θ) fo
used on the slug �ow regimes. The pipe in
lination angles
onsidered were from -7.5◦ to -1◦. Results show that the pipe in
lination a�e
ts mainlythe bubble length, while the liquid slug length remains insensitive to the variation of thein
lination angle. The elongated bubble and the liquid slug length grow with gas �ow rate.The slug head is a�e
ted by the pipe's in
lination and gas �ow rate, while the shape ofthe slug tail seems to remain approximately normal to the pipe axis for all experimental
onditions 
onsidered3.1.3.2 Overview of existing two-phase fri
tional pressure gradient pre-di
tion methods in straight tubesAs expressed in Eq.(2.33), the pressure gradient during �ow boiling in horizontal tubes is thesum of the fri
tional, a

eleration and stati
 head 
ontributions. The momentum pressuredrop results from the 
hange in momentum of both phases 
onsequent to the 
hange ofthe mass and velo
ity of ea
h phase 
aused by evaporation. When the �ow is adiabati
,
(

dp

dz

)

a

= 0.The fri
tional pressure drop results from the shear stress between the �owing �uid andthe tube wall. Despite numerous theoreti
al and experimental investigations, no generalmodel is available to reliably predi
t two-phase fri
tional pressure drops. A reason for thisis that two-phase �ow in
ludes all the 
omplexities of single-phase like non-linearities, tran-sition to turbulen
e and instabilities plus additional two-phase 
hara
teristi
s like motionand deformation of the interfa
e, non-equilibrium e�e
ts and intera
tions between phases.This term 
an be 
al
ulated following three di�erent approa
hes of predi
tion methods forsmooth tubes: empiri
al 
orrelations, analyti
al models or phenomenologi
al models.
• The analyti
al approa
h, whi
h is general sin
e no empiri
al information is used inits development.
• The empiri
al approa
h is the most widely used as it requires a minimum knowledgeof �ow 
hara
teristi
s. However, it is restri
ted by its underlying database. Fur-thermore, no single 
orrelation is 
urrently able to rea
h an a

eptable a

ura
y forgeneral use.
• The phenomenologi
al approa
h is based on the knowledge of ea
h �ow regime andthe interfa
ial stru
ture is taken into a

ount. This method is physi
ally based onseveral simpli�ed interfa
ial two-phase �ow stru
tures.Due to its extensive histori
al use and the 
ontinued referen
es to it in the literature,the �rst method to be 
onsidered is that of [Lo
khart & Martinelli 1949℄. In this treatmentthey postulated that two-phase �ow 
ould be divided into four �ow regimes: (1) liquid andvapor both turbulent (tt), (2) liquid turbulent and vapor vis
ous (tv), (3) liquid vis
ousand vapor turbulent (vt), (4) liquid and vapor both vis
ous (vv).There are two basi
 postulates on whi
h the analysis is based: (1) The stati
 pressuredrop for liquid and vapor phases must be equal regardless of the �ow pattern; (2) The
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3.1. Two-phase �ow in straight ma
ro 
hannels 33volume o

upied by the liquid plus the vapor at any instant (position) must equal the totalvolume of the pipe. These postulates imply that the �ow pattern does not 
hange alongthe tube length. In e�e
t they eliminate those �ows whi
h have large pressure �u
tuations,su
h slug and intermittent �ows, and those with radial pressure gradients, su
h as strati�edand strati�ed-wavy �ows.In the �nal 
orrelation, the two-phase fri
tional pressure drop based on a two-phasemultiplier for the liquid-phase, or the vapor-phase, respe
tively, is:
(dpdz

)st =

(dpdz

)v Φ2Vtt (3.11)
(dpdz

)st =

(dpdz

)l Φ2Ltt (3.12)where the terms (dpdz

)l and (dpdz

)v represent the fri
tional two-phase pressure dropthat would exist if the the �ow as a liquid or vapor, respe
tively, were assumed to �owalone in the entire 
ross-se
tion of the tube, and are 
al
ulated as:
(dpdz

)l =
2flG2(1 − x)2

Dρl (3.13)
(dpdz

)v =
2fvG2x2

Dρv (3.14)The 
orresponding Φ2Ltt and Φ2Vtt 
an be related to the Martinelli parameter (2.67) byrelationships of the form:
Φ2Ltt = 1 +

C

Xtt +
1

X2tt (3.15)
Φ2Vtt = 1 + CXtt + X2tt (3.16)The single-phase fri
tion fa
tors of the liquid fl and vapor fv are 
al
ulated using theBlasius 
orrelations as a fun
tion of the Reynolds number given by:

fl =
0.079Re0.25l (3.17)

fv =
0.079Re0.25v (3.18)where Reynolds numbers are 
al
ulated using Eqs. (2.55) and (2.56).The 
orrelation was developed for horizontal two-phase �ow of two-
omponent(benzene-air, kerosene-air, water-air and various oils-air) systems at low pressures (
loseto atmospheri
), saturation temperatures from 15.5 to 29.5oC and inner tube diametersfrom 1.49 to 25.83 mm. Its appli
ation to situations outside of this range of 
onditions isnot re
ommended.A di�erent approa
h for modeling two-phase pressure drops is by 
onsidering a ho-mogeneous �uid, whi
h is a pseudo-�uid that obeys the 
onventional design equations forsingle-phase �uids and is 
hara
terized by suitably averaged properties of the liquid andvapor phases. The two-phase fri
tional pressure gradient is:

(dpdz

)st =
2ftpG2

Dρtp (3.19)
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34 Chapter 3. State of the art reviewwhere the two-phase fri
tion fa
tor is given by:
ftp =

0.079Re0.25tp (3.20)when Retp > 2300 and
ftp =

16Retp (3.21)when Retp ≤ 2300. The two-phase Reynolds number is 
al
ulated as:Retp =
GD

µtp (3.22)and the averaged two-phase properties are:
µtp = xµv + (1 − x)µl ; ([Chi

hitti et al. 1960]) (3.23)

ρtp =

(

x

ρv
+

(1 − x)

ρl

)

−1 (3.24)A

ording to [Thome 2004℄, the homogeneous �ow model applied to in-tube �ow issuitable for mass velo
ities greater than 2000 kg·m−2·s−1 in the 
ase of the fri
tion fa
tor
al
ulations and for mass velo
ities less than 2000 kg·m−2·s−1 and ρl/ρv < 10 for gravita-tional pressure drop 
al
ulations.[Banko� 1960℄ made an extension of the homogeneous two-phase model by in
ludingsome two-dimensional e�e
ts. He derived expressions for the axial variation of velo
ity andvoid fra
tion in a tube. The assumption was that the axial variation 
ould be determinedusing a power law fun
tion. The resulting two-phase fri
tional pressure gradient is:
(dpdz

)st =

(dpdz

)lo Φ
7/4tp (3.25)The liquid fri
tional pressure gradient is:

(dpdz

)lo = flo 2G2

Dρl (3.26)and the liquid fri
tion fa
tor flo is 
al
ulated using Eq.(3.17). The two-phase multiplieris:
Φtp =

1

1 − x

[

1 − γ

(

1 −
ρv
ρl )]3/7 [

1 + x

(

ρl
ρv)− 1

] (3.27)where
γ =

0.71 + 2.35

(

ρv
ρl )

1 +

(

1 − x

x

)(

ρv
ρl ) (3.28)This method was derived using 375 data points for steam-water mixtures in horizontaland verti
al tubes in a range of mass velo
ities from 950 to 1220 kg·m−2·s−1, pressures from0.01 to 17.23 MPa and is appli
able to vapor qualities from 0.00 < x < 0.90.
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3.1. Two-phase �ow in straight ma
ro 
hannels 35In his work, [Chawla 1967℄ suggested the following method based on the vapor pressuregradient:
(dpdz

)st =

(dpdz

)vo Φ2tp (3.29)The two-phase multiplier is:
Φtp = x1.75

[

1 + S

(

1 − x

x

)(

ρv
ρl )]2.375 (3.30)and the slip ratio S is:

S = 1/9.1

[

1 − x

x
(RevoFrh)−0.167

(

ρl
ρv)−0.9(

µl
µv)−0.5

] (3.31)where Frh is determining using the following expression:Frh = G2/gDρ2tp (3.32)Revo =
GD

µv ; ρtp =

(

x

ρv +
1 − x

ρl )

−1This method was derived using 88 data points for R-11 in horizontal tubes in a rangeof mass velo
ities from 20 to 200 kg·m−2·s−1, saturation temperatures from 0.0 to 20.0oC,inner diameter from 6.00 to 25.00 mm and is appli
able to vapor qualities from 0.10 < x <0.95.[Chisholm 1973a℄ transformed the graphi
al pro
edure of [Baro
zy 1965℄ to enable amore 
onvenient appli
ation to the 
ase of evaporating turbulent �ow of two-phase mixturesin smooth tubes. The two-phase fri
tional pressure gradient is given as:
(dpdz

)lo = flo 2G2

Dρl ;

(dpdz

)vo = fvo 2G2

Dρv (3.33)fri
tion fa
tors are 
al
ulated for turbulent �ows using Eqs.(3.17) and (3.18):
flo =

0.079Re0.25lo ; fvo =
0.079Re0.25vo for Re > 2000and for Re< 2000 are used the following relations:

flo =
16Relo ; fvo =

16Revo ; for Re < 2000 (3.34)Reynolds numbers are obtained using Eqs. (2.57) and (2.58):Relo =
GD

µl ; Revo =
GD

µvThe parameter Y is obtained from the ratio of the fri
tional pressure drops as follows:
Y 2 =

(dpdz

)vo
(dpdz

)lo (3.35)Then, the two-phase multiplier is determined as:
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36 Chapter 3. State of the art review
Φ2

l = 1 + (Y 2 − 1)
[

Bx2−n/2(1 − x)2−n/2 + x2−n
] (3.36)where n is the exponent from the fri
tion fa
tor expression of Blasius (n = 0.25). Finally,Chisholm parameter B is then determined following the pro
edure des
ribed below:For 0 < Y < 9.5, B is 
al
ulated as:

B =
55

G1/2
for G ≥ 1900kg ·m−2 · s−1 (3.37)

B =
2400

G
for 500 < G < 1900kg ·m−2 · s−1 (3.38)

B = 4.8 for G ≤ 500kg ·m−2 · s−1 (3.39)For 9.5 < Y < 28, B is 
al
ulated as:
B =

520

Y G1/2
for G ≤ 600kg ·m−2 · s−1 (3.40)

B =
21

Y
for G > 600kg ·m−2 · s−1 (3.41)For Y > 28, B is 
al
ulated as:

B =
1500

Y 2G1/2
(3.42)On
e the value of B is determined, the two-phase multiplier 
an be 
al
ulated andtherefore the fri
tional pressure drop 
an be determined.This method was derived using 459 data points for steam-water in horizontal and ver-ti
al tubes in a range of mass velo
ities from 520 to 640 kg·m−2·s−1, pressures from 0.64 to4.0 MPa, inner diameter from 26.00 to 27.00 mm and is appli
able to vapor qualities from

0.10 < x < 0.75.It is important to note that, while the pro
edures developed for smooth tubes gavesatisfa
tory agreement with steam/water mixtures in verti
al 
hannels, these pro
edures
onsiderably underestimated experimental air-water �ow data in horizontal tubes when themass velo
ity was below 700 kg·m−2·s−1.One of the most a

urate two-phase pressure drop 
orrelations is said to be that of[Friedel 1979℄. It was obtained by optimizing an equation for Φ2lo using a large data base oftwo-phase pressure drop measurements. This method is for any vapor qualities and utilizesa two-phase multiplier as:
(dpdz

)st =

(dpdz

)lo Φ2lo (3.43)where (dpdz

)lo is determined from:
(dpdz

)lo = flo 2G2

Dρl (3.44)and the 
orresponding values of liquid fri
tion fa
tor and liquid Reynolds numbers aregiven by:
flo =

0.079Re0.25lo ; Relo =
GD

µl > 2000
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3.1. Two-phase �ow in straight ma
ro 
hannels 37
flo =

16Relo ; for Relo < 2000The two-phase multiplier is 
orrelated as:
Φ2lo = CF 1 +

3.24CF 2Fr0.045tp We0.035l (3.45)where Frtp, CF 1, CF 2 and ρtp are as follows:Frtp = G2/gDρ2tp ; Wel = G2D/σρtp (3.46)
CF 1 = (1 − x)2 + x2

(

ρl
ρv)(fv

fl ) (3.47)
CF 2 = x0.78(1 − x)0.224

(

ρl
ρv)0.91(

µv
µl )0.19(

1 −
µv
µl )0.7 (3.48)

ρtp =

(

x

ρv +
(1 − x)

ρl )

−1The 
orrelation is appli
able to verti
al up�ow and to horizontal �ow. This method isknown to work well when the ratio µl/µv < 1000, whi
h is the 
ase for most working �uidsand operating 
onditions.The method presented by [Grönnerud 1979℄ was developed spe
i�
ally for refrigerantsby using around 1000 data points for R-12 and R-717 in a 26.2 mm inner diameter horizontaltube. This method is for vapor qualities from 0 to 1 and utilizes a two-phase multiplier as:
(dpdz

)st =

(dpdz

)lo Φ2lo (3.49)where (dpdz

)lo is determined from:
(dpdz

)lo = flo 2G2

Dρl (3.50)
flo =

0.079Re0.25lo ; Relo =
GD

µl
> 2000

flo =
16Relo ; for Relo < 2000and the two-phase multiplier is:

Φ2lo = 1 +

(dpdz

)Fr [( ρl
ρv)( µl

µv)0.25

− 1

] (3.51)The fri
tional pressure gradient depends on the Froude number and is given as:
(dpdz

)Fr = fFr (x + 4(x1.8 − x10f0.5Fr )
) (3.52)When applying this expression, if the liquid Froude number Frl = G2/gDρ2l ≥ 1, thenthe fri
tion fa
tor fFr = 1.0, or if Fr ≤ 1, then:
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38 Chapter 3. State of the art review
fFr = Fr0.3l + 0.0055

(ln 1Frl)2 (3.53)This method was derived in a range of mass velo
ities from 20 to 1600 kg·m−2·s−1, andsaturation temperatures from -45.0 to 5.0 oC.A new 
orrelation for the predi
tion of fri
tional pressure drop for two phase �ow inpipes was developed by [Müller-Steinhagen & He
k 1986℄. This 
orrelation and fourteen
orrelations from the literature were 
he
ked against a data bank 
ontaining 9300 measure-ments of fri
tional pressure drop for a variety of �uids and �ow 
onditions. They found thatthe best agreement between predi
ted and measured values was obtained by the 
orrelationof [Bandel. 1973℄ whi
h, however, is quite 
omplex to implement and use. The 
orrelationproposed in their paper still predi
ted the fri
tional pressure drop with reasonable a

ura
y.It in
ludes single-phase liquid and vapor pressure drops and predi
ts 
orre
tly the in�uen
eof �ow parameters.The 
orrelation developed by [Müller-Steinhagen & He
k 1986℄ is in essen
e a 
leverempiri
al interpolation between all liquid �ow and all vapor �ow:
(dpdz

)st = M(1 − x)1/3 +

(dpdz

)vo x3 (3.54)where the fa
tor M is:
M =

(dpdz

)lo + 2

((dpdz

)vo − (dpdz

)lo)x (3.55)the fri
tional pressure gradients for all liquid (dpdz

)lo and all vapor (dpdz

)vo �ow andare de�ned as:
(dpdz

)lo = flo 2G2

Dρl ;

(dpdz

)vo = fvo 2G2

Dρv (3.56)The fri
tion fa
tors are obtained with:Relo =
GD

µl ; Revo =
GD

µv
flo =

0.079Re0.25lo ; fvo =
0.079Re0.25vo for Re > 2000

flo =
16Relo ; fvo =

16Revo ; for Re < 2000This method was derived using 7851 data points for several mixtures (air-water, steam-water,hydro
arbons-air, oils-air,R-11, R-12, R-22, Neon, N2) in horizontal tubes and 1462data points in verti
al tubes in
luding air-water, steam-water, R-12 and argon 
ombinations.In general, the methods that follow an empiri
al approa
h, su
h as [Grönnerud 1979℄,[Friedel 1979℄ and [Müller-Steinhagen & He
k 1986℄ for example, do not a

ount for �owpattern e�e
ts on the pro
ess, whi
h are parti
ularly important at low �ow rates (strati�-
ation e�e
ts) and high vapor qualities (dry-out e�e
ts). Furthermore, they do not use thea
tual velo
ities of liquid and vapor phases by introdu
tion of the lo
al void fra
tion in themethod.[Moreno Quibén & Thome 2007℄ 
arried out an analyti
al study in order to develop anew two-phase fri
tional predi
tion method. Their model has been developed following a
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3.1. Two-phase �ow in straight ma
ro 
hannels 39phenomenologi
al approa
h as the interfa
ial stru
ture between the phases is taken intoa

ount. They sele
ted the [Wojtan et al. 2005a℄ diabati
 two-phase �ow pattern map toprovide the 
orresponding interfa
ial stru
ture. The model treats ea
h �ow regime sepa-rately and then insures a smooth transition at the transition boundary, in agreement withthe experimental observations. Next, based on a statisti
al 
omparison, they 
on
luded thatthe two-phase fri
tional pressure drop �ow pattern map based model su

essfully predi
tsthe new experimental database and 
aptures the numerous trends observed in the data.The 
omplete set of equations will not be given here due to their 
omplexity and lengthbut the 
al
ulating pro
edure is given in the paper by [Moreno Quibén & Thome 2007℄.Below, the Moreno-Quibén and Thome model and its 
al
ulation pro
edure for the annular�ow regime is presented and des
ribed.
(dpdz

)st =
2G2fannularx2

Dρvε2
(3.57)where the fri
tion fa
tor is obtained by:

fannular = 0.67

[

1 − ε

4

]1.2 [
gD2(1 − ε)2(ρl − ρv)

16σ

]−0.4(
µv
µl )0.08 We−0.034 (3.58)and the Weber number is given by Eq.(2.62):We =

ρlu2l D
σwhere the void fra
tion ε 
an be 
al
ulated 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 �ow boiling in horizontal tube. The model was based on diameters 
omprisedbetween 8 and 13.8 mm over the entire range of vapor quality.In the arti
le of [Revellin & Habers
hill 2009℄, a simple linear fun
tion was developedfor predi
ting the fri
tional pressure drop based on an expli
it expression for the vaporquality 
orresponding to the maximum pressure drop (xM) and on the pressure drop forliquid and vapor phases.In order to develop their method, the authors �rst proposed an expli
it expression forthe vapor quality 
orresponding to the maximum pressure drop (xM) whi
h is given bythree 
ases (xM1, xM2 and xM3):

xM1 = −
a2

3a3
+ 2

√

−p1

3

os[1

3
ar

os(−p2

2

√

27

−p3
1

)

+
4π

3

] (3.59)where xM1 is the vapor quality 
orresponding to the maximum pressure drop in theannular �ow regime.
xM2 = 0.58e

[

0.52−0.23We0.17v Fr0.37v ( ρv
ρl )0.25( q

q
rit )0.70
] (3.60)

xM2 
orresponds to the expression of the annular-to-dryout transition vapor qualitya

ording to the �ow pattern map of [Wojtan et al. 2005a℄.
xM3 is the annular-to-mist �ow transition vapor quality given by [Wojtan et al. 2005a℄and is expressed as follows:

xM3 = 0.61e

[

0.57−0.0058We0.38v Fr0.15v ( ρv
ρl )−0.09( q

q
rit )0.27
] (3.61)
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40 Chapter 3. State of the art reviewFinally, a

ording to [Moreno Quibén & Thome 2007℄, xM is based on �ow regimes andis retained as:
xM = min(xM1, xM2, xM3) (3.62)The pro
edure to 
al
ulate the parameters a2, a3, p1, p2, q
rit is des
ribed in the arti
leof [Revellin & Habers
hill 2009℄.The values of (dpdz

)lo for x = 0, (dpdz

)max for x = xM and (dpdz

)vo for x = 1 areknown. As a �rst approximation, the authors developed a simple mathemati
al fun
tionto predi
t the fri
tional pressure drop by assuming a linear variation of the pressure dropas a fun
tion of x for 0 ≤ x < xM and another linear variation of the pressure drop as afun
tion of x for xM ≤ x ≤ 1. As a result, the approximation was:For 0 ≤ x < xM
(dpdz

)st =

[(dpdz

)l − (dpdz

)max] x

xM −
(dpdz

)l (3.63)For xM ≤ x ≤ 1

(dpdz

)st =

[(dpdz

)v − (dpdz

)max] x − 1

xM − 1
−
(dpdz

)v (3.64)The linear approa
h proposed by [Revellin & Habers
hill 2009℄ presented the beststatisti
s for ea
h �ow regime reporting almost 86% of the data within a ± 30% errorband.The methods that follow a phenomenologi
al approa
h([Moreno Quibén & Thome 2007, Revellin & Habers
hill 2009℄) give an a

eptablerepresentation of the pressure gradient trend versus vapor quality and they go to a

ept-able limits at x = 0 and x = 1. They are also able to 
apture reasonably well the positionand magnitude of the 
hara
teristi
 peak at high vapor qualities.3.1.4 Void fra
tionThe void fra
tion ε is one of the most important parameters used to 
hara
terize two-phase�ows. It is the key physi
al value for determining numerous other important parameters,su
h as two-phase density and the two-phase vis
osity, and is of fundamental importan
ein models for predi
ting �ow pattern transitions and pressure drop. The most widely usedis the 
ross-se
tional average void fra
tion whi
h is usually predi
ted by several methods.The general velo
ity ratio model is de�ned as:
ε =

[

1 +

(

1 − x

x

)

ρv
ρl S]−1 (3.65)The �rst method to be introdu
ed is the homogeneous void fra
tion model. From thede�nition of the 
ross-se
tion void fra
tion of a tube of area A, the mean vapor and liquidvelo
ities are given by Eqs. (2.8) and (2.9) in terms of the vapor quality. The basis of thehomogeneous void fra
tion model is that it assumes that the liquid and the vapor phasetravel at the same velo
ity (S = 1). From that assumption, the homogeneous void fra
tion,denoted by εH, is expressed as:

εh =

[

1 +

(

1 − x

x

)

ρv
ρl ]−1 (3.66)
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3.1. Two-phase �ow in straight ma
ro 
hannels 41This model is reasonably a

urate for a limited range of 
ir
umstan
es, among verylarge mass velo
ities or at high vapor qualities.For horizontal 
o-
urrent �ows, uv is generally greater than ul, su
h that S > 1. Nu-merous analyti
al and empiri
al methods have been proposed to 
al
ulate the velo
ity ratio
S [Zivi 1964℄ proposed a model for annular �ow, assuming that no liquid is entrained inthe 
entral vapor 
ore. Later, [Chisholm. 1973b℄ proposed a new expression for the velo
ityratio S based on a simple annular �ow theory and appli
ation of the homogeneous theoryon the �uid density, produ
ing approximately equal fri
tional pressure gradients in ea
hphase.[Zuber & Findlay 1965℄ proposed the original form of the well known drift �ux model.This model takes into a

ount both the e�e
t of nonuniform �ow and void fra
tion pro�lesas well as the e�e
t of the relative velo
ity between the phases. In 
ontrast to previousanalysis, [Zuber & Findlay 1965℄ derived an expression whi
h is appli
able to any two-phase�ow regime. As 
an be seen, the drift �ux model of [Zuber & Findlay 1965℄ allows one to
al
ulate the void fra
tion ε taking into a

ount numerous aspe
t o

urring in two-phase�ow.[Rouhani & Axelsson 1970℄ presented a drift �ux model based on that of[Zuber & Findlay 1965℄ in the form of:

ε =
x

ρv [Co

(

x

ρv +
1 − x

ρl )

+
Vvj
G

]

−1 (3.67)substitution of the weighted mean drift �ux velo
ity ~Vvj and the distribution parameter
Co into equation (3.67), results in expression:

ε =
x

ρv [(1 + 0.12(1 − x))

(

x

ρv +
1 − x

ρl )

+
1.18(1− x)[gσ(ρl − ρv)]0.25

Gρ0.5l ]−1 (3.68)This form of the [Rouhani & Axelsson 1970℄ model was proposed for general use by[Steiner 1993℄ irrespe
tive of �ow pattern but for horizontal �ows.[Taitel & Dukler 1976℄ proposed a model for predi
ting �ow regimes transitions. Start-ing from a momentum balan
e of ea
h phase in an equilibrium strati�ed �ow and assumingthe same pressure gradient in both phases, they obtained a set of dimensionless equationsin whi
h 
an be obtained a relationship between the void fra
tion and the liquid height.Re
ently, [Wojtan et al. 2005b℄ measured the dynami
 void fra
tion in strati�ed typesof �ow utilizing an opti
al image analysis te
hnique developed by [Ursenba
her et al. 2004,Wojtan et al. 2004℄ inside round horizontal 8.0 mm sight-glass tube. This experi-mental void fra
tion data and also the previous results for a 13.6 mm sight-glasstube presented by [Wojtan et al. 2004℄ have been 
ompared to the predi
tions givenby [Rouhani & Axelsson 1970, Taitel & Dukler 1976, Zivi 1964℄ and the homogeneousvoid fra
tion model. Results of this 
omparison showed that the drift �ux model of[Rouhani & Axelsson 1970℄ for horizontal �ows was the best of the four models tested anda

urately predi
ts the strati�ed �ow void fra
tion data.
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42 Chapter 3. State of the art review3.2 Two-phase �ow in return bendsTo 
ater to the needs of diverse engineering appli
ations, su
h as refrigeration, two-phasepressure drops in return bends in HVAC&R systems have been studied by several authorsin the open literature. These studies highlight the impa
t of the large number of inde-pendent parameters governing the �ow among whi
h geometri
 
on�guration of the tubesu
h as the 
urvature ratio, mass and volume fra
tions of the individual phases, pressure,�uid properties, mass velo
ity, orientation of the return bend (i.e horizontal, verti
al or in-
lined) and �ow patterns. Sin
e the 60's, several refrigerants have been studied, amongwhi
h CFCs, HCFCs and HFCs ([Pierre 1964, Traviss & Rohsenow 1973, Geary 1975℄.Most re
ent resear
hes have been 
arried 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 ben
h for mea-suring two-phase pressure drop in singularities is the perturbation lengths up- and down-stream of them. Indeed, the lo
ation of the pressure taps before and after the return bendis important.3.2.1 Perturbation lengths up- and downstream of a return bendIn the study of [Traviss & Rohsenow 1973℄ on R-12 two-phase �ow in straight tubes withinner diameters of 12.70 mm and 25.40 mm, the pressure drop was measured in
rementallyalong the test se
tion with the �rst pressure tap lo
ated approximately 10D downstreamof the return bend. They found that the amount of pressure re
overy in the test se
tiondownstream of the return bend was negligible. The pressure gradient in the �rst downstreamin
rement did not deviate signi�
antly (±10%) from the fully developed pressure gradient.In the arti
le of [Hoang & Davis 1984℄, the authors suggested that a length equal to 9Dis required to 
omplete the remixing pro
ess of the phases after leaving a return bend.Re
ently, [Padilla et al. 2011b℄ 
arried out preliminary tests whi
h show that the re-
overy length ne
essary for a 
orre
t pressure drop measurement downstream of the returnbend is less than 20D. These results are 
onsistent with the few information available inthe literature. Nevertheless, further work is 
alled for to more thoroughly investigate theperturbation lengths up- and downstream of a return bend and this is one of the aims ofthis thesis.3.2.2 Pressure drop in return bends3.2.2.1 Existing experimental studies for pressure drop predi
tion inhorizontal return bendsTwo-phase �ow pressure drop in return bends in refrigeration systems have been experi-mentally investigated by several authors in the open literature. [Pierre 1964℄ studied thepressure drop of R-12 in return bends with two-phase �ow for the oil-free �uid and foroil-refrigerant mixtures. He used a test se
tion whi
h 
onsisted of a straight tube and anevaporator, made with six 180◦ return bends in 
opper 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. Therefrigerant mass �ux was 
omprised between 134 and 208 kg·m−2·s−1. The author made a
al
ulation diagram for pressure drop in evaporators with an experimental resistan
e fa
torfor di�erent types of return bends.Using the same �uid (R-12), [Traviss & Rohsenow 1973℄ measured two-phase pressuredrops in a 8 mm tube in order to determine whether the disturban
e 
aused by a return
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3.2. Two-phase �ow in return bends 43bend was only a lo
alized e�e
t or extended over a signi�
ant length of the 
ondenser tube.They found that the e�e
t of a return bend on the downstream pressure drop was negligiblewhen averaged over a length of 90 tube diameters or more.[Geary 1975℄ investigated the two-phase adiabati
 �ow pressure drop in return bendsbased on his R-22 data with tube diameters from 11.05 mm to 11.63 mm with 
urvatureratios (2R/D) from 2.317 to 6.54. He proposed a 
orrelation for predi
ting the two-phasepressure drop for design purposes in typi
al air-
onditioning appli
ations. In this paper,the author also proposes two-phase fri
tional pressure drop data for straight tubes.Later, [Chen et al. 2004℄ presented single-phase and two-phase fri
tional data of R-410A in four types of return bends with tube diameters ranging from 3.3 and 5.07 mm and
urvature ratios varying from 3.91 to 8.15. They proposed a modi�ed two-phase fri
tionfa
tor based on the Geary's 
orrelation. Then, [Chen et al. 2007a℄ presented a study withsingle-phase and two-phase pressure drop data for R-134a/oil mixture with oil 
on
entrationof 0%, 1%, 3% and 5%, �owing in a wavy tube with an inner diameter of 5.07 mm and a
urvature ratio of 5.18.Very re
ently, [Chen et al. 2008b℄ presented measurements of R-134a two-phase fri
-tional pressure gradients for verti
al and horizontal arrangements of a U-type 
opper wavytube whi
h 
ontained nine 
onse
utive return bends with an inner diameter of 5.07 mm anda 
urvature ratio of 5.18. The working temperature was near 25◦C, the mass �ux rangedfrom 200 to 700 kg·m−2·s−1 and the vapor quality varied from 0.1 to 0.9. They 
ondu
tedtheir tests for verti
al arrangement by sele
ting the inlet �ow at the upper tube or at thelower tube in the return bend. They found that the pressure gradients in the return bendof verti
al arrangement were always higher than those of horizontal arrangement regardlessthe �ow entry was at the upper or at the lower tube. Furthermore, the pressure gradientfor a �ow entering at the upper tube was higher than that for a �ow entering at the lowertube be
ause of the in�uen
e of buoyan
y.3.2.2.2 Existing experimental studies for pressure drop predi
tion inverti
al return bendsTwo-phase pressure drops in return bends in refrigeration systems have been investigated byseveral authors in the open literature. So far, experimental studies dealing with two-phase�ow in return bends are relatively s
ar
e, espe
ially in the 
ase of verti
al return bends.In general, two-phase �ow in verti
al return bends involves the 
ombined a
tion ofgravitational, 
entrifugal and buoyant for
es, whi
h tends to produ
e su
h 
ompli
ations asinhomogeneous phase distribution, �ow reversal, �ooding, se
ondary �ow and 
oales
en
e.When positioned verti
ally, a greater pressure drop should be in
urred through the 
urved
hannel than when the 
urve is in the horizontal plane ([Usui 1980℄).[Usui 1980, Usui 1981℄ 
ondu
ted experiments on the �ow behavior, average void fra
-tion and pressure drop in air-water two-phase �ow �owing upward and downward througha C-shaped bend in verti
al plane. The test tubes inner diameters were D = 16 and 24mm, 
urvature ratios (2R/D) ranging from 11.25 to 22.5. Consequently, some 
omplex�ow phenomena su
h as �ow reversal and �ooding are en
ountered due, among others, tointera
tions of gravity and 
entrifugal for
e. The 
ombined a
tion of gravity and 
entrifugalfor
e was expressed in term of the so-
alled �modi�ed Froude number� in both upward anddownward �ows. The author also observed that the average void fra
tion of the downward�ow in the U-bend was very di�erent from that in the straight tube, in 
ontrast to the 
aseof upward �ow.For single-phase �ow, it is well known that a se
ondary �ow is generated when �uid
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44 Chapter 3. State of the art review�ows a
ross the 
urved 
hannel ([Dean 1927℄. The �uid �ow 
hara
teristi
s are rather
ompli
ated sin
e the 
entrifugal for
e drives the more rapid �uid in the 
on
ave part ofthe 
urve 
hannel while the �uid in the 
onvex parts is slowing down. The magnitude ofsu
h se
ondary �ows is redu
ed with an in
rease of bend 
urvature (R), and with a de
reaseof �uid velo
ity. For two-phase �ow a
ross the 
urved 
hannel, the study is more 
omplexbe
ause of the unequal values of velo
ity, density and other phase properties.There are some studies related to the fri
tional 
hara
teristi
s in U-type return bends.For detailing the �ow patterns a
ross return bend, [Chen et al. 2002℄ and [Wang et al. 2003℄
ondu
ted visualizations for air-water mixtures through horizontal return bends (D = 3, 5and 6.9 mm) having 
urvature ratios of 3 and 7.1. They provided some qualitative des
rip-tion about the two-phase �ow a
ross the horizontal return bends. However, their studieswere pertinent to horizontal arrangement only and no detailed quantitative des
ription ofthe slug �ow pattern was reported. In this sense, [Wang et al. 2005℄ 
ondu
ted a studyto examine some 
hara
teristi
s of the slug �ow su
h as 
hange of �ow pattern and thetranslational velo
ities a
ross the verti
al return bend.[Wang et al. 2008℄ performed visual observations of the two-phase �ow patterns of theair-water mixtures inside two 3.0 mm and two 6.9 mm smooth tubes forming verti
al returnbends. Flow reversal and freezing slug phenomena were observed for the verti
al return bendhaving D = 6.9 mm. A

ording to the authors, apparently this �freezing slug� phenomenonis related to the buoyan
y for
e in the return bend whi
h 
ontributes to slow down themotion of the vapor slug. Those phenomena were absent in previously reported resultsfor horizontal 
on�gurations. The authors also observed that with D = 3.0 mm, at thesame mass �ux and vapor quality, there was no great di�eren
e between the two-phase �owpatterns developed with the �ow entering in the upper tube or in lower tube.Flow pattern and bubble behavior are the fundamentals to better understand thedynami
s of the two-phase �ow in a return bend. For investigations of the slug�ow in verti
al, horizontal, and in
lined tubes, many resear
hes were available in theliterature([Hout et al. 2002, Sun et al. 2004, Roitberg et al. 2008℄). Note that the existingstudies 
on
erning slug �ow pattern are only for straight tubes. However, in real thermo-�uids systems, exploitation of the 
urved tubes for 
onne
tion is very 
ommon. Very littleinformation has been found in the literature whi
h reveals the behavior of a bubble underthe e�e
ts of the dynami
 for
es of the �uid. [Yeh & Yang 1968℄ 
arried out an analyti
alstudy of the time history of the velo
ity, size and deformation of a bubble moving in the�ow �eld around a point sour
e or sink by 
onsidering the 
ase where the 
hanges in thebubble velo
ity, size and deformation are 
aused by the dynami
 for
es of the �uid, ratherthan the initial perturbation of the bubble shape. The analysis presented is general andmay be applied to an initially spheri
al as well as non-spheri
al bubble.Re
ently, [Meng et al. 2009℄ reported bubble dynami
al behavior in 180◦ return bend.To des
ribe this behavior, the test se
tion is divided into four zones to understand thebubble deta
hment me
hanism. These four zones were identi�ed to des
ribe bubble behaviora

ording to the experimental observations of �ow pattern and bubble size: the se
ondary�ow zone, the transition zone, the inertia zone and the buoyan
y zone. Ea
h of them was
ombined with unique intera
tion between two phases.To better understand the dynami
s of bubbles, a review of some of the most representa-tive works in this domain has been 
arried out. However, most published works are fo
usedto the dynami
s of a rising bubble in a stati
 liquid, nevertheless, the information may bevery useful in the present study.
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3.2. Two-phase �ow in return bends 453.2.2.3 Bubble dynami
al behavior in a return bendThe understanding of the motion of gas bubbles in a liquid depends on appropriate ex-pressions for the drag, lift, and apparent mass for
es on the bubble. Experimental studies([Ford & Loth 1997, Shew et al. 2006, Lakshmanan et al. 2011℄) have shown distin
tly dif-ferent shape and traje
tory os
illations depending on the bubble size, as well as the bubbleand liquid properties, e.g. density, vis
osity, and surfa
e tension. There are small bubbleswith an almost spheri
al shape that have linear rising traje
tories, or big bubbles that riseon a heli
al path, while at the same time 
hange their shape periodi
ally. The relationshipbetween the bubble size and the rising traje
tory and its dependen
y on the bubble peakvelo
ity is well des
ribed by [Peebles & Garber 1953℄ 
orrelation for adiabati
 bubble riseand experimentally validated by [Siedel et al. 2011℄.Closed form analyti
al expressions for the hydrodynami
 for
es 
urrently exist only forlow Reynolds numbers and minimal shape deformations. In [Auton et al. 1988℄, assumingthat the bubble equivalent radius is small 
ompared with the s
ale over whi
h the strainrate 
hanges, the authors presented a general expression for the �uid for
e on a bubble asa body of simple shape moving through invis
id �uid in whi
h there is an unsteady non-uniform rotational velo
ity �eld in three dimensions. The equation of motion for bubblesformulated by [Auton et al. 1988℄ des
ribes the 
ontributions to the bubble's a

elerationfrom inertial for
es (e.g pressure gradient and added mass), buoyan
y for
es, drag for
esand lift for
es. To use this formulation, it is also ne
essary to know the drag fun
tion
fD whi
h depends on the drag 
oe�
ient. One early work in the sear
h for the drag
oe�
ients of (solid) parti
les in liquids goes ba
k to [Stokes 1851℄, who derives an analyti
alsolution for the �ow around a spheri
al, solid parti
le in the 
reeping-�ow limit. Verysmall air bubbles in the range Deq < 0.3 mm in water are found to behave like solidspheres; their drag 
oe�
ient 
an be expressed by Stokes' law. Later, the [Stokes 1851℄
orrelation is empiri
ally extend to higher Reynolds numbers in the range of Re < 800 by[S
hiller & Naumann 1933℄. This 
orrelation gives a very good approximation for the dragof solid spheres and is still 
ommonly used in engineering appli
ations due to its a

ura
yand simpli
ity. However, analyti
al formulations are far from being able to handle generalsituations of turbulent �ow with substantive deformation, and the assumptions of ea
hformulation must be 
arefully 
onsidered. For su
h 
onditions empiri
al relations musttypi
ally su�
e and be 
ontinually enhan
ed through new experimental data until newanalyti
al formulations 
an be derived and validated.Despite some studies were oriented toward the fundamental aspe
ts of two-phase �owa
ross return bends, the majority of the previous experimental studies have been 
on-du
ted with air-water mixtures. Very re
ently, in order to extend the existing databaseavailable in the literature toward di�erent syntheti
 �uids su
h as HFC refrigerants,[Padilla et al. 2011b℄ presented 238 pressure drop data points measured for two-phase �owof R-410A in horizontal return bends of diameter (D) from 7.9 to 10.85 mm and the 
urva-ture ratio (2R/D) from 3.68 to 4.05. This study showed the in�uen
e of mass velo
ity, sat-uration temperature and inner diameter on the return bend pressure drop. Besides, a nextgeneration refrigerant has been developed by the refrigeration industry for environmentalreasons, namely the HydroFluoroOle�n (HFO) 1234yf. The two-phase �ow 
hara
teristi
sof this �uid need to be investigated.Moreover, the return bends used in heat transfer equipment may be verti
ally arrangedrather than horizontally arranged. However, rather rare studies are investigated about thebasi
 aspe
t of the two-phase �ow 
hara
teristi
s in verti
al return bends. It is obvious thatthe �ow patterns are strongly related to the pressure drop 
hara
teristi
s. As a 
onsequen
e,it is of great interest to examine the two-phase �ow 
hara
teristi
s inside the verti
al return
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46 Chapter 3. State of the art reviewbend subje
t to the tube size and various 
urvature ratios.3.2.2.4 Two-phase fri
tional pressure drop predi
tion methods in returnbendsIn the open literature, among the arti
les presenting 
orrelations for two-phase pressuredrop of refrigerants in return bends, only six provide 
omplete information (�uid, saturationtemperature, mass velo
ity, diameter, et
.). [Pierre 1964℄ proposed a 
orrelation, only validfor horizontal tubes, based on his experiments 
arried out with R-12 by assuming that thetotal �ow resistan
e is divided into two part: the �rst one 
orresponds to the turning of the�ow, and the se
ond one to the fri
tion only. This is expressed as follows:
∆prb = ∆po + ∆pf (3.69)where ∆prb is the total pressure drop in the return bend, ∆po is the pressure dropdue to the turning of the �ow and ∆pf is the pressure drop due to the fri
tion. For the
al
ulation of ∆po and ∆pf, one needs to refer to two di�erent graphs so as to determine the
orresponding resistan
e fa
tor. Those values of the resistan
e fa
tors obtained by Pierreshowed not to be mu
h in�uen
ed by the 
enter-to-
enter distan
e of the bend (2R). Inthat sense, Pierre 
on
luded that this parameter was not of major importan
e and did notin
lude it in his pressure drop 
orrelation.[Geary 1975℄ presented a 
orrelation (using 4 empiri
al 
onstants) by using the fri
tionfa
tor approa
h for straight tubes. The 
orrelation of the two-phase pressure drop in returnbends 
onsisted in a single-phase pressure drop equation for vapor �ow only. He in
luded adimensionless fri
tion fa
tor depending on the e�e
ts of the vapor quality and the 
enter-to-
enter distan
e in return bends. The pressure drop indu
ed by the return bends wasexpressed as:
∆prb = f

L

D

G2x2

2ρv (3.70)where L is the bend length, D is the tube diameter, ρv is the density of the vapor phaseand f is a dimensionless fri
tion fa
tor given by:
f =

8.03 × 10−4Re0.5vexp(0.215(2R
D ))x1.25

(3.71)In Eq. (3.71), Rev is the Reynolds number (GDx/µv) of the vapor phase and the term
2R/D represents the 
urvature ratio of the return bend.[Chisholm 1983℄ proposed a 
orrelation (using 5 empiri
al 
onstants) to 
al
ulate thepressure drop in return bends ∆prb by using a two-phase multiplier Φ and the single-phase�ow liquid pressure drop in the return bend ∆psp:

∆prb = Φ∆psp (3.72)where ∆psp is expressed as follows:
∆psp = Ksp G2

2ρl (3.73)In Eq. (3.73), Ksp is the all-liquid lo
al pressure drop 
oe�
ient obtained for single-phase �ows. To estimate the value of Ksp, [Idelshik 1986℄ suggested the following expression:
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3.2. Two-phase �ow in return bends 47
Ksp = fl L

D
+ 0.294

(

R

D

)0.5 (3.74)where R is the 
urvature radius and fl is the single-phase fri
tion fa
tor 
al
ulated fromthe Blasius equations.The two-phase multiplier Φ in (3.72) is given by:
Φ = 1 +

(

ρl
ρv − 1

)

x [b (1 − x) + x] (3.75)where b is expressed as:
b = 1 +

2.2

Ksp (2 + R
D

) (3.76)The [Chisholm 1983℄ and [Idelshik 1986℄ method did not provide validation againstexperimental measurements. Based on Geary's 
orrelation and using Geary's R-22 databaseand their own R-410A database, [Chen et al. 2004℄ presented a new 
orrelation for thefri
tion fa
tor from the empiri
al �t, in
luding new parameters su
h as the Weber numberand a 
ombined vapor and liquid Reynolds number as well as the vapor quality and the
urvature ratio 2R/D. The expression of the fri
tion fra
tion is written as:
f =

10−2Re0.35mixWe0.12v exp (0.194(2R
D )
)

x1.26
(3.77)where Remix = Rev + Rel = GD (x/µv + (1 − x) /µl) is a 
ombined vapor and liquidReynolds number and Wev = G2D/ρvσ is the Weber number whi
h takes into a

ount thein�uen
e of the surfa
e tension in the two-phase fri
tional 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%.Re
ently, [Domanski & Hermes 2008℄ proposed a 
orrelation for the 
al
ulation ofthe two-phase pressure gradient in return bends based on 241 experimental data pointsfrom Geary's R-22 database and [Chen et al. 2004℄ R-410A database. The 
orrela-tion allowed predi
ting the two-phase pressure gradient in a straight tube using the[Müller-Steinhagen & He
k 1986℄ 
orrelation and using a multiplier that a

ounted for thebend 
urvature:

(dpdz

)rb = Ψ

(dpdz

)st (3.78)The multiplier Ψ in
ludes �ve empiri
al 
onstants and takes into a

ount the in�uen
eof the vapor velo
ity and the mass distribution in ea
h phase. The multiplier Ψ is given by:
Ψ = 6.5 × 10−3

(

GxD

µv )0.54(
1

x
− 1

)0.21(
ρl
ρv)0.34(

2R

D

)

−0.67 (3.79)The [Domanski & Hermes 2008℄ 
orrelation predi
ted 75% of the 241 experimental datapoints within a ± 25 % error band and exhibited a RMS deviation of 25%.In order to propose a new predi
tion method, [Padilla et al. 2009℄ 
olle
ted a total of690 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 
ame from four di�erent laboratories and the database in
luded four di�er-ent refrigerants. However, some of these data were removed from the 
olle
ted database forthe following reasons:
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48 Chapter 3. State of the art review- The pressure drop measurements in the return bend were lower than those in thestraight tube whi
h is obviously not realisti
 and probably is a 
lue for too lowa

ura
y.- The length between two 
onse
utive 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 �ow regimes re
over after thereturn bend. Nevertheless, the [Padilla et al. 2009℄ 
orrelation allows predi
ting thedata down to 4.8D.- The R-22 data from Geary were �nally removed. As a matter of fa
t, it wasproven impossible to predi
t Geary's data for straight tubes (Fig. 3.8) by usingthe [Müller-Steinhagen & He
k 1986℄ 
orrelation whereas this 
orrelation is now of-ten 
onsidered as very e�
ient for su
h 
onditions. Espe
ially it has been shown towork satisfa
torily with R-22 ([Revellin & Habers
hill 2009℄).
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Figure 3.8: Comparison made by [Padilla et al. 2009℄ between the experimentalfri
tional pressure gradient in straight tubes from [Geary 1975℄ and the predi
tedone by [Müller-Steinhagen & He
k 1986℄.Finally, the database used for developing the [Padilla et al. 2009℄ predi
tion methodin
ludes 325 data points from [Traviss & Rohsenow 1973℄ for R-12, [Chen et al. 2004℄ forR410A 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 
an be observed, the tube diameter varies from 3.25 to 8 mm, the 
urvature ratiosfrom 3.175 to 8.15, the mass velo
ity ranges from 150 to 900 kg·m−2·s−1 and the vaporquality 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 
onditions of [Traviss & Rohsenow 1973℄, [Chen et al. 2008b℄, [Chen et al. 2007a℄ and [Chen et al. 2004℄.Authors Refrigerant D (mm) 2R/D G (kg·m−2
·s−1) Tsat (◦C) x Number of data points[Traviss & Rohsenow 1973℄ R-12 8 3.175 155 34 0.218 - 0.77 21300 38 0.0095 - 0.9367 35500 39 0.147 -0.928 246.35 150 34 0.154 - 0.935 24300 34 0.046 - 0.932 35[Chen et al. 2007a℄ R-134a 5.07 5.18 200 - 700 20 0.1 - 0.9 27[Chen et al. 2008b℄ R-134a 5.07 5.18 200 - 700 25 0.1 - 0.9 25200 - 700 20 0.1 - 0.9 25a200 - 700 25 0.1 - 0.9 26a[Chen et al. 2004℄ R-410A 3.25 3.91 300 - 900 25 0.1 - 0.9 333.3 8.15 300 - 900 10 - 25 0.1 - 0.9 50Total 3.25 - 8.00 3.175 - 8.15 150 - 900 10 - 39 0.0095 - 0.9367 325

a Verti
al orientation
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50 Chapter 3. State of the art reviewworth mentioning that the data 
orrespond to the total pressure gradient in return bends,e.g. the sum of the fri
tional pressure gradient in straight tubes plus the singular pressuregradient.The method of [Padilla et al. 2009℄ has been proposed for predi
ting the pressure gra-dient in return bends 
onsidering the sum of the fri
tional pressure gradient that would beobtained in straight tubes (predi
ted by [Müller-Steinhagen & He
k 1986℄ 
orrelation) andthe singular pressure gradient.
(

−
dpdz)rb =

(

−
dpdz

)st +

(

−
dpdz

)sing (3.80)where (−dpdz)st is the fri
tional pressure gradient that would be rea
hed in straighttubes 
al
ulated by the [Müller-Steinhagen & He
k 1986℄ 
orrelation (plus eventually thestati
 pressure gradient for verti
al orientation [Thome 2004℄). The se
ond term (−dpdz)singis the singular pressure gradient. From the whole database, the authors proposed to expressit by the following relation:
(dpdz

)sing = a

[

ρvJ2v
R

] [

J2l
R

]b (3.81)where a = 0.047 (s2/3·m−1/3) and b = 1/3. This 
onstant and this exponent wereobtained from the least square method based on the experimental data shown in Table(3.1), R is the radius of the 
urvature, Jv is the super�
ial velo
ity of the vapor written as:
Jv =

Gx

ρv (3.82)and Jl is the super�
ial velo
ity of the liquid expressed as:
Jl =

G (1 − x)

ρl (3.83)
G represents the mass velo
ity, x the vapor quality and ρv and ρl are the densities ofthe vapor and the liquid, respe
tively.The 
omparison between the [Padilla et al. 2009℄ predi
tion method and the databasefrom the literature (Fig. 3.9) showed that almost 67% of the data are predi
ted withina ±30% error band. The mean absolute error was less than 23.5% and the mean relativeerror is around −8%.Using the same singular pressure gradient 
orrelation but the [Friedel 1979℄ 
orrelationinstead of the [Müller-Steinhagen & He
k 1986℄ relation for the straight tube yields a MAEof 26% whi
h is still 
orre
t. In addition, the authors used the [Revellin & Habers
hill 2009℄model and the [Grönnerud 1979℄ 
orrelation, obtaining respe
tively MAE = 32.7% andMAE = 35.7%. Equation (3.81) presents many advantages:- only two empiri
al 
onstants have been used for developing this equation (instead of�ve for [Domanski & Hermes 2008℄ and [Chen et al. 2004℄)- the relation has been developed based on a large database: 325 data points for threedi�erent �uids obtained in two di�erent laboratories.- the equation works for horizontal and verti
al return bends
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Figure 3.9: Experimental pressure gradient data for return bends (Table 3.1) 
om-pared to the [Padilla et al. 2009℄ predi
tion method.- the relation has been developed over a wide range of tube diameters (3.25 − 8.00mm), mass velo
ities (150 − 900 kg·m−2·s−1), saturation temperatures (10 − 39◦C)and over a large range of vapor quality (0.0095 − 0.9367).- the term [

ρvJ2v
R

] represents the 
entrifugal for
e a
ting on the vapor phase due tothe return bend- the term [

J2l
R

] takes into a

ount the 
entrifugal and gravitational for
es a
ting onthe liquid phase due to the return bend- the relation is independent of the diameter whi
h is logi
al in view of the followingreasoning: Equation (3.81) predi
ts the 
urvature e�e
t on the pressure gradientin a straight tube. The diameter e�e
t is thus dire
tly taken into a

ount by the[Müller-Steinhagen & He
k 1986℄ 
orrelation.- there is no 
onstant in
luding the properties su
h as µv/µl or σ.Rearranging Eq. (3.80), it 
omes:
(dpdz

)rb =

(dpdz

)st 1 +

(dpdz

)sing
(dpdz

)st  =

(dpdz

)st Ψ (3.84)In Eq. (3.84), the 
urvature multiplier Ψ represents the ratio between thepressure gradient in return bends and that in straight tubes 
al
ulated by the[Müller-Steinhagen & He
k 1986℄ 
orrelation. When the 
urvature radius R → +∞, the
urvature multiplier Ψ → 1 and the resulting pressure gradient in return bends tends to-ward the pressure gradient in straight tubes. Furthermore, when R → 0, the 
urvature
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52 Chapter 3. State of the art reviewmultiplier Ψ → +∞ (This is an hypotheti
al limit be
ause the real limit is R → D/2) andthe pressure gradient in return bends tends toward in�nity. To illustrate this, Fig. (3.10)shows the 
urvature multiplier Ψ as a fun
tion of the 
urvature ratio for four di�erent returnbend pressure gradient 
orrelations (the [Chisholm 1983℄ and [Idelshik 1986℄ method, the[Chen et al. 2004℄, the [Domanski & Hermes 2008℄ and [Padilla et al. 2009℄ 
orrelations).
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Figure 3.10: Curvature multiplier (dpdz)rb /

(dpdz)st as a fun
tion of the 
urvatureratio (2R/D) for the [Padilla et al. 2009℄ predi
tion method and di�erent 
orrela-tions from the literature. [Padilla et al. 2009℄3.3 Two-phase �ow in sudden 
ontra
tionsIn HVAC & R appli
ations, the two-phase mixture 
an �ow through sudden 
hanges of
ross-se
tion, the �ow might form a separation region at the sharp 
orner and an irreversiblepressure loss is indu
ed. This singular loss often o

urs in ori�
es, valves, 
onne
tions andheat ex
hangers with round or re
tangular 
on�gurations.3.3.1 Pressure drop in sudden 
ontra
tionsThe �ow 
hannel normally involves several geometri
al singularities su
h as abrupt 
hangesof 
ross-se
tions (sudden enlargement, sudden 
ontra
tion, valve or ori�
e). At an abrupt
hange of 
ross-se
tion, eddies are formed in the separation region whi
h is a 
lear sign ofthe irreversibility for a large pressure loss. Some 
orrelations appli
able to the pressure
hange with respe
t to mini 
hannels ([Abdelall et al. 2005, Chen et al. 2007b℄) have beendevelopped.For single-phase �ow through 
ontra
tions, the �ow separates from the inner wall andeddy zones are developed just at the front of transitional 
ross-se
tion. The 
ontra
ted
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3.3. Two-phase �ow in sudden 
ontra
tions 53�ow forms into a small jet �ow pattern with the narrowest 
ross-se
tion of the jet being
alled vena-
ontra
ta whi
h is lo
ated immediately after the transition 
ross-se
tion. Inthe 
ontra
ted �ow region the stati
 pressure de
reases more rapidly than for the fullydeveloped �ow at the upstream and downstream. After the vena-
ontra
ta, the pressuregradually in
reases and rea
hes its maximum, and then merges into the fully developedpressure gradient line at the downstream.In 
ontrast to the well-known pressure pro�le in the transitional region between the �owseparation and reatta
hment for single-phase liquid �ow, the pressure pro�le and the shapeof streamlines in two-phase �ow are unknown. At an abrupt 
hange of �ow 
ross-se
tiondue to geometri
al singularities, eddies are formed in the separation region whi
h is a 
learsign of the irreversibility for a large pressure loss. Many investigations were based on theassumption that the o

urren
e of the vena-
ontra
ta phenomenon is asso
iated to energydissipation at the downstream of the 
ontra
tion point. However, [S
hmidt & Friedel 1997℄reported that a lo
al pressure minimum was not dete
table in the two-phase tests, thusthe axial pressure pro�le and the shape of streamlines in two-phase �ow are still unknown.There is no eviden
e whether or not the pro�le is similar to the one in single phase �ow,nor even if a �ow 
ontra
tion o

urs at all. In fa
t, [S
hmidt & Friedel 1997℄ 
on
ludedthat unlike single-phase �ow a two-phase �ow does not 
ontra
t behind the edge of thetransition at least in a range of mass �ow quality between 1 and 97%.There are various models from the open literature whi
h aim at predi
ting the single-and two-phase pressure drops in pipe 
ontra
tions. In the 50's, in order to determinethe pressure drop a
ross a pipe 
ontra
tion with low Reynolds number �ow, [Kays 1950℄measured the axial pressure pro�les in the regions of fully developed pipe �ow upstreamand downstream of the pipe 
ontra
tion. He extrapolated these (linear) pressure 
ourses tothe transitional 
ross se
tion.In subsequent years, some studies ([Ri
hardson 1958, Chisholm 1968, Geiger 1964,M
Gee 1966, Janssen 1966, Husain 1975℄) have been 
ondu
ted in order to propose newexperimental data and predi
tion methods. Most of these authors have re
ommended ahomogeneous �ow model to 
al
ulate the pressure drop, although they agreed that thisis physi
ally not 
orre
t; the assumption of equal mean velo
ities of gas and liquid phaseimplied by the homogeneous �ow model is highly questionable. Additionally, a �ow 
on-tra
tion downstream of the transitional 
ross se
tion in analogy to single-phase liquid �owis assumed and the liquid �ow 
ontra
tion 
oe�
ient is used for simpli
ity. Some predi
tionmethods found in the literature are des
ribed below.For two-phase �ow, the 
hange in stati
 pressure at a sudden 
ontra
tion 
an be esti-mated using a homogeneous �ow model as re
ommended by [Collier & Thome 1994℄:
∆p
 =

G2
2

2ρl [(C−1
 − 1)2 + (1 − σ2A)
]

[

1 + x

(

ρl
ρv − 1

)] (3.85)where σA = D2
2/D2

1 is de�ned as the passage 
ross-se
tion area ratio. The 
ontra
tion
oe�
ient C
 
an be 
al
ulated using the expression given by [Geiger 1964℄:
C
 = 1 −

1 − σA
2.08(1 − σA) + 0.5371

(3.86)[Chisholm 1983℄ introdu
ed a 
onstant B 
oe�
ient for �ow through a dis
rete intervalin evaluating the 
ontra
tion pressure 
hange:
∆p
 = ∆p
l [1 +

(

ρl
ρv − 1

)

(Bx(1 − x) + x2)

] (3.87)
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54 Chapter 3. State of the art reviewwhere the total stati
 pressure drop at the 
ontra
tion 
onsidering only liquid (∆p
l) is:
∆p
l =

G2
2

2ρl [ 1

(σAC
)2 − 1 −
2(C−1
 − 1)

σ2A ] (3.88)and the 
ontra
tion 
oe�
ient (C
) is given as follows:
C
 =

1

[0.639(1− σA)0.5 + 1]
(3.89)The 
onstant B 
oe�
ient is 
al
ulated as follows:

B =

{

1

K0

(

1

(C
σA)2
− 1

)

−
2

(K0C
σ2A)
+

2

(K0.28
0 σ2A)

}

(

1

(C
σA)2
− 1

)

−
2

(C
σ2A)
+

2

σ2A (3.90)where ∆p
l is the 
ontra
tion pressure drop for total �ow assumed liquid a
ross thesame sudden 
ontra
tion, and K0 is given as:
K0 =

[

1 + x

(

ρl
ρv − 1

)]0.5 for Xtt > 1 (3.91)
K0 =

(

ρl
ρv)0.25 for Xtt ≤ 1 (3.92)where Xtt is the Martinelli parameter Eq.(2.63):Xtt =

(

1 − x

x

)0.9(
ρv
ρl )0.5(

µl
µv)0.1The [Chisholm 1983℄ 
orrelation does not take into a

ount the physi
al limit when

σA = 1 sin
e the B parameter is not de�ned for this 
ase.Some me
hanisti
 models for two-phase pressure drop a
ross sudden 
on-tra
tions have been developed by [Al'Ferov & Shul'Zhenko 1977, Attou & Bolle 1995,S
hmidt & Friedel 1997℄. [Al'Ferov & Shul'Zhenko 1977, Attou & Bolle 1995℄ assumed theo

urren
e of the vena-
ontra
ta phenomenon in 
omplete analogy with single-phase �ow,and 
onsidered a dispersed droplet �ow pattern downstream of the vena-
ontra
ta point.However, [S
hmidt & Friedel 1997℄ have shown that the vena-
ontra
ta phenomenon maya
tually not o

ur in two-phase �ow at all. Based on the momentum and mass transferbalan
e, the latter developed a new pressure drop model for sudden 
ontra
tion whi
h isgiven by:
∆p
 =

G2
2

[

1

ρe� −
σA
ρe� + f
ρe�( x

ρvε −
1 − x

ρl(1 − ε)

)2
(

1 − σ
1/2A )2

]

1 + Ω
( 1

σA − 1

) (3.93)where
1

ρe� =
x2

ρvε +
(1 − x)2

ρl(1 − ε)
+ ρl(1 − ε)

(

αE
1 − αE)[ x

ρvε −
1 − x

ρl(1 − ε)

]2 (3.94)
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ε = 1 −

2(1 − x)2

1 − 2x +

√

1 + 4x(1 − x)(
ρl
ρv − 1)

(3.95)
αE =

1

S

[

1 −
1 − x

1 − x(1 − 0.18We0.27Re0.5)

] (3.96)
S =

x

1 − x

1 − ε

ε

ρl
ρv (3.97)We = G2

2x
2 D2

ρvσ (ρl − ρv)
ρv (3.98)Re =

G2(1 − x)D2

µl
Ω
 = 0.77σA(1 − σ0.306A ) (3.99)

f
 = 0.0052 x0.1(1 − x)

(

σA µl
µv)0.8 (3.100)The 
omparison of the [S
hmidt & Friedel 1997℄ model and their test results is fair with80% of the data sets being predi
ted within ±30%. However, this 
orrelation uses morethan 15 empiri
al parameters and some physi
al limits are not des
ribed 
orre
tly. Forexample, when x = 1, S and ε are not de�ned.The predi
tions of the homogeneous �ow model, when no vena-
ontra
ta is assumed(i.e. C
 = 1) are also shown in the work of [Chal� & Ghiaasiaan 2008℄, and it is indi
atedthat the homogeneous �ow model over predi
ts the pressure drop very signi�
antly. Similar
omparison have been made between the data and the predi
tions of the homogeneous �owmodel, as well as the slip �ow model along with the [Zivi 1964℄ slip ratio expression, butassuming that the vena-
ontra
ta phenomenon o

urred a

ording to Geiger's expression(Eq. 3.86). The results on
e again showed that the homogeneous model over predi
tedthe pressure drop very signi�
antly everywhere, typi
ally by a fa
tor of �ve. The slip �owmodel also over predi
ted the data 
onsistently, typi
ally by a fa
tor of two.[Abdelall et al. 2005℄ investigated air-water pressure drops at 25◦C 
aused by abrupt�ow area expansion and 
ontra
tion in a small test se
tion with σA = 0.26. The tubediameters were 0.84 and 1.60 mm and the mass velo
ities spanned from 2700 to 6200 kg·m−2· s−1. Assuming in
ompressible gas and liquid phases, and assuming x and ε remained
onstant a
ross the sudden 
ontra
tion, the pressure drop a
ross the sudden 
ontra
tionwas written as:

∆p
 = G2
2









ρtp( 1

C2
c

− σ2A)
2ρ′′2

+
1 − Cc

ρ′









(3.101)where ρtp is obtained using Eq. (3.24):
ρtp =

[

x

ρv +
1 − x

ρl ]

−1
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56 Chapter 3. State of the art review
ρ

′

=

[

1 − x2

ρl(1 − ε)
+

x2

ρvε]−1 (3.102)
ρ

′′

=

[

(1 − x)3

ρ2l (1 − ε)2
+

x3

ρ2vε2

]−1/2 (3.103)The parameter C
 is estimated from the 
orrelation of [Geiger 1964℄, and the voidfra
tion (ε) is 
al
ulated from the slip ratio model presented by [Zivi 1964℄:
S =

x

1 − x

1 − ε

ε

ρl
ρv =

(

ρl
ρv)1/3 (3.104)[Chen et al. 2008a℄ studied the pressure drop at the sudden 
ontra
tion from smallre
tangular 
hannels (3 × 9 mm and 3 × 6 mm) into a 3 mm diameter tube. Theyproposed a 
orre
tion fa
tor a

ounting for the in�uen
e of surfa
e tension (Bond numberand 
ontra
tion ratio) to the original homogeneous model. The proposed modi�
ation takesthe following form:

∆p
 = ∆phΩ (3.105)
Ω = 1 + e





−0.1Bo
1 + e−σA  (

−4.22 − 7.29(BoσA)0.5Ln(BoσA))−1
) (3.106)where the Bond number (Bo) de�ned in se
tion 3.1, represents the balan
e of buoyan
yand surfa
e tension for
es. It 
an be expressed as:Bo =

g(ρl − ρv)(D2/2)2

σ
(3.107)The mean deviation of this 
orrelation is 26% appli
able to an air-water database (437points) available in the literature.Finally, [Chen et al. 2009℄ investigated the pressure drop and �ow pattern for two-phase�ow in sudden 
ontra
tions. They 
arried out experiments with air and water mixtures fromsmall re
tangular 
hannels (2 × 4, 2 × 6, 4 × 4 and 4 × 6 mm, respe
tively) into a 2 mmdiameter tube. The total mass velo
ity ranged from 100 to 700 kg·m−2·s−1 with gas quality
omprised between 0.001 and 0.8. In general the 
ontra
tion pressure drop in
reases withthe rise of mass velo
ity, and gas quality but as unique de�e
tion of 
ontra
tion pressuredrop pertaining to liquid vena-
ontra
ta at a very low gas quality is en
ountered at a verylow gas quality in the 4 × 6 mm test se
tion. For a low gas quality, elongated bubbleprevails after the 
ontra
tion, yet the size of elongated bubbles is redu
ed when the aspe
tratio is in
reased. Comparisons amid the pressure 
hange data of this study and availableliterature data with the predi
tions of existing model/
orrelations indi
ated that none ofthem 
an a

urately predi
t the data.It was found that surfa
e tension and outlet tube size, or equivalently the Bond num-ber, play a major role for the departure of various models/
orrelations. Among the mod-els/
orrelations being examined, the homogeneous model showed a little better than theothers. Hen
e, by taking into a

ount the in�uen
es of gas quality, Bond number, Webernumber and area 
ontra
tion ratio into the homogeneous model, a modi�ed homogeneous
orrelation was proposed by [Chen et al. 2009℄:

∆p
 = ∆ph(1 + Ω1)(1 + Ω2)(1 + Ω3)
−0.08 (3.108)
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Ω1 = −0.99e

−13.1C1

C2 (3.109)
Ω2 = −39.4eC−0.25

1 (16.1C−1.5
3 − 13.2C−1.8

3 − 4.2C−1
3 )

Ω3 = 0.1C−13
3 C−3

4

C1 = Bo1.1(1 − x)0.9

C2 = 470e−σ−0.2A
C3 = WeBoσA(1 − x)−3

C4 = σ2.5A (1 − x)−1Note that this 
orrelation in
ludes 21 empiri
al 
onstants. Although the[Chen et al. 2009℄ 
orrelation has been 
ompared against available air-water data in theliterature and the predi
tions show a satisfa
tory a

ura
y, this 
orrelation and also themethod presented by [Chen et al. 2008a℄ are modi�
ations of the homogeneous model inorder to improve the predi
tions, but fall into the same physi
al in
onsisten
ies when 
on-sidering pseudo-homogeneous �uid where the vena-
ontra
ta phenomenon exists throughoutits entire range of appli
ation.Most experiments on the two-phase �ow pressure drop in sudden 
ontra
tions referredto in the literature have been 
arried out with steam/water and air/water mixtures. Thus,the physi
al properties of the �uids were not systemati
ally varied and, additionally, �owparameters like mass �ow quality and area ratio have been 
hanged only in minor ranges.Very little information for syntheti
 �uids have been found, and generally is for smallre
tangular 
hannels. Furthermore, the majority of 
orrelations are based on the homoge-neous model and does not give more physi
al information of the phenomena. As a 
on-sequen
e, the predi
tion of measured pressure drops by using available models will leadto inadequate results for refrigerants. The equations di�er mostly in the de�nition of themixture properties and a reliable model for 
al
ulating the 
ontra
tion 
oe�
ient in two-phase �ow. In summary, with the available experimental data it does not seem possible toreliably determine the pressure drop in a sudden 
ontra
tion for refrigerants as a fun
tionof primary parameters. Further, experimental investigations and theoreti
al analysis fortwo-phase �ow in sudden 
ontra
tions are ne
essary.3.3.2 Up- and downstream perturbation e�e
ts on the sudden 
on-tra
tion pressure dropA

ording to [Collier & Thome 1994℄, in single-phase �ow the velo
ity pro�le be
omes fullydeveloped at a maximum of 10 to 12 pipe diameters downstream of the singularity. Intwo-phase �ow, the distan
e downstream over whi
h the in�uen
e of the singularity is feltis greatly in
reased by up to ten times. [S
hmidt & Friedel 1997℄ suggested that for single-phase �ow, in a distan
e of about 1.5 times the entran
e-pipe diameter in front of thetransitional 
ross se
tion the �ow separates from the inner wall and 
ontra
ts to a jet witha narrowest 
ross se
tion immediately behind the transition. Hereafter, the jet enlarges andthe main �ow reatta
hes to the pipe wall in a distan
e of less than 14 times the outlet-pipediameter, depending on the �ow 
ondition.In general, the perturbation lengths up- and downstream of the sudden 
ontra
tiondepend on the passage 
ross-se
tion area ratio (σA), �uid properties and �ow 
onditions.There is a la
k of experimental data on this topi
 in the literature, espe
ially for syntheti
refrigerants; as a result, experimental tests will be performed to determine the perturbationlengths in our 
onditions.
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58 Chapter 3. State of the art review3.4 Chapter Con
lusionAn extensive review of the existing two-phase �ow models to predi
t pressure drops instraight tubes, return bends and sudden 
ontra
tions was presented. The models were
lassi�ed a

ording to the di�erent approa
hes used for their development. The main ex-perimental 
onditions (where available) of those methods were re
alled.A state-of-the-art review related to the existing studies on void fra
tion and �ow patternmaps in straight tubes and �ow visualization in return bends has also been 
arried out. Thefollowing 
on
lusions may be drawn from this literature review:
• The two-phase pressure drop predi
tion methods for water are not suitable for refrig-erants. For these �uids (whi
h is the topi
 of the thesis), �ve main predi
tion methodsmay be used: [Friedel 1979℄, [Grönnerud 1979℄, [Müller-Steinhagen & He
k 1986℄,[Moreno Quibén & Thome 2007℄ and [Revellin & Habers
hill 2009℄. These methodsare still based on numerous empiri
al 
onstants.
• The [Wojtan et al. 2005a℄ �ow pattern map for �ow pattern predi
tion of refrigerantsin straight tube is, so far, the most a

urate available in the literature. This map addsnew transition 
urves to de�ne annular-dryout and dryout-mist �ow transitions whi
hhave been integrated into the Thome-El Hajal version of the [Kattan et al. 1998a℄�ow pattern map. These modi�
ations provide a more a

urate predi
tion of the�ow regimes and signi�
antly improve the identi�
ation the in
eption of dryout.
• The void fra
tion predi
tion in straight tubes is still under investigation be
ause nogeneral method exists so far. The most a

urate method available for horizontal �owsseems to be that of [Rouhani & Axelsson 1970℄
• No void fra
tion measurements were performed so far in return bends nor in sudden
ontra
tions.
• No two-phase �ow visualizations were 
arried out for refrigerant �owing in sudden
ontra
tion.
• So far, the best predi
tion method for predi
ting the two-phase pressure drop inreturn bend seems to be that of [Padilla et al. 2009℄. However, this method shouldbe 
he
ked with di�erent geometries and refrigerants.
• In general, there are very little information in the literature on the perturbationlengths up- and downstream of a singularity. Furthermore, there is a la
k of experi-mental data on this topi
, espe
ially for syntheti
 refrigerants.
• As mentioned above, the two-phase pressure drop predi
tion methods for water insudden 
ontra
tions are not suitable for refrigerants. The existing predi
tion meth-ods are mainly developed for small re
tangular 
hannels. No two-phase pressure droppredi
tion method in sudden 
ontra
tion for refrigerants has been found in the liter-ature. Hen
e, further work is 
alled for to more thoroughly investigate these points,whi
h is the obje
tive of this thesis.
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Chapter 4Des
ription of the experiments
Contents4.1 Des
ription of the experimental test fa
ility . . . . . . . . . 594.1.1 Refrigerant 
ir
uit . . . . . . . . . . . . . . . . . . . . . . . . 604.1.2 Water-gly
ol 
ir
uit . . . . . . . . . . . . . . . . . . . . . . . 614.2 Des
ription of the test se
tions . . . . . . . . . . . . . . . . . 624.2.1 Test se
tion for �ow regime visualizations . . . . . . . . . . . 624.2.2 Test se
tion for perturbation lengths measurements . . . . . . 654.2.3 Test se
tion for pressure drop measurements . . . . . . . . . 684.3 Instrumentation and data a
quisition . . . . . . . . . . . . . 704.3.1 The LabView program . . . . . . . . . . . . . . . . . . . . . . 714.4 Measurements and a

ura
y . . . . . . . . . . . . . . . . . . . 754.4.1 Tube diameter . . . . . . . . . . . . . . . . . . . . . . . . . . 764.4.2 Tube lengths . . . . . . . . . . . . . . . . . . . . . . . . . . . 764.4.3 Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . 764.4.4 Fluid properties . . . . . . . . . . . . . . . . . . . . . . . . . 764.4.5 Mass �ow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 774.4.6 Mass velo
ity . . . . . . . . . . . . . . . . . . . . . . . . . . . 774.4.7 Pressure drop . . . . . . . . . . . . . . . . . . . . . . . . . . . 774.4.8 Energy balan
e . . . . . . . . . . . . . . . . . . . . . . . . . . 784.4.9 Vapor quality . . . . . . . . . . . . . . . . . . . . . . . . . . . 784.5 Experimental pro
edure . . . . . . . . . . . . . . . . . . . . . 784.6 Chapter Con
lusion . . . . . . . . . . . . . . . . . . . . . . . . 79This 
hapter des
ribes the 
on
eptualization, 
onstru
tion, 
omponents assembly and
ommissioning of the experimental setup used during the present PhD work. It was built insu
h a way that �ow visualization and two-phase pressure drop measurements in di�erentgeometries 
ould be done on the same system. The experimental stand was based on theexisting setup used by [Branes
u 2000℄ at Centre de Thermique de Lyon (CETHIL UMR-5008), National Institute of Applied S
ien
es (INSA de Lyon).4.1 Des
ription of the experimental test fa
ilityThe present experimental fa
ility 
onsists of two parallel 
ir
uits: the refrigerant 
ir
uit andthe water-gly
ol 
ir
uit. The test fa
ility is designed to allow single-phase and two-phasetests using various refrigerants.
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60 Chapter 4. Des
ription of the experiments4.1.1 Refrigerant 
ir
uitThe refrigerant 
ir
uit (Fig. 4.1), whi
h 
an be used to perform both pressure drop andvisualization tests, allows for the test se
tion's inlet and outlet properties (vapor quality,mass �ow rate, temperature) of the refrigerant �ow to be 
ontrolled. This 
ir
uit 
onsists ofa refrigerant pump (Verder, model 3LS7, 0.37 kW nominal power) whi
h delivers sub
ooledrefrigerant to the ele
tri
al heater. The refrigerant line splits into two bran
hes after thepump. The main line 
ontinues on to the Coriolis-type mass �ow meter (Danfoss MASSFLO2100). The by-pass line 
ontains two valves whi
h are used to divert �ow from the testse
tion for low mass �ow 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 whi
h allows to
ontrol the refrigerant mass �ow with an a

ura
y of ±5 kg·s−1.
Condenser

Subcooler

Pump

flowmeter

Heater

Liquid

P

 

type

Coriolis
reservoir

Water+glycol

Water+glycol

 

By-pass

Test section

Figure 4.1: Sket
h of the refrigerant 
y
le.After the Coriolis-type mass �ow meter, the main line 
ontinues to the ele
tri
al heater,whi
h is used to 
ontrol the vapor quality at the inlet of the test se
tion. The refrigerantthermal properties are measured at the outlet of the heater. The state of the liquid refrig-erant before the ele
tri
al heater is used as the starting point for 
al
ulations of propertiesfor the energy balan
e in the ele
tri
al heater.Some 
orre
tions on the �uid 
hara
teristi
s (x, Tsat) 
an be 
ondu
ted following thepro
edure explained in se
tion 2.6.3.1. The refrigerant is preheated and partially evaporated
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4.1. Des
ription of the experimental test fa
ility 61in the ele
tri
al heater to the desired vapor quality. The vapor quality entering the testse
tion is 
al
ulated from the energy balan
e on the ele
tri
al heater given by Eq. (4.1).The measurement devi
es used are dis
ussed later, in Se
tion 4.3.1.
x =

(Pheater
ṁ

)

+ hheater,in − hl
hlv (4.1)

hlv = hv − hl is the latent heat of vaporization and −(hheater,in − hl) 
orresponds tothe sub
ooling sensible heat. Pheater is the ele
tri
 power of the heater. As the ele
tri
alheater is well-insulated, heat losses on it may be negle
ted as 
ompared to the total heatele
tri
al power. The single-phase energy balan
e 
arried out on the heater is des
ribed inappendix B.The �uid passes through the test se
tion and is then 
ooled and 
ondensed in the
ondenser. The 
ondenser pressure is 
ontrolled by means of a water-gly
ol (20% V/V gly
ol
on
entration) �ow in the water-gly
ol 
ir
uit, with a temperature 
omprised between -6.0
◦C and 20.0 ◦C, that 
an be 
hosen by the operator. The 
ondenser is followed by a liquidre
eiver and a sub-
ooler, whose two-phase 
onditions are also 
ontrolled by the water-gly
ol�ow. The liquid re
eiver is used as a reservoir to ensure that sub-
ooled liquid enters therefrigerant pump and the 
oriolis �ow meter to measure the �ow of refrigerant in the testline.Before returning to the pump, the refrigerant is sub
ooled to ensure that no vapor�ows into the pump. The refrigerant mass �ow rate is adjusted by the operator using aby-pass and measured by means of a Coriolis-type mass �ow meter des
ribed below. All
omponents and tubes are well insulated with foam material.The test se
tion was 
onstru
ted to the required length that would allow for the �owto fully develop. It 
an be shut o� with valves and is equipped with a S
hrader valve forrefrigerant re
overy. The test se
tion is instrumented with the ne
essary temperature andpressure measurement devi
es. Two sight-glasses/moisture-indi
ators are used dire
tly up-stream of the ele
tri
al heater and refrigerant pump for visual veri�
ation of the refrigerantstate.The system is 
urrently usable with most 
ommon refrigerants and evaporation testsare planned using R-410A, R-134a and HFO-1234yf.4.1.2 Water-gly
ol 
ir
uitThe water-gly
ol 
ir
uit 
onsists of a hot and 
old side (heating loop and 
ooling loop). Allthe equipment of the water-gly
ol 
ir
uit are independent of the refrigerant 
ir
uit. Thewater-gly
ol mixture is used to ex
hange heat with the refrigerant side at the 
ondenser andthe sub-
ooler. The supply of high and low temperature �ows is 
ontrolled by a DanfossAMB 162 a
tuated 4-ways valve whi
h, ultimately, 
ontrols the saturation pressure at the
ondenser. To in
rease the saturation pressure in the 
ondenser, the 4-ways valve opensthe heating loop allowing the high temperature �ow to enter to the 
ondenser. To de
reasethe saturation pressure the 4-ways valve 
loses the heating loop and the low temperature�ow from the 
ooling loop enters into the 
ondenser. A PID 
ontroller (West model 6100+)drives the 4-ways valve in order to obtain a spe
i�
 saturation pressure for the tests.The water-gly
ol heating loop, 
onsists of a 
entrifugal pump (Pedrollo model CP-130,0.37 kW nominal power) whi
h delivers water-gly
ol mixture to the �rst water ele
tri
alheater (Vul
ani
 model DN80, 9 kW nominal power), namely a 9 kW ele
tri
al heater. Themixture is heated to a maximum value of 50 ◦C and then the �ow at high temperatureenters to the 4-ways valve.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



62 Chapter 4. Des
ription of the experimentsIn the water-gly
ol 
ooling loop, after the 4-ways valve, the water-gly
ol mixture entersinto the se
ond water ele
tri
al heater (Vul
ani
 model DN80, 30 kW nominal power),namely a 30 kW ele
tri
al heater. This ele
tri
al heater is pla
ed to avoid the freezingof the water-gly
ol mixture and the low pressure 
ut-o� of the 
hiller. After the se
ondele
tri
al heater, the mixture is 
ooled in a TRANE outdoor 
hiller (model VGA 100, 25.7kW 
ooling 
apa
ity) to a minimum temperature of -6 ◦C. To avoid temperature os
illationsat the 
hiller outlet, a liquid vessel (40 l) has been pla
ed downstream of the 
hiller. Afterthe liquid vessel, a PT-100 probe driven by a se
ond PID 
ontrol (West model 6100+),regulates the water-gly
ol mixture temperature by modifying the heating power in these
ond ele
tri
al heater. Finally, the �ow at low temperature enters the 4-ways valve.4.2 Des
ription of the test se
tionsThe experimental setup is designed to perform �ow regime visualizations and pressure dropmeasurements. The test se
tions 
on
eived to this end are presented below.4.2.1 Test se
tion for �ow regime visualizations4.2.1.1 Flow regime visualizations in straight tubesFigure 4.2 shows the test se
tion for visualizing �ow regimes. This se
tion 
onsists in a 6.70mm inner diameter glass tube whi
h has been dis
retized into three se
tions (1-2, 2-3 and3-4, see Fig. 4.2(a)).In order to visualize �ow regimes simultaneously from the top and the side views of thestraight tube se
tion 1-2, a mirror was settled down behind the glass tube. Figure 4.2(b)shows a sket
h of the array glass tube - mirror for visualizing both top and side views ofthe �ow regimes in straight tube se
tion. Observations of �ow patterns are obtained fromimages given by a high speed high resolution 
amera (Photron model Fast
am 1024 PCI).Relevant spe
i�
ations of the high speed 
amera are listed in Table 4.1.Table 4.1: Relevant information of the high speed 
amera.Camera Type : FASTCAM-1024PCIModel : 100KRe
ord Rate(fps) : 2000Shutter Speed(s) : 1/40000Total Frame : 3072Image Width (px) : 1024Image Height (px) : 512Color Bit : 8File Format : Jpeg
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45°(b)Figure 4.2: Sket
h of the test se
tion for �ow regime visualizations in straight tubes.[Padilla et al. 2011a℄.4.2.1.2 Flow regime visualizations in return bendsTo visualize �ow regimes in return bends, the same glass tube utilized to visualize the �owregimes in straight tubes was used. Tube orientation was also 
hanged (see Fig. 4.3) to getthe inlet �ow in the short se
tion of the glass tube (se
tion 1-2). This arrangement allowsto visualize the �ow regimes upstream (se
tion 1-2), along the entire return bend (se
tion2-3) and also the �ow re
overy downstream of the return bend (se
tion 3-4). In addition,Fig. 4.3 shows the glass tube disposition to visualize horizontal or verti
al �ow regimes inthe return bend.4.2.1.3 Flow regime visualizations in sudden 
ontra
tionA similar arrangement to that used for visualize �ow regimes in straight tubes is used tovisualize simultaneously from the top and the side views in a sudden 
ontra
tion (Fig. 4.4).A 10 mm inner diameter glass tube with σA = 0.49 was used as a se
tion to visualize
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4.2. Des
ription of the test se
tions 654.2.2 Test se
tion for perturbation lengths measurementsIn order to determine the �ow re
overy length ne
essary to make a 
orre
t pressure dropmeasurement downstream of singularities su
h as return bends or the sudden 
ontra
tion,[Padilla et al. 2011b℄ presented two adiabati
 test se
tions for �ow re
overy length measure-ments downstream of a return bend (Fig. 4.5). This se
tion was made of smooth 
oppertubes (D = 7.90 mm) and two thermo
ouples were pla
ed at the inlet and the outlet ofthe test se
tion in the 
enter of the �ow. The desired vapor quality at the inlet of the testse
tion was obtained by adjusting the power of the ele
tri
al heater.
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Figure 4.5: Sket
h of the se
tions used to determine the �ow re
overy length down-stream of the return bend. [Padilla et al. 2011b℄As explained in [Padilla et al. 2011b℄, to 
he
k if the perturbation length upward thepressure tap was su�
ient to make a 
orre
t pressure drop measurement downstream ofthe return bends, two pressure drop tests in straight tubes using refrigerant HFO-1234yfwere 
arried out by 
onsidering two di�erent inlet pressure tap lo
ations. In the �rst test,the pressure drop was measured along the straight tube (D = 7.90 mm, L0 = 1000 mm)with the �rst pressure tap lo
ated approximately 50D ≈ 400 mm downstream of the returnbend. For the se
ond test, the �rst pressure tap was lo
ated approximately 20D ≈ 160 mmdownstream 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 re
overy length of 20D does not deviatesigni�
antly (±5%) from the straight tube pressure drop measured at 50D. In this sense,to minimize the test se
tion size, the minimal �ow re
overy length of 20D was sele
ted tolo
ate the pressure taps downstream of the return bends. In addition, authors 
omparedthe straight tube pressure gradients to the models of [Müller-Steinhagen & He
k 1986℄ and[Moreno Quibén & Thome 2007℄. Results showed that the data were 
omprised betweenthese two models.In order to double-
he
k the perturbation e�e
ts up- and downstream of the singularity(return bends, sudden 
ontra
tions), two test se
tions for perturbation lengths measure-ments have been developed.
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tional pressure drop in straight tubes vs. vapor qualityfor two �ow re
overy lengths upstream of the straight tube, namely 20D and 50D.[Padilla et al. 2011b℄
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4.2. Des
ription of the test se
tions 674.2.2.1 Test se
tion for perturbation length measurements up- anddownstream of a return bendFigure 4.7, shows the test se
tion for perturbation length measurements up- and down-stream of a return bend. This test se
tion leads to measure the total pressure drop alongthe return bend with the pressure taps pla
ed at di�erent up- and downstream lo
ations.In this sense, to determine the perturbation length downstream of the return bend, thetotal pressure drop is measured from a pressure tap positioned 50D upstream of the returnbend to di�erent pressure taps lo
ated at 5D, 10D, 20D, 30D and 50D downstream of thereturn bend. A similar pro
edure has been 
ondu
ted to determine the upstream pertur-bation length measuring the total pressure drop from di�erent pressure taps lo
ated at �vedi�erent lengths upstream of the return bend to the pressure tap lo
ated 50D downstreamof the return bend.
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Figure 4.7: Test se
tion used to measure the perturbation lengths up- and down-stream of a return bend.4.2.2.2 Test se
tion for perturbation length measurements up- anddownstream of a sudden 
ontra
tionTo make a 
orre
t pressure drop measurement whi
h in
ludes the e�e
ts 
aused by abrupt�ow area 
hanges upstream and downstream of the sudden 
ontra
tion, a spe
i�
 testse
tion was developed (Fig. 4.8). This test se
tion was made of smooth 
opper tubes andin
ludes two straight tubes (D = 7.90 mm and D = 5.30 mm ), one sudden 
ontra
tion andtwo return bends. The downstream segment of the test se
tion has 4 pressure taps spa
ed15D2, 30D2, 70D2 and 100D2 from the singularity, and the upstream one has 4 pressure tapsspa
ed 15D1, 28D1, 70D1 and 100D1 from the singularity. The pressure taps are 
onne
tedto two manifolds by �exible plasti
 tubing and these manifolds are 
onne
ted to a di�erentialpressure transdu
er. Through this arrangement, the pressure di�eren
e between adja
ent
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
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68 Chapter 4. Des
ription of the experimentspairs of pressure taps 
an be measured using the same transdu
er. Contrary to the returnbends, no perturbation lengths information for two-phase �ow up- or downstream of thesudden 
ontra
tion were found in the literature.
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Figure 4.8: Test se
tion used to measure the perturbation lengths up- and down-stream of a sudden 
ontra
tion.This arrangement allows to 
ompare several lengths in order to determine whi
h isthe minimal length needed to lo
ate the pressure taps in the test se
tion. Several testshave been 
arried out to determine these lengths. The 
omplete des
ription (experimental
onditions and results) is given in Chapter 7. For two di�erent �uids su
h as R-134a andR-410A refrigerants, the results obtained show that there was no signi�
ant di�eren
e forthe sudden 
ontra
tion pressure drop measured above 70D downstream and above 28Dupstream of the singularity.4.2.3 Test se
tion for pressure drop measurementsFor pressure drop measurements, the experimental setup used a 3105 mm long adiabati
 testse
tion (Fig. 4.9) whi
h is made of smooth 
opper tubes and in
ludes two straight tubes,two return bends and one sudden 
ontra
tion. The test tubes 
an be set horizontally orverti
ally. The saturation pressure is measured using an absolute pressure transdu
er (JPBmodel Tb233) lo
ated at the outlet of the test se
tion. In addition, two thermo
ouplesare pla
ed at the inlet and the outlet of the test se
tion in the 
enter of the �ow. Thedesired vapor quality at the inlet of the test se
tion is obtained by adjusting the power ofthe ele
tri
 heater.A straight entran
e tube of inner diameter 10.85 mm and 550 mm (50D) long is lo
atedupstream of the �rst straight tube of the test se
tion to a
hieve a fully-developed �ow
ondition. A di�erential pressure transdu
er (Rosemount 3051C) is used to measure thepressure drop a
ross the �rst straight tube (D = 10.85 mm, L0 = 1000 mm). The pressuregradient along the �rst return bend (2R/D = 3.68) is measured from a se
ond di�erential
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
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tion for pressure drop measurements. L0 = 1000 mm ≈ 92D,
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70 Chapter 4. Des
ription of the experimentspressure transdu
er (Elsag Baley type PTS). The pressure tap is lo
ated 210 mm ≈ 20D(L2) downstream of the return bend. 300 mm ≈ 28D downstream of the pressure tap the�ow passes a
ross a sudden 
ontra
tion to obtain a new tube diameter. A straight tube oflength 650 mm ≈ 82D is dire
tly 
onne
ted downstream of the sudden 
ontra
tion for the�ow re
overy.The di�erential pressure transdu
ers des
ribed above are used to measure the pressuredrop a
ross the se
ond return bend (2R/D = 4.05) and the se
ond straight tube (D = 7.90mm, L6 = 1000 mm) by using a set of 11 valves in two manifolds (Fig. 4.10). The pressuretap is lo
ated 165 mm ≈ 20D downstream of the se
ond return bend. As explained inse
tion 3.2.1, the �ow re
overy length of 9D downstream of the return bend is respe
ted.
Differential pressure

 transducer 1
Differential pressure 

transducer 2

Figure 4.10: Details of the manifolds and valves arrangement for pressure dropmeasurements. Continuous lines show the 
onne
tions for straight tube pressuredrop measurements. Dashed lines show the 
onne
tions for the return bends andthe sudden 
ontra
tion pressure drop measurements.4.3 Instrumentation and data a
quisitionThe experimental setup, as des
ribed above, is 
ompletely monitored using a 
omputer.Signals from the thermo
ouples, pressure transdu
ers and the mass �ow meter are 
olle
tedby a 
omputerized data a
quisition system (Fig. 4.11). The entire a
quisition systemin
ludes:1. Laptop.2. LabView 8.2, a graphi
al data a
quisition programming language (National Instru-ments, 2006). A LabView program was written to perform system monitoring anddata a
quisition (Se
tion 4.3.1).3. One KEITHLEY Data A
quisition model 2701 with two slot 
ards allowing for mul-tiple measurements up to 40 
hannels.4. Two (2) DC/DV ele
tri
 sour
es. These sour
es are 
apable of supplying 24 V. Theyare used to supply power to di�erential pressure transdu
ers.
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4.3. Instrumentation and data a
quisition 715. One Hyoki 3193 power tester unit to 
ontrol the phases of the refrigerant ele
tri
alheater.6. Two (2) PID 
ontrollers for the 4-ways valve and the PT-100 for the water-gly
ol
ooling loop4.3.1 The LabView programThe data a
quisition program was developed in National Instruments' LabView. Thisinterfa
e utilizes the inputs re
eived from sensors to a
hieve the data a
quisition. Thesensors utilized by the LabView software are presented in Table 4.2.Table 4.2: Equipment utilized by the LabView software ba
kbone in the two-phaseexperimental setup.Equipment Range In
ertitudeK-Type thermo
ouple: -30 - 300 ◦C ±0.1KPT-100 probe 
lass B: -50 - 450 ◦C ±0.1KRosemount 3051C pressure transdu
er: 25 Pa - 27.6 MPa ±0.04%Elsag Baley pressure transdu
er: 0 - 33.29 kPa ±0.1%Danfoss 
oriolis-type mass �ow meter: 0 - 5600 kg· h−1 ±0.15%Hyoki power tester: 0 - 10 kW ±0.001 kWThe main LabView VI (Virtual Instrument) performs the data a
quisition operationsrequired. As shown in Figure 4.12, the program is divided into two 'tabs'; ea
h one ofthese is utilized to show the salient information of ea
h 
ir
uit des
ribed in se
tion 4.1.It is important to note that there are several data whi
h are not pla
ed inside tabs; dueto the fa
t that they are, in general, part of the 
al
ulation pro
edure to obtain the �nalparameters tabbed for monitoring purposes. These in
lude the enthalpies for the energybalan
e, signal 
onversion from 4 - 20 mA to Pa, Reynolds number, et
.The water-gly
ol 
ir
uit tab allows the operator to 
he
k the inlet and the outlet water-gly
ol temperatures in the 
ondenser and the sub-
ooler. In the refrigerant 
ir
uit tab(LabView front panel) are in
luded:
• Refrigerant: for refrigerant sele
tion (R-410A, R-134a or HFO-1234yf).
• Refrigerant ele
tri
al heater power supply: gives in real-time the 
orresponding powersupply of ea
h three phases of the ele
tri
al heater. In this sense, Phase 1 is a variablephase that let modify the power supply in a range from 0 to 3.4 kW. Phases 2 and3 are �xed to 3.3 kW ea
h one. The total power supply in the refrigerant ele
tri
alheater is up to 10 kW.
• Test se
tion operational 
onditions: TC01, TC02, ∆p, pabs, ∆pRosemount, ∆pElsag Baleyand pabs are 
al
ulated by the relations (4.2), (4.3) and (4.4) respe
tively. Theserelations are given by the manufa
turer.

∆pRosemount = 25012.1485(I)− 5002.1176 (4.2)
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



72
Chapter4.Des
riptionoftheexperiments

TCP IP 10/100

Motor

pump

F

Flow meter

Refrigerant heater

Condenser

Sub-cooler

Liquid Receiver

V-11

V-12

V-13

V-14

V-16

Test section

V-18

V-17

4-ways valve

F

rotameter

Chiller

Water heater

V-23

V-22

V-21

V-26

V-21a

V-26a

V-25

V-24

Water pump

out

in

yellow

V-25

green

Red

in

out

V-15

P-64

C
H

10
1

C
H

10
2

C
H

10
3

C
H

10
4

C
H

1
1
1

C
H

1
1
2

C
H

1
1
3

C
H

1
1
4

+

C
H

10
5

C
H

10
6

C
H

10
7

C
H

10
8

C
H

1
1
5

C
H

1
1
6

C
H

1
1
7

C
H

1
1
8

C
H

10
9

C
H

1
1
9

C
H

11
0

C
H

1
2
0

C
H

2
0
1

C
H

2
0
2

C
H

2
0
3

C
H

2
0
4

C
H

2
1
1

C
H

2
1
2

C
H

2
1
3

C
H

2
1
4

+

C
H

2
0
5

C
H

2
0
6

C
H

2
0
7

C
H

2
0
8

C
H

2
1
5

C
H

2
1
6

C
H

2
1
7

C
H

2
1
8

C
H

2
0
9

C
H

2
1
9

C
H

2
1
0

C
H

2
2
0

TC-1 TC-2

TC-9

P-1
P-2

S-2P-12

TC-3

TC-4

TC-5

TC-7

TC-8

TC-10

PT-100

TC-11

TC-12

S-7

Power tester

K
e

ith
le

y
 c

a
rd

 1

K
e
it
h

le
y
 c

a
rd

 2

LabView Virtual Instrument

filter

visor

Visor

TC6

P-3

2 mm

2 mm

Figure4.11:Experimentalfa
ilitypipeandinstrumentationdiagram.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



4.3. Instrumentation and data a
quisition 73

(a) Refrigerant 
ir
uit

(b) Water-gly
ol 
ir
uitFigure 4.12: LabView VI (Virtual Instrument).
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74 Chapter 4. Des
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∆pElsag Baley = 37349.390365(I)− 7529.71 (4.3)

pabs = 24.85165(I)− 3.10386 (4.4)where I is the 
urrent expressed in [A℄.
• Condenser outlet temperature: TC03.
• Main liquid line temperature (before Coriolis mass �ow meter): TC04.
• Refrigerant ele
tri
al heater inlet and outlet temperatures: TC05 and TC06.
• Sub-
ooler water-gly
ol inlet and outlet temperatures: TC07 and TC08.
• Condenser water-gly
ol inlet and outlet temperatures: TC09 and TC10.
• Mass �ow rate (ṁ): 
al
ulated by the relation (4.5) given by the manufa
turer.

ṁ = 437.5(I)− 87.5 (4.5)
• Mass velo
ity (G): mass velo
ity 
orresponding to ea
h pipe inner diameter (D) is
al
ulated following the expression introdu
ed in se
tion 2.5.1, where A = πD2/4.
• Vapor quality (x): the vapor quality entering the test se
tion is 
al
ulated from theenergy balan
e on the ele
tri
al heater given by Eq. (4.6):

∆x =

(Pheater
ṁ

)

− (hl − hheater,in)
hlv (4.6)where hlv = hv−hl is the latent heat of vaporization and (hl−hheater,in) 
orrespondsto the sub-
ooling sensible heat. Pheater is the ele
tri
al power of the heater. Whenthe pressure drop related to the fri
tional dissipation term rea
hes non-negligiblevalues and provokes the so-
alled �ashing (see se
tion 2.6.3.1), the �ashing e�e
t is
al
ulated using the relation (2.50).

• All thermodynami
 properties su
h as saturation temperature (Tsat), enthalpy (h),density (ρ), vis
osity (µ) and surfa
e tension (σ) for refrigerants R-410A and R-134ahave been obtained from the NIST thermodynami
 properties of refrigerants andrefrigerant mixtures database [M
Linden et al. 2007℄. The thermodynami
 propertytables of the refrigerant HFO-1234yf have been generated using the REFPROP soft-ware with the last updated properties library. Appendix C provides informationabout physi
al properties of these refrigerants.
• A running history of the mass velo
ities, pressure drops and �uids (both the refrig-erant and the water-gly
ol mixture) temperatures are presented in time dependentgraphs.
• Error indi
ators are also available. These indi
ators provides important informationin order to notify if any system parameters falls over or runs over the spe
i�ed safetylimits.
• The 'Save' button is used to manually spe
ify the �le name 
onvention, and thedire
tory used for saving, as well as the number of samples to 
apture per saved datapoint (30 by defe
t).
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4.4. Measurements and a

ura
y 754.4 Measurements and a

ura
yThis se
tion introdu
es the root-sum-square (RSS) 
ombination, the basi
 form used for
ombining un
ertainty 
ontributions in multiple-sample analysis. In this se
tion, the term
δXi refers to the un
ertainty in Xi in a general and nonspe
i�
 way: whatever is beingdealt with at the moment (for example, �xed errors, random errors, or un
ertainties).Consider a variable X , whi
h has a known un
ertainty δX . The form for representingthis variable and its un
ertainty is:

X = Xi(measured) ± δXi (4.7)The value of Xi(measured) represents the observation in a single-sample experiment or themean of a set of N observations in a multiple-sample experiment. The value of δX represents
2σ for a single-sample analysis, where σ is the standard deviation of the population ofpossible measurements from whi
h the single sample X , was taken. For multiple-sampleexperiments, δXi 
an have three meanings. It may represent tS(N)/

√
N for random error
omponents, where S(N) is the standard deviation of the set of N observations used to
al
ulate the mean value X̄i and t is the Student's t statisti
 appropriate for the numberof samples N and the 
on�den
e level desired. Finally, δXi may represent U.95, the overallun
ertainty in Xi.The result R of the experiment is assumed to be 
al
ulated from a set of measurementsusing a data interpretation program (by hand or by 
omputer) represented by:R = R(X1, X2, X3, X4, · · · , XN) (4.8)The e�e
t of the un
ertainty in a single measurement on the 
al
ulated result, if onlythat one measurement were in error would be:

δRXi =
∂R
∂Xi δXi (4.9)The partial derivative of R with respe
t to Xi is the sensitivity 
oe�
ient for the resultR with respe
t to the measurement Xi. When several independent variables are used in thefun
tion R, the individual terms are 
ombined by a root-sum-square method.

δR =

{

N
∑

1

(

∂R
∂Xi δXi)2

}1/2 (4.10)Equation (4.10) is the basi
 equation of un
ertainty analysis. Ea
h term represents the
ontribution made by the un
ertainty in one variable, ∂Xi, to the overall un
ertainty in theresult, δ R. Ea
h term has the same form: the partial derivative of R with respe
t to Ximultiplied by the un
ertainty interval for that variable.A

ording to [Mo�at 1988℄, in many appli
ations, the un
ertainty estimate is wanted asa fra
tion of reading, rather than in engineering units. While this 
an always be 
al
ulated,starting from the results of the general form in Eq. (4.10), it is sometimes possible to do the
al
ulation of relative un
ertainty dire
tly. In parti
ular, whenever the equation des
ribingthe result is a pure "produ
t form," su
h as Eq. (4.11), or 
an be put into that form, thenthe relative un
ertainty 
an be found dire
tly. That is, if:R = R(Xa
1 , Xb

2, X
c
3 , X

d
4 , · · · , Xm

M ) (4.11)then
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76 Chapter 4. Des
ription of the experiments
δRR =

{

(

a
∂X1
X1 )2

+

(

b
∂X2
X2 )2

+

(

c
∂X3
X3 )2

+

(

m
∂Xm
Xm )2

}1/2 (4.12)This is a natural and 
onvenient approa
h in situations when the un
ertainties of the
omponent measurements are des
ribed in terms of per
ent of reading and the result isneeded in the same terms. The exponent of Xi be
omes its sensitivity 
oe�
ient.4.4.1 Tube diameterTube diameters have been measured with a digital vernier 
aliper with a resolution of ±0.03mm. The measurements for ea
h diameter have been 
arried out on two samples 
hosenamong the same tube used in the test se
tion fabri
ation. 8 measurements have been madefor ea
h diameter. The results are obtained using the Student distribution. The un
ertaintyobtained for the lower diameter used in the present study (D = 5.30 mm) is less that 0.6
%.4.4.2 Tube lengthsTube lengths are measured with an error less than 0.5 mm. This un
ertainty 
omes dire
tlyfrom the measurement instrument.

∆L = 5 × 10−4m (4.13)The minimal tube length measured is 100 mm, thus the relative error is 0.5 %.4.4.3 TemperatureAll the thermo
ouples are K-type and 
ome from the 
ompany Serv-Instrumentation. Theyhave been 
alibrated with two referen
e platinum probes in a temperature range from -20 ◦C to 40 ◦C. A se
ond degree polynomial equation has been applied to 
orre
t themeasurements. The absolute error is:
∆T = 0.1K (4.14)4.4.4 Fluid propertiesThe �uid properties were 
al
ulated from a temperature measurement by applying a linearregression of the 3rd order determined with REFPROP software.

X = a0 + a1T + a2T
2 + a3T

3 (4.15)and the 
orresponding un
ertainty is:
∆X =

[

a1 + 2a2T + 3a3T
2
]

∆T (4.16)The 
oe�
ients a0, a1, a2 and a3 for the R-134a enthalpy 
al
ulations are given in theTable 4.3.For example, for a given temperature of 30 ◦C the results for the enthalpies for R-134aare hl = 241712 J·kg−1 ±0.06% and hv = 414853 J·kg−1 ±0.01%. As 
an be seen, therelative errors made on the enthalpy 
al
ulations are negligible.
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4.4. Measurements and a

ura
y 77Table 4.3: Coe�
ients for the refrigerants enthalpy 
al
ulations.Fluid R-134a R-410A HFO-1234yf
hl hv hl hv hl hv

a0 200002.6 398600.1 200007.3 421297.8 36922.1 200100.1
a1 1343.4 583.6 1513.12 314.8 1296.5 656.2
a2 1.3 -1.0 2.4 -3.4 1.7741 -0.817
a3 0.0088 -0.0131 0.0316 -0.0518 0.0049 -0.0104

4.4.5 Mass �owThe spe
i�
ations of the Danfoss MASSFLO 2100 Coriolis-type mass �ow meter are indi-
ated as follows: for ṁ ≥ 5% (full s
ale) kg · s−1, ∆ṁ = 0.15%ṁ (4.17)for ṁ < 5% (full s
ale) kg · s−1, ∆ṁ = ±

√

(0.15)2 +

(

66

ṁ

)2

%4.4.6 Mass velo
ityThe de�nition of the mass velo
ity G was introdu
ed in se
tion 2.5.1. It 
an be expressedfor a 
ir
ular pipe as:
G =

4ṁ

πD2
(4.18)The un
ertainty for G is:

∆G = G

√

(

∆ṁ

ṁ

)2

+

(

2
∆D

D

)2 (4.19)The mass velo
ity ranges from 186.7 kg·m−2·s−1 (for D = 10.45 mm) to 1702.2kg·m−2·s−1 (for D = 7.90 mm). Thus the un
ertainties are:
G = 186.7 kg ·m−2 · s−1 ± 0.5% forD = 10.45mm
G = 1702.2 kg ·m−2 · s−1 ± 1.3% forD = 7.90mm4.4.7 Pressure dropThe pressure transdu
ers are 
onne
ted to a Keithley data a
quisition system. The nominalun
ertainty given by the manufa
turers are ± 0.10 % for the Elsag Baley transdu
er and

± 0.04 % for the Rosemount 3051CD in overall measure range. The total performan
ein
ludes the errors due to nominal un
ertainty, environment temperature e�e
t and stati
pressure efe
t. This nominal un
ertainty in
ludes to the hysteresis errors, the linearity asa fun
tion of s
ale limit values and the repeatability of measurements.
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78 Chapter 4. Des
ription of the experiments4.4.8 Energy balan
eThe power supplied to the ele
tri
al heater in the refrigerant 
ir
uit is dire
tly measuredusing the HIOKI 3193 POWER HiTESTER. The power measurements a

ura
y given bythe manufa
turer is ± 1 W. If 
onsidering the pressure drop measurements for R-410A, theentire range of power supplied to the ele
tri
al heater was from 0.311 ± 0.001 kW to 10.378
± 0.001 kW. The un
ertainty is less than 0.33 %. The des
ription of the un
ertainties of thesingle-phase energy balan
e 
arried out on the ele
tri
al heater is presented in Appendix B.4.4.9 Vapor qualityThe vapor quality entering the test se
tion is 
al
ulated from the energy balan
e on theele
tri
al heater given by Eq. (4.1):

x =

(Pheater
ṁ

)

+ hheater,in − hl
hlvThe absolute error is expressed as:

∆x =
1

hlv√(∆Pheater
ṁ

)2

+

(Pheater∆ṁ

ṁ2

)2

+ (∆hheater,in)2 + (∆hl)2 + (x∆hlv)2 (4.20)where ∆hl, ∆hheater,in and ∆hlv are given by Eq. (4.16).For example, if 
onsidering the most 
riti
al operation test 
onditions for R-410A (lowmass velo
ity and high vapor quality) as x = 0.96, Tsat = 10.1 ◦C, Pheater = 3.965 kW,
ṁ = 0.019 kg·s−1, Tl = 4.1 ◦C and Theater,in = 10.4 ◦C, the un
ertainty is less than 0.82 %.4.5 Experimental pro
edureOn
e the 
ommissioning pro
edure is �nished (the system is 
onsidered leak-free and is
harged with the proper refrigerant) the system is ready to be started. It is ne
essary to
he
k that the water-gly
ol supply temperatures are within toleran
es. In the 
ase of the
ooling water-gly
ol supply, the mixture temperature should be between -3 - 0 ◦C, while inthe heating water-gly
ol loop, the mixture temperature should be between 30 - 35 ◦C. Toget these 
onditions, the �rst step is to start up the 
hiller and the 30 kW ele
tri
al heaterin the 
ooling water-gly
ol loop (see se
tion 4.1.2). Then, the 
entrifugal pump and the 9kW ele
tri
al heater. For se
urity reasons, it is very important not to start up the ele
tri
alheaters without having a proper water-gly
ol �ow in both loops.Before starting up the refrigerant 
ir
uit, all valves in the refrigerant loop need to be fullyopened. In the main 
ontrol panel, there are 9 swit
hes whi
h a
tivate the refrigerant pump,the water-gly
ol pump, the Coriolis-type mass �ow meter, the 4-ways valve, the absolutepressure transdu
er and ea
h phase of the refrigerant ele
tri
al heater. The last swit
hgoverns the power supply to the experimental fa
ility. An emergen
y stop button is alsoavailable. In the operation of this experimental fa
ility, all proto
ols for industrial hygieneand safety (in
luding those under spe
ial regulations related to refrigerants handling) havebeen respe
ted.
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4.6. Chapter Con
lusion 794.6 Chapter Con
lusionThe existing �ow boiling test fa
ility used by [Branes
u 2000℄ at the Centre Thermique deLyon (CETHIL UMR-5008) has been su

essfully modi�ed and adapted to the di�erenttest 
onditions and measurement methods required by the present PhD work. Two newtest se
tions for �ow regime visualization and pressure drop measurements have been su
-
essively implemented into the modi�ed test rig. The visualization test se
tion allows tovisualize �ow regimes in straight tubes, sudden 
ontra
tions and return bends. The latter
an be pla
ed horizontally and verti
ally. The test se
tion for pressure drop measurements
onsists of �ve se
tions: two straight tubes (7.90 mm and 10.45 mm inner diameter), tworeturn bends and one sudden 
ontra
tion. This 
on�guration allows the tests to be run inorder to obtain experimental two-phase pressure drop values under adiabati
 
onditions.Regarding the test se
tion design, to minimize the test se
tion length, the minimal �owre
overy length of 20D was sele
ted to lo
ate the pressure taps downstream of the returnbends. Con
erning the sudden 
ontra
tion, the minimal �ow re
overy length of 82D wassele
ted to lo
ate the pressure taps downstream of the singularity.A mirror was settled down behind the glass tube in the visualization test se
tion in orderto visualize �ow regimes simultaneously from the top and the side views of the straight tubeand sudden 
ontra
tions. Observations of �ow patterns are obtained from images given bya high-speed high-resolution 
amera.No two-phase �ow regimes visualization of refrigerants in sudden 
ontra
tion, returnbends nor the top and the side views simultaneously of the straight tube have been foundin the literature. Hen
e, investigations related to these points are one of the obje
tives ofthe present thesis.
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Chapter 5Two-phase �ow in straight tubes
Contents5.1 Experimental pro
edure . . . . . . . . . . . . . . . . . . . . . 815.1.1 Single-phase experiments . . . . . . . . . . . . . . . . . . . . 815.1.2 Data redu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . 815.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . 835.2.1 Two-phase �ow visualization in straight tubes . . . . . . . . 835.2.2 Two-phase pressure drop in straight tubes . . . . . . . . . . . 875.3 Chapter 
on
lusions . . . . . . . . . . . . . . . . . . . . . . . . 94This 
hapter presents the results for two-phase �ow regime visualizations for the nextgeneration HFO-1234yf and the well known R-134a refrigerants in straight tubes. In addi-tion, a new pressure drop database measured during two-phase �ow of refrigerants HFO-1234yf, R-134a and R-410A in horizontal straight tubes is presented. The results are
ompared against 10 well-known two-phase fri
tional pressure drop predi
tion methods. Astatisti
al analysis for ea
h �ow regime was also 
arried out.5.1 Experimental pro
edure5.1.1 Single-phase experimentsIn order to 
he
k the measurements made with the present experimental fa
ility, an energybalan
e and single-phase pressure drop measurements have been 
arried out. The energybalan
e (Fig. 5.1(a)) depi
ts a Mean Relative Error less than 1%. The single-phase pressuredrop data have been 
ompared to the Blasius 
orrelation for smooth tubes with a MRE lessthan 0.5% (Fig. 5.1(b)). The test fa
ility is thus validated.5.1.2 Data redu
tionIn order to obtain the values of the straight tube pressure gradient, the pressure drops instraight tubes have been measured and divided by the appropriate length:

(

−
dpdz)st =

∆pst
Li

(5.1)where Li = L0 = 1000 mm for D = 10.85 mm and Li = L6 = 1000 mm for D = 7.90mm, (see Fig. 4.9). For D = 5.3 mm, the test se
tion depi
ted in Fig. 4.8 has been used
onsidering L0 = 1000 mmIn the experiments, the maximum pressure drop measured from the outlet of the ele
-tri
al heater (where the vapor quality is 
al
ulated) to the outlet of the test se
tion 
an
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tion fa
tor vs. Re for straight tube.Figure 5.1: Energy balan
e and single-phase pressure drop measurements.[Padilla et al. 2011a℄
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5.2. Experimental results 83rea
h up to 0.83 bar. This pressure drop is not negligible and provokes a �ashing e�e
t(see se
tion 2.6.3.1) and a temperature di�eren
e. The �ashing e�e
t is 
al
ulated usingthe relation (2.50).The maximum vapor quality variation ∆x due to the �ashing e�e
t from the outlet ofthe ele
tri
al heater to the outlet of the test se
tion is 0.02. As a 
onsequen
e, the variationof the vapor quality along the tubes has been taken into a

ount. This in
rease in the vaporquality indu
es a momentum pressure drop. The ratio of the momentum pressure drop tothe total pressure drop over the whole length of the 
ir
uit from the outlet of the ele
tri
alheater to the outlet of the test se
tion was found to be always lower than 2.6 %. As thetest se
tion used to obtain the pressure drop data is mu
h shorter than the whole lengthof the 
ir
uit (about 4 times shorter), the additional momentum pressure drop in the testse
tion 
an thus be negle
ted. In addition, the maximum temperature di�eren
e due tothe pressure drop along the tube is up to 2.3 K. As a result, the saturation temperature isre
al
ulated at the inlet of ea
h straight tube,return bend and sudden 
ontra
tion.5.2 Experimental results5.2.1 Two-phase �ow visualization in straight tubesFlow regimes of HFO-1234yf and R-134a have been observed in the range of mass velo
itiesfrom 297 to 512 kg·m−2·s−1, vapor qualities from 5 to 90 % and Tsat from 9.5 to 10.5◦C.Both top and side views were re
orded simulaneously.Flow regime visualizations of HFO-1234yf and R-134a have been 
ompared to the[Wojtan et al. 2005a℄ �ow pattern map. It is important to note, that this �ow patternmap was developed for R-22 and R-410A inside a 13.6 mm horizontal smooth tube andfurther validated for R-134a and other �uids. Figure 5.2 presents the HFO-1234yf andR-134a visualization data points for D = 6.70 mm, and Tsat = 10 ◦C plotted on the[Wojtan et al. 2005a℄ �ow pattern map.As 
an be seen, no major di�eren
e was found between the experimental �ow regimes(slug, intermittent and annular �ows) and their transitions and those predi
ted by[Wojtan et al. 2005a℄. As a result, the �ow pattern map proposed by the latter was usedto predi
t the �ow pattern of the 
urrent experimental pressure drop database.Figures 5.3 and 5.4 show the di�erent �ow regimes observed. The side view reveals thee�e
t of gravity, e.g. the vapor is to a 
ertain extend preferentially lo
ated at the upperpart of the tube. From the top view, we see that the vapor phase is 
entered.40 experimental videos have been taken in total for HFO-1234yf and R-134a. No majordi�eren
e 
an be observed when 
omparing the �ow patterns of both refrigerants for thesame 
onditions of mass velo
ity, saturation temperature, inner diameter and vapor quality,whi
h was desirable sin
e HFO-1234yf was designed so that its properties would be 
loseto those of R-134a.
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5.2. Experimental results 85
top view
side view(a) Slug �ow at x = 5.2% and G = 306kg·m−2

·s−1. (b) Intermittent �ow at x = 19.1% and
G = 306 kg·m−2

·s−1.
(
) Annular �ow at x = 61.0% and G = 307kg·m−2

·s−1. (d) Intermittent �ow at x = 6.7% and G =

512 kg·m−2
·s−1.

(e) Intermittent �ow at x = 21.8% and G =

497 kg·m−2
·s−1. (f) Annular �ow at x = 58.9% and G = 506kg·m−2

·s−1.Figure 5.3: Top and side views of the HFO-1234yf �ow patterns for Tsat = 10 ◦Cand D = 6.70 mm. [Padilla et al. 2011a℄
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86 Chapter 5. Two-phase �ow in straight tubes
top view
side view(a) Slug �ow at x = 4.8% and G = 302kg·m−2
·s−1. (b) Intermittent �ow at x = 20.7% and

G = 310 kg·m−2
·s−1.

(
) Annular �ow at x = 60.0% and G = 301kg·m−2
·s−1. (d) Intermittent �ow at x = 4.8% and G =

496 kg·m−2
·s−1.

(e) Intermittent �ow at x = 20.4% and G =

498 kg·m−2
·s−1. (f) Annular �ow at x = 59.4% and G = 494kg·m−2

·s−1.Figure 5.4: Top and side views of the R-134a �ow patterns for Tsat = 10 ◦C and
D = 6.70 mm. [Padilla et al. 2011a℄
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5.2. Experimental results 875.2.2 Two-phase pressure drop in straight tubes5.2.2.1 Experimental 
onditions for the pressure drop measurementsTable 5.1 summarizes the experimental 
onditions of the present pressure drop databasealong with the 
orresponding un
ertainties. The 884 experimental tests have been 
arriedout using three di�erent 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, andover the entire range of the vapor quality. The mass velo
ity ranges from 187 to 2146kg·m−2·s−1.Table 5.1: Experimental 
onditions and un
ertainties of the present straight tubepressure drop database.Parameters Range Un
ertaintiesFluids R-410A, R-134a, HFO-1234yf
D 10.85, 7.90 and 5.3 mm ±0.6%
G 187 to 2146 kg m−2 s−1 < 1.3%

Tsat 4.8 - 22.0 ◦C ±0.1KPheater 0 - 10 kW ±1 W
x 0.04 - 0.98 < 0.82%
p 3.48 - 14.50 bar ±0.1%

∆p 0 - 33.29 kPa ±0.1%
L0 1000 mm ±0.5%
L1 110 mm ±0.5%
L2 210 mm ±0.5%
L3 120 mm ±0.5%
L4 165 mm ±0.5%
L5 1000 mm ±0.5%5.2.2.2 Flow regimesSin
e the two-phase fri
tional pressure drop depends on the �ow regime, one must �rstdetermine the �ow pattern prior to redu
ing the measurement data. Figure 5.5 presentsthe HFO-1234yf pressure drop data points for D = 10.85 mm, Tsat = 15 ◦C and D = 7.90mm, Tsat = 10 ◦C mapped on the [Wojtan et al. 2005a℄ �ow pattern map. For the HFO-1234yf pressure drop database (308 points), 59 % (182 points) of the experiments are thus
onsidered to belong to annular �ow, whereas almost 39 % (118 points) are for intermitent�ow, the rest (8 points around 2 %), is segregated between slug and strati�ed wavy. For thewhole pressure drop database (884 points), almost 57% (501 points) of the experiments arefor annular �ow, whereas 39 % (340 points) are for intermitent �ow. The rest, (43 points,around 4 %) is segregated between slug �ow and strati�ed wavy.Figure 5.6 presents a 
omparison between the three working �uids 
onsidered in thisinvestigation for two di�erent 
onditions. Figures 5.6(a) and 5.6(b) show that the pressuredrop of R-134a is higher than the pressure drop of HFO-1234yf and is also signi�
antlyhigher as 
ompared to the R-410A results. This behavior o

urs as a 
onsequen
e of the
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(b) Tsat = 20
◦C, G = 750 kg·m−2

·s−1,
D = 7.90 mm and q = 0 kW·m−2.Figure 5.5: HFO-1234yf pressure drop data plotted in the �ow pattern map of[Wojtan et al. 2005a℄. (I: intermittent, A: annular, Slug: slug, SW: strati�ed-wavy).[Padilla et al. 2011a℄physi
al properties of the refrigerants. For Tsat = 15 ◦C, the working refrigerant with thehighest pressure drop (R-134a), has the highest density ratio (ρl/ρv) and vis
osity ratio(µl/µv). In addition R-410A shows lower two-phase fri
tional pressure drop than R-134aand HFO-1234yf, 
onsequen
e of its properties.
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7.90 mm and L = 1.0 m.Figure 5.6: Pressure drop vs. vapor quality for 3 di�erent �uids: R-134a, R-410Aand HFO-1234yf. [Padilla et al. 2011a℄In addition, Figure 5.7 presents the e�e
t of the mass velo
ity G, the saturation tem-
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5.2. Experimental results 89perature Tsat and the inner diameter D on the fri
tional pressure drop for the HFO-1234yf.

0 0.2 0.4 0.6 0.8 1
0

2000

4000

6000

8000

10000

12000

14000

Vapor quality [−]

F
ric

tio
na

l p
re

ss
ur

e 
dr

op
  [

P
a]

 

 

HFO−1234yf

D = 10.85 mm

T
sat

 = 15 °C

G = 300 kg/m 2s

G = 400 kg/m 2s

G = 500 kg/m 2s

G = 600 kg/m 2s

(a) E�e
t of the mass velo
ity G. 0 0.2 0.4 0.6 0.8 1
0

5000

10000

15000

20000

25000

30000

Vapor quality [−]

F
ric

tio
na

l p
re

ss
ur

e 
dr

op
  [

P
a]

 

 

HFO−1234yf

G = 760 kg/m 2s

D = 7.9 mm

T
sat

 = 10 °C

T
sat

 = 15 °C

T
sat

 = 20 °C

(b) E�e
t of the saturation temperature
Tsat

0 0.2 0.4 0.6 0.8 1
0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Vapor quality [−]

F
ric

tio
na

l p
re

ss
ur

e 
dr

op
  [

P
a]

 

 

HFO−1234yf
G = 600 kg/m 2s

T
sat

 =15 °C
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) E�e
t of the inner diameter DFigure 5.7: E�e
t of the mass velo
ity, the temperature and the inner diameter onthe fri
tional pressure drop. [Padilla et al. 2011a℄Figure 5.7(a) shows the e�e
t of the in
reasing mass velo
ity on the fri
tional pressuredrop. When the mass velo
ity in
reases, the fri
tional pressure drop in
reases. An in
reasein mass velo
ity results in a higher �ow velo
ity and a higher �ow inertia, whi
h in
reases thefri
tional pressure drop. Figure 5.7(b) shows the in�uen
e of the saturation temperature. It
an be observed that the fri
tional pressure drop in
reases when the saturation temperaturede
reases. This result 
an be explained by the e�e
t of physi
al properties su
h as densityand vis
osity on the pressure drop at di�erent temperatures. The liquid density ρl andliquid vis
osity µl, in
rease as the temperature de
reases, whereas the vapor density ρv andvapor vis
osity µv de
rease as the temperature de
reases. Finally, in Fig. 5.7(
) when theinner diameter is smaller, it 
an be noted that the fri
tional pressure drop is higher. Thepressure drop in the smallest diameter tube is higher than that in the largest one. This
an be explained by the fa
t that smaller inner tube diameter results in a higher wall shear
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90 Chapter 5. Two-phase �ow in straight tubesstress, leading to a higher fri
tion, whi
h then results in a higher fri
tional pressure drop.As 
an be observed in the previous �gures, maximum pressure drop o

urs at a vaporquality of about 80%. A

ording to the �ow pattern map of [Wojtan et al. 2005a℄, thismaximum o

urs in annular �ow regime. To better understand this maximum, an analysison the maximum pressure gradient has been 
arried out.5.2.2.3 Maximum two-phase pressure gradientFigures 5.8(a) and 5.8(b) show predi
ted values of the maximum fri
tional pressure gradi-ent using two methods [Müller-Steinhagen & He
k 1986, Revellin & Habers
hill 2009℄ 
om-pared to experimental values. In a �rst approa
h, both methods lead to good predi
tionsof the maximum pressure gradient. The method of [Müller-Steinhagen & He
k 1986℄ ishowever slightly better with 98.3 % of the data predi
ted within a ± 30 % error band.The method of [Revellin & Habers
hill 2009℄ tends to over predi
t values of the maximumfri
tional pressure gradient for high mass velo
ities.
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Revellin and Haberschill model

78.0 % of the data within ± 30 %

MAE = 22.1 %

MRE = 7.2 %

R−410A
R−134a
HFO−1234yf(b) [Revellin & Habers
hill 2009℄ predi
-tion method.Figure 5.8: Comparison between predi
ted and experimental maximum fri
tionalpressure gradients. [Padilla et al. 2011a℄Figures 5.9(a) and 5.9(b) show the predi
ted values of the vapor qualities 
orrespondingto the maximum fri
tional pressure gradient, 
ompared to experimental values. It 
an benoted that both methods predi
t almost 
onstant values of the vapor qualities. In the
ase of [Müller-Steinhagen & He
k 1986℄ method, the vapor quality 
orresponding to themaximum pressure gradient is almost 
onstant and is around 93%, and in the 
ase of[Revellin & Habers
hill 2009℄ it is near 80 %. Note that the experimental vapor quality
orresponding to the maximum pressure gradient ranges from 77 % to 92 %. Even if thestatisti
s indi
ate that both methods are able to fairly predi
t the data within a ± 10 %error band, the trend of the vapor quality 
orresponding to the maximum pressure gradientis in fa
t not well 
aptured by these methods.As a preliminary 
on
lusion, future predi
tion methods should fo
us on the 
orre
tpredi
tion of this maximum pressure drop. As explained by [Revellin & Habers
hill 2009℄,when this maximum is known, the predi
tion is more a

urate.
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Revellin and Haberschill model
74.6 % of the data within ± 10 %
MAE = 6.1 %
MRE = −5.7 %

R−410A
R−134a
HFO−1234yf(b) [Revellin & Habers
hill 2009℄ predi
-tion method.Figure 5.9: Comparison between predi
ted and experimental vapor qualities 
orre-sponding to the maximum pressure gradients. [Padilla et al. 2011a℄5.2.2.4 Comparison to predi
tion methodsThe present database is now 
ompared with existing predi
tion methods togive some indi
ations on the best method to use. In this sense, thewhole set of two-phase pressure drop data for the 3 �uids tested in thiswork was 
ompared against available 
orrelations: i.e. the methods developedby [Müller-Steinhagen & He
k 1986, Grönnerud 1979, Moreno Quibén & Thome 2007,Lo
khart & Martinelli 1949, Chisholm 1973a, Friedel 1979, Revellin & Habers
hill 2009,Banko� 1960, Chawla 1967℄ and the Homogeneous Model (Ci

hitti vis
osity model). Allthese methods allow the 
al
ulation of the fri
tional pressure drop. The results of the 
om-parison are summarized in Table 5.2 and some of these results are shown in Fig. 5.10. As
an be observed in this �gure, low mass velo
ities (200 kg·m−2·s−1) result in a very smallpressure drop at low vapor qualities (below 400 Pa·m−1). Under this threshold, the testfa
ility is not stable enough for an a

urate measurement.The best a

ura
y is, by far, given by the method of [Müller-Steinhagen & He
k 1986℄.The data predi
ted are around 90 % within a ± 30 % error band. The mean absolute error isnear 18 % and the the mean relative error is around -4 %. Although the method proposed by[Müller-Steinhagen & He
k 1986℄ is a method whi
h has been developed without 
onsidering�ow pattern e�e
ts on the pro
ess, this method gives the best predi
tion for intermittentand annular �ows, but also for the entire database.The methods of [Lo
khart & Martinelli 1949, Banko� 1960, Chawla 1967℄ give parti
u-larly poor predi
tions. These methods are not reliable to predi
t fri
tional pressure drop ofrefrigerants and also are not suited to des
ribe the behavior of refrigerant �uids at di�erentevaporation pressures.Nevertheless, the 
orrelation of [Lo
khart & Martinelli 1949℄ gives better predi
tionsthan the [Banko� 1960℄, [Chawla 1967℄ and Homogeneous models. The best results for[Lo
khart & Martinelli 1949℄ o

ur in annular �ow with 44% of the data predi
ted withina ± 30 % error band.
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Friedel model
70.6 % of the data within ± 30 %
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MRE = −16.7 %
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62.9 % of the data within ± 30 %
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HFO−1234yf(d)Figure 5.10: Experimental pressure gradient data (884 points) 
ompared to predi
-tion methods. [Padilla et al. 2011a℄
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5.2.Experimentalresults
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Table 5.2: 884 experimental pressure drop data points for refrigerants HFO-1234yf, R-134a and R-410A in straight tubes 
omparedto di�erent 
orrelations from the literatureNumber Müller-Steinhagen Grönnerud Friedel Revellin and Chawla Chisholm Banko� Homogeneous Lo
khart Morenoof points and He
k Habers
hill and Martinelli and ThomeSLUG 39

λ(%) 55.6 75.0 61.1 52.8 13.9 0.0 30.6 8.3 0.0 44.4MAE(%) 45.9 35.3 42.4 46.7 633.7 452.6 113.3 60.8 239.1 35.9MRE(%) 42.6 21.8 38.7 44.4 628.4 452.6 66.3 -60.8 238.2 -6.8INTERMITTENT 340

λ(%) 88.6 78.1 81.9 49.5 0.3 10.8 32.1 1.3 0.3 74.6MAE(%) 18.5 22.9 20.8 36.1 >1000 143.5 317.9 77.8 164.5 25.9MRE(%) 9.2 19.2 -6.3 34.2 863.5 143.2 301.1 -77.2 164.1 6.2STRATIFIED-WAVY 2

λ(%) 100.0 100.0 100.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0MAE(%) 19.2 8.3 20.9 41.7 >1000 24.4 >1000 73.1 64.2 41.5MRE(%) -19.2 -0.6 -20.9 -41.7 >1000 -24.4 >1000 -73.1 -64.2 -41.5ANNULAR 501

λ(%) 95.3 15.7 68.5 80.2 0.0 62.1 0.0 0.0 44.0 76.1MAE(%) 16.7 54.7 26.3 19.8 >1000 37.1 >1000 88.7 36.1 20.0MRE(%) -15.0 54.2 -25.5 -0.4 >1000 20.7 >1000 -88.7 0.2 6.6DRY-OUT 2

λ(%) 50.0 50.0 100.0 100.0 0.0 100.0 0.0 0.0 0.0 100.0MAE(%) 18.4 21.2 15.1 11.8 >1000 9.6 >1000 56.8 55.2 13.5MRE(%) 18.4 21.2 15.1 -11.8 >1000 -9.6 >1000 -56.8 -55.2 -7.4ALL DATA 884

λ(%) 90.7 42.9 70.6 62.9 0.7 39.8 13.7 0.9 25.0 72.5MAE(%) 18.1 41.4 24.9 30.3 >1000 96.2 >1000 83.2 94.6 25.0MRE(%) -4.3 39.1 -16.7 18.3 >1000 86.6 >1000 -82.9 73.4 7.8
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94 Chapter 5. Two-phase �ow in straight tubesThe method proposed by [Friedel 1979℄ is a method developed using a large databasevalid for horizontal �ows, whi
h predi
ts around 70 % of the entire database within a ± 30
% error band. This method also gives good predi
tion for intermittent and annular regimes.Regarding the phenomenologi
al models, although the method proposed by[Moreno Quibén & Thome 2007℄ is not the best one, it gives reasonably good predi
tionsfor all �ow regimes. Its best results are found for annular and intermittent regimes.For slug �ow, the best method is that of [Grönnerud 1979℄ with 75 % of the data withina ± 30 % error band.Beyond the above statisti
s, Figs. 5.11(a) and 5.11(b) graphi
ally show the 
omparisonbetween the predi
tion methods with experimental data obtained for the most re
ently de-veloped refrigerant, namely HFO-1234yf. Correlations of [Müller-Steinhagen & He
k 1986,Moreno Quibén & Thome 2007, Friedel 1979, Revellin & Habers
hill 2009℄ better de-s
ribe the behaviors of the data. On the 
ontrary, using the methods of[Lo
khart & Martinelli 1949, Chisholm 1973a℄ the 
al
ulation results are not in agree-ment with the data. It is also important to note that only the methods proposedby [Müller-Steinhagen & He
k 1986, Grönnerud 1979, Moreno Quibén & Thome 2007,Revellin & Habers
hill 2009℄ give a good representation of the pressure gradient trend ver-sus vapor quality. They also 
apture the peak in the pressure gradient at high vaporqualities.
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(b)Figure 5.11: Experimental pressure drop in straight tubes as a fun
tion of the vaporquality 
ompared to di�erent predi
tion methods. [Padilla et al. 2011a℄5.3 Chapter 
on
lusionsTwo-phase �ow 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 ahigh-speed high-de�nition 
amera. These �ow regimes have been observed in the range ofmass velo
ities from 297 to 512 kg m−2 s−1, vapor qualities from 5 to 90 % and Tsat from9.5 to 10.5 ◦C. The di�erent �ow regimes observed were: slug, intermittent and annular�ows. No major di�eren
e was observed between both refrigerants. Indeed HFO-1234yf
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5.3. Chapter 
on
lusions 95properties are 
lose to those of R-134a. It was found that the [Wojtan et al. 2005a℄ �owpattern map was able to satisfa
torily predi
t the HFO-1234yf �ow regimes.884 pressure drop data points measured in horizontal straight tubes have been presentedfor refrigerants R-410A, R-134a and the next-generation refrigerant HFO-1234yf. The tubediameter (D) varied from 5.30 to 10.85 mm and the mass velo
ity (G) ranged from 187 to2146 kg m−2 s−1. Vapor quality (x) ranged from 0.04 to 0.98. Saturation temperatureswere tested from 4.8 ◦C to 20.7 ◦C.The 884 experimental data have been 
ompared against sele
ted 
orrelations foundin the literature. The best a

ura
y was given by [Müller-Steinhagen & He
k 1986℄ witharound 90 % of the data predi
ted within a ± 30 % error band.
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Chapter 6Two-phase �ow in return bends
Contents6.1 Experimental pro
edure . . . . . . . . . . . . . . . . . . . . . 976.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . 1006.2.1 Two-phase �ow visualization in return bends . . . . . . . . . 1006.2.2 Dynami
al behavior of bubbles and vapor slugs in verti
al re-turn bends . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1056.2.3 Determination of the perturbation lengths up- and down-stream of a return bend . . . . . . . . . . . . . . . . . . . . . 1096.2.4 Two-phase pressure drop in return bends . . . . . . . . . . . 1106.2.5 Comparison of the database to predi
tion methods . . . . . . 1146.3 New predi
tion method in return bends . . . . . . . . . . . 1176.3.1 Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1176.3.2 Capability of predi
tion of the new method . . . . . . . . . . 1186.3.3 Predi
tions for single-phase �ow in return bend . . . . . . . . 1226.4 Chapter 
on
lusions . . . . . . . . . . . . . . . . . . . . . . . . 122The aim of this 
hapter is to present original experimental two-phase �ow regime visual-izations and two-phase pressure drop data points in horizontal and verti
al return bends forthe next generation HFO-1234yf and for well known R-134a and R-410A 
onventional refrig-erants. This permits to extend the existing database available in the literature (presentedin Table 3.1 ) and also to better understand the physi
al phenomena involved. In addition,this 
hapter aims at dis
ussing the perturbation length en
ountered up- and downstreamof the return bend. Furthermore, the new experimental data measured for two-phase �owof HFO-1234yf, R-134a and R-410A refrigerants in horizontal and verti
al return bends arepresented and 
ompared against 4 predi
tion methods from the literature.Based on the present database and as proposed by [Padilla et al. 2009℄, we suggest a
orrelation for predi
ting the pressure drop in return bends, whi
h is understood as thesum of the regular pressure drop along the length πR and the fri
tional pressure drop dueto the singularity and its perturbation e�e
ts up- and downstream (proposed equation).6.1 Experimental pro
edureTo obtain the values of the return bend pressure drop ∆prb, the total pressure drop and thehorizontal straight tube pressure drops have been measured. Figure 6.1 shows a synthesisof the idealized pressure pro�le of the �ow path along a verti
al return bend (as explainedlater, horizontal return bends 
an be treated as a parti
ular 
ase of verti
al return bends).
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98 Chapter 6. Two-phase �ow in return bends
∆ptot 
orresponds to the total pressure drop experimentally measured over the length L1 +

πR1 + L2 = 0.383 m for the �rst return bend and L3 + πR2 + L4 = 0.335 m for the se
ondreturn bend (Fig. 4.9). In Fig. 6.1, ∆ptot is measured along the length Lio.

tot   : total

rb    : return bend

st     : straight tube

curv : curvature

pert :  perturbation

in     : inlet

out   : outlet
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   Flow

direction
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pert,out

a' a b'
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             length
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,

,

static

g
,vert rb

(      )

Figure 6.1: Idealized pressure pro�le along a verti
al return bend.The total pressure drop is expressed as follows:
∆ptot = ∆pst,in + ∆prb + ∆pst,out (6.1)The term ∆pst,in + ∆pst,out is 
al
ulated by:
∆pst,in + ∆pst,out =

(

−
dpdz

)st Leq (6.2)where Leq = L1 + L2 = 0.320 m for the �rst return bend and Leq = L3 + L4 = 0.285 mfor the se
ond return bend.The straight tube (regular) pressure gradients are experimentally measured along thelength L0 and L6 (see Fig. 4.9) for inner tube diameters 10.85 mm and 7.90 mm. Thesegradients are 
al
ulated using Eq. (5.1).The term ∆prb 
orresponds to the return bend pressure drop. This term is the sumof the stati
 pressure drop (∆pstati
), the regular pressure drop along the verti
al bend oflength πR (∆pst,vertrb(πR)) and the singular pressure drop (∆psing) whi
h 
an be viewed asthe sum of the pressure drops due to the 
urvature e�e
t (∆p
urv) and the perturbationsup- and downstream of the return bend. (∆ppert,in, ∆ppert,out).
∆prb = ∆pst,vertrb(πR) + ∆pstati
 + ∆psing (6.3)
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6.1. Experimental pro
edure 99
∆psing = ∆p
urv + ∆ppert,in + ∆ppert,out (6.4)Note that ∆pst,vertrb(πR) means that the 
orresponding length is πR and is thus asu

ession of elementary regular pressure drops at di�erent orientations from 0o to 180o(Fig. 6.2). It 
an be expressed by the following relation:

∆pst,vertrb(πR) =

∫ πR

0

dpst,f (θ)dz
dz =

∫ π

0

dpst,f (θ)
Rdθ Rdθ =

∫ π

0

dpst,f (θ)dθ
dθ (6.5)

   Flow

direction

g

z

R d0

d0

R

0

pd st,f(0)

Figure 6.2: Des
ription of the regular fri
tional pressure drop in a verti
al returnbend.The stati
 pressure drop is 
al
ulated as follows:
∆pstati
 = ρhg 2R (6.6)For the parti
ular 
ase of a horizontal return bend, ∆pstati
 = 0. The homogeneousdensity ρH is:

ρh = ρl(1 − ε) + ρv(ε) (6.7)The void fra
tion ε is 
al
ulated by the [Rouhani & Axelsson 1970℄ model (Eq.(3.68)).In the experiments, as explained in [Padilla et al. 2011a℄, the maximum pressure dropmeasured from the outlet of the ele
tri
al heater (where the vapor quality is 
al
ulated) tothe outlet of the test se
tion 
an rea
h up to 0.84 bar. This pressure drop is not negligibleand provokes a �ashing e�e
t (see se
tion 2.6.3.1) and a temperature di�eren
e. The �ashinge�e
t is 
al
ulated using the relation (2.50).As explained in se
tion 5.1.2, from the outlet of the ele
tri
al heater to the outlet ofthe test se
tion, the ∆x and ∆Tsat variations due to the �ashing e�e
t have been takeninto a

ount. Both vapor quality and saturation temperature are re
al
ulated at the inletof ea
h straight tube and return bend.
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100 Chapter 6. Two-phase �ow in return bends6.2 Experimental results6.2.1 Two-phase �ow visualization in return bends6.2.1.1 Flow regimes at the return bend inletThe �ow regimes of HFO-1234yf and R-134a en
ountered at the inlet of the return bendfor ea
h visualization are presented in Figures 5.2(a) and 5.2(b) respe
tively. The 
or-responding experimental 
onditions are mapped in the �ow pattern map proposed by[Wojtan et al. 2005a℄ only as information. It is important to note that this �ow patternmap was developed for R-22 and R-410A inside a 13.6 mm horizontal smooth tube andfurther validated for R-134a and other �uids. Therefore, it 
an not stri
tly be used to de-termine the �ow pattern in the return bend test se
tion. Nevertheless, it gives an indi
ationof the �ow regimes en
ountered at the inlet of the return bend.For the present visualization dataset, at the return bend inlet, 60.0% (24 points) ofthe experiments belong to annular �ow, whereas 30.0% are for intermittent �ow. Therest 
orresponds to slug �ow. Note that the �ow pattern map of [Wojtan et al. 2005a℄was implemented by setting the heat �ux to 0.00 kW·m−2, as the present experiment isperformed in adiabati
 
onditions.The �ow regime visualizations at the inlet of the return bend for both refrigerants havebeen 
ompared to the [Wojtan et al. 2005a℄ �ow pattern map. As 
an be seen, no majordi�eren
e was found between the experimental �ow regimes (slug, intermittent and annular�ows) and their transitions and those predi
ted by [Wojtan et al. 2005a℄. As a result, the�ow pattern map proposed by the latter 
ould be used to predi
t the �ow pattern at theinlet of the return bend for the 
urrent experimental database.6.2.1.2 Two-phase �ow visualization in horizontal return bendsFlow regimes of HFO-1234yf and R-134a have been observed using the test se
tion depi
tedin Fig. 4.3. The range of mass velo
ities was from 297 to 512 kg·m−2·s−1, vapor qualitiesfrom 5 to 90 % and Tsat from 9.5 to 10.5 ◦C. As shown in Figs. 6.3 and 6.4, the di�erent �owregimes observed are: slug, intermittent and annular �ows. The liquid and vapor phasesdistribute naturally into several re
ognizable �ow stru
tures.At the beginning of the 
urved se
tion of the return bend, one 
an see that the vaporphase moves toward the inside of the 
urve, while the liquid phase moves to the outsidedue to the e�e
t of the 
entrifugal for
e. After a length of about 20D from the return bendoutlet, it appears that the �ow pattern re
overs the original shape it had before enteringthe return bend.During intermittent �ow (Figures 6.3(b), 6.3(d), 6.3(e), 6.4(b), 6.4(d) and 6.4(e)), thereis a notable di�eren
e observed between the �ow stru
ture at G = 300 kg·m−2·s−1 and
G = 500 kg·m−2·s−1. In
reasing the mass velo
ity provokes higher vapor velo
ity thatdistorts the interfa
ial waves. Large amplitude waves intermittently wash the top of thetube while smaller amplitude waves are also observed in between. Large amplitude wavesoften 
ontain entrained bubbles. Figure 5.3 also presents images for annular �ow regime at
G = 300 kg·m−2·s−1 and G = 500 kg·m−2·s−1. Annular �ow images show that the liquidforms a 
ontinuous �lm around the perimeter of the tube. The interfa
e between the liquidannulus and the vapor 
ore is disturbed by small amplitude waves and droplets are observedto be dispersed in the vapor 
ore.
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6.2. Experimental results 101

�ow→(a) Slug �ow at x = 5.2% and G =

306 kg·m−2
·s−1. (b) Intermittent �ow at x = 19.1%and G = 306 kg·m−2

·s−1.
(
) Annular �ow at x = 61.0% and
G = 307 kg·m−2

·s−1. (d) Intermittent �ow at x = 6.7%and G = 512 kg·m−2
·s−1.

(e) Intermittent �ow at x = 21.8%and G = 497 kg·m−2
·s−1. (f) Annular �ow at x = 59.0% and

G = 506 kg·m−2
·s−1.Figure 6.3: Top view of the HFO-1234yf �ow patterns in a horizontal return bendfor Tsat = 10 ◦C and D = 6.70 mm.
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102 Chapter 6. Two-phase �ow in return bends
�ow→(a) Slug �ow at x = 4.9% and G = 301kg·m−2

·s−1. (b) Intermittent �ow at x = 19.8% and
G = 303 kg·m−2

·s−1.
(
) Annular �ow at x = 61.2% and G =

307 kg·m−2
·s−1. (d) Intermittent �ow at x = 4.8% and

G = 509 kg·m−2
·s−1.

(e) Intermittent �ow at x = 20.1% and
G = 503 kg·m−2

·s−1. (f) Annular �ow at x = 59.7% and G =

502 kg·m−2
·s−1.Figure 6.4: Top view of the R-134a �ow patterns in a horizontal return bend for

Tsat = 10 ◦C and D = 6.70 mm.
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6.2. Experimental results 1036.2.1.3 Two-phase �ow visualization in verti
al return bendsThe test se
tion depi
ted in Fig. 4.3 has been pla
ed to allow �ow regimes visualizationsof HFO-1234yf and R-134a in verti
al return bend. The range of mass velo
ities was from300 to 500 kg·m−2·s−1, vapor qualities from 5 to 95 % and Tsat = 10 ◦C.�ow→

(a) Slug �ow at x = 5.4% and G = 306kg·m−2
·s−1. (b) Intermittent �ow at x = 20.1% and

G = 306 kg·m−2
·s−1.

(
) Annular �ow at x = 61.0% and
G = 302 kg·m−2

·s−1. (d) Intermittent �ow at x = 4.9% and
G = 505 kg·m−2

·s−1.
(e) Intermittent �ow at x = 21.1% and
G = 496 kg·m−2

·s−1. (f) Annular �ow at x = 61.0% and
G = 504 kg·m−2

·s−1.Figure 6.5: Side view of the HFO-1234yf �ow patterns in a verti
al return bend for
Tsat = 10 ◦C and D = 6.70 mm.
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104 Chapter 6. Two-phase �ow in return bends
�ow→

(a) Slug �ow at x = 5.5% and G =

308 kg·m−2
·s−1. (b) Intermittent �ow at x = 22.0%and G = 301 kg·m−2

·s−1.
(
) Annular �ow at x = 62.0% and
G = 297 kg·m−2

·s−1. (d) Intermittent �ow at x = 5.4% and
G = 498 kg·m−2

·s−1.
(e) Intermittent �ow at x = 20.1%and G = 501 kg·m−2

·s−1. (f) Annular �ow at x = 61.2% and
G = 503 kg·m−2

·s−1.Figure 6.6: Side view of the R-134a �ow patterns in a verti
al return bend for
Tsat = 10 ◦C and D = 6.70 mm.As shown in Figs. 6.5 and 6.6, the di�erent �ow regimes observed are: slug, intermittentand annular �ows. For slug �ow regime, the 
o-
urrent �ow in the straight tube upstreamof the verti
al return bend is strongly in�uen
ed by gravity that a
ts to stratify the liquidto the bottom of the tube and the vapor to the top. The liquid and vapor phases distributenaturally into several re
ognizable �ow stru
tures.At the beginning of the 
urved se
tion of the return bend, one 
an see that the vaporphase tends toward the 
onvex part of the 
urved se
tion, while the liquid phase goes to the
on
ave part due to the e�e
t of the 
entrifugal for
e. Similar as observed for horizontal
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6.2. Experimental results 105return bends, after a length of about 20D from the return bend outlet, it seems that the�ow pattern re
overs its original shape that it had before entering the return bend.Figure 6.5 also presents images for intermittent and annular �ow regimes at G = 300kg·m−2·s−1 and G = 500 kg·m−2·s−1. Similar behavior as shown for horizontal returnbends, annular �ow images for verti
al return bends show that the liquid forms a 
ontinuous�lm around the perimeter of the tube. The interfa
e between the liquid annulus and thevapor 
ore is disturbed by small amplitude waves and droplets are observed to be dispersedin the vapor 
ore.6.2.2 Dynami
al behavior of bubbles and vapor slugs in verti
alreturn bendsThe di�erent �ow patterns were found to be 
hara
terized by distin
t dynami
al bubblebehaviors. In the general 
ase of slug and bubbly �ow regimes, when a bubble or a vaporslug travels along the 
urved se
tion of the return bend, it �rst slides on the outer sidetube wall for a distan
e, and then deta
hes. After a period of movement inside the 
urvedse
tion, it re-atta
hes to the inner side tube wall and then slides on the upper part of thetube wall along the liquid �ow dire
tion.In the results that follow, an equivalent radius Req = (3/4π × a
tual volume)1/3 isused as a measure of the bubble size. In bubbly �ow regime, the observed bubbles havean equivalent radius inferior to 4 mm. They would depart away from the outer side tubewall before about 45◦ after they slide to the inner side tube wall (see Fig. 6.7(a)). Similarobservations have been 
arried out by [Meng et al. 2009℄ with R-141b. The small bubbles(equivalent radius < 1.5 mm) are observed to follow an ar
 route, as shown in Fig. 6.7(g).These bubbles would deta
h from the outer side tube wall before a bend angle of 70◦([Meng et al. 2009℄). In our 
ase, the deta
hment point is not superior to 50◦.Figure 6.8(a) presents a superposition of 30 images (time lapse between images 15 ms)whi
h allows to visualize the traje
tory of a small bubble of HFO-1234yf (approx. Req = 0.5mm) moving along the return bend. The �ow 
onditions are G = 300 kg·m−2·s−1, Tsat = 10
◦C and x = 5%. As 
an be observed, the bubble slides from the outlet of the horizontaltube to the outer side wall of the 
urved tube. The bubble deta
hes at approx. 30◦ andthen takes o�. After a period of movement inside the 
urved se
tion (between 40◦ and130◦), it re-atta
hes to the inner side tube wall at 135◦ and slides on the tube wall alongthe liquid �ow dire
tion.Con
erning the vapor slug behavior, although the size of the vapor phase is bigger,the deta
hment still happens before 50◦. When the equivalent bubble radius grows up togreater than 3 mm, a vapor slug is relatively long and the deta
hment pro
ess is separatedinto two di�erent parts, one 
on
erning the vapor slug head deta
hment and the otherregarding the vapor slug tail deta
hment.
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106 Chapter 6. Two-phase �ow in return bends
0°

45°

90°

135°
180°

Flow

(a) (b) (
) (d)
(e) (f) (g) (h)
(i) (j) (k) (l)
(m) (n) (o) (p)
(q) (r) (s) (t)Figure 6.7: Side view progress of HFO-1234yf slug �ow entering at the higher tube(�owing downwards) in a verti
al return bend for x = 5%, G = 300 kg·m−2·s−1,

Tsat = 10 ◦C and D = 6.70 mm (time lapse between images = 15 ms, total timelapse = 0.28 s).
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6.2. Experimental results 107As explained in se
tion 3.1.3.1, the information available in the literature related toslug �ow for in
lined straight tubes give very little attention to downward gas-liquid �ows.In analogy with the work by [Roitberg et al. 2008℄, a superposition of 7 images (time lapsebetween images 60 ms) for vapor slug head (6.8(b)) and vapor slug tail (6.8(
))of HFO-1234yf have been 
onstru
ted in order to visualize the evolution of a slug along the returnbend. Both head and tail depart from the outer side tube wall at di�erent positions.Normally, vapor slug head is lifted up at about 80◦ of a bend, leaving a liquid �lm betweenit and the outer side tube wall. Sometimes the vapor slug head re-atta
hes to the innerside tube wall even before the vapor slug tail deta
hes the outer side tube wall. Note thatthe e�e
t of the 
entrifugal for
e a
ting on the liquid phase produ
es a radial for
e overthe vapor phase whi
h lifts the vapor slug o� the 
on
ave se
tion of the 
urved tube and
ontributes to the deta
hment.

(a) (b)
Flow

0°

90°

180° (
)Figure 6.8: Visual re
onstitution of bubble, slug head and slug tail behaviors andtraje
tories during a verti
al downward �ow in a return bend. Test 
onditions are
x = 5%, G = 300 kg·m−2·s−1, Tsat = 10 ◦C and D = 6.70 mm.To better understand these observations, an analysis of for
es a
ting on the bubble wasperformed. The for
es are applied at the gravity 
enter of a moving small vapor bubbleindu
ed by the �ow �eld with a non uniform pressure gradient (Fig. 6.9), where the bubbleexperien
es (i) buoyan
y due to gravity (whi
h 
omprises the e�e
t of the bubble weightin the opposite dire
tion); (ii) hydrodynami
 drag whi
h is opposed to the relative motionof the bubble through the liquid phase; (iii) a hydrodynami
 lift for
e due to the shear

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



108 Chapter 6. Two-phase �ow in return bendswithin the liquid phase whi
h is perpendi
ular to the �ow dire
tion; and (iv) buoyan
y
aused by the rea
tion of the liquid phase on the bubble due to the e�e
t of the 
entrifugala

eleration a
ting on the liquid phase (whi
h also 
omprises the e�e
t of the 
entrifugala

eleration a
ting on the vapor phase in the opposite dire
tion).
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   to gravityFlow
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(a) Deta
hment
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   to gravity

Flow
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r
O

hydrodynamic 

drag
apparent

buoyancy 

flow pressure 

gradient

resultant(b) Re-atta
hmentFigure 6.9: A
ting for
es on a moving vapor bubble along a return bend.The latter, is also known as �apparent buoyan
y� and is des
ribed by [Bat
helor 1967℄.When the bubble tou
hes the tube wall, a new for
e due to the 
onta
t pressure appearsin the for
es balan
e at the 
enter of the bubble. A 
onvenient strategy to identify thisfor
e is presented by [van der Geld 2009℄ by 
onsidering a bubble footed at a plane wall andsymmetri
al around the axis perpendi
ular to the wall through the 
enter of the bubble.The time rate of 
hange of the kineti
 energy in the liquid is 
omputed with the me
hani
alenergy balan
e. This for
e represents the hydrodynami
 for
e 
omponent of the bubblenormal to the wall, and it depends on the dynami
 
onta
t angle and the surfa
e tension.The deta
hment is mainly 
ontrolled by the apparent buoyan
y and hydrodynami
 lift.The re-atta
hment is 
ontrolled by the apparent buoyan
y and the radial 
omponent ofbuoyan
y due to gravity. In general, the se
ondary �ow in the liquid phase in�uen
es thetraje
tory of the small bubbles while it is probably negligible in the 
ase of vapor slugs.After deta
hing from the outer side tube wall, bubbles and vapor slugs experien
e aperiod of movement inside the tube before they re-atta
h to the inner side tube wall. Theinterval between deta
hment and re-atta
hment is shown in Fig. 6.8. It is also observedthat the re-atta
hment of the slug head happens even before the deta
hment of the slugtail when the vapor slug is long enough.Sin
e the shape of the bubbles is rather 
omplex during its evolution, the bubble sizeis 
hara
terized by an equivalent diameter whi
h is de�ned as the radius of a disk withexa
tly the same proje
ted area. The proje
ted area is 
omputed by an image pro
essingsoftware at 3 di�erent lo
ations upstream of the return bend.Bubble deta
hment positions as a fun
tion of the bubble equivalent radius for HFO-1234yf and R-134a are plotted in Fig. 6.10(a). This �gure also presents the results obtainedby [Meng et al. 2009℄ for R-141b as 
omparison. The general trend is that bigger bubbles
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6.2. Experimental results 109always deta
h later (at greater angle) than smaller ones. Considering a very small bub-ble, it is reasonable to believe that se
ondary �ow would be strong enough to deta
h itfrom 
on
ave part of the 
urved tube before 40◦, and further dominate its traje
tory afterdeparture.It is also noted that for the same bubble size, the deta
hment point for R-134a o

ursbefore that for HFO-1234yf, and both before those observed for R-141b. Although the tem-perature range for R-141b is di�erent from that for the other �uids and the data redu
tionmethod employed by [Meng et al. 2009℄ is not the same as in the present work, the e�e
t ofthe �uid on the deta
hment behavior is 
learly shown. Figure 6.10(b) presents the bubblere-atta
hment positions as a fun
tion of the bubble equivalent radius for HFO-1234yf andR-134a. Results suggest that the re-atta
hment of the biggest bubbles o

urs at a lowerangle than for smaller ones.
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(b) Bubble re-atta
hment position vs. bub-ble equivalent radiusFigure 6.10: Bubble position vs. bubble equivalent radius. Test 
onditions are
x = 5%, G = 300 kg·m−2·s−1, Tsat = 10 ◦C and D = 6.70 mm.6.2.3 Determination of the perturbation lengths up- and down-stream of a return bendTo determine the perturbation lengths up- and downstream of a return bend (se
tions a-a' and b-b', see Fig. 6.1), some experimental tests have been performed using the testse
tion depi
ted in Fig. 4.7. As 
an be noted, this test se
tion 
ontains 10 pressure tapsat several lo
ations along the straight tubes up- and downstream of the return bend. Ea
hmeasurement is made with a pressure transdu
er 
onne
ted to a valve manifold whi
hpermits to isolate the pressure drop measurement at ea
h lo
ation while maintaining thesame measurement un
ertainty.The e�e
t of the saturation temperature on the pressure drop in straight tubes andalso in return bends was presented in [Padilla et al. 2011a℄ and [Padilla et al. 2011b℄ re-spe
tively. From these sets of experimental results, the saturation temperature of 10 ◦Cwas sele
ted to perform the tests. As a matter of fa
t, this temperature 
orresponds to the
ondition whi
h yielded the highest pressure drop for R-134a in our experimental fa
ility.
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110 Chapter 6. Two-phase �ow in return bendsMass velo
ities of G = 570 kg·m−2·s−1 and G = 950 kg·m−2·s−1 
orrespond to the minimaland maximal mass velo
ities studied in the present work for an inner diameter of 7.90 mm.The pressure drops presented in this se
tion 
orrespond to the return bend pressuredrop (∆prb = ∆ptot − ∆pst,in − ∆pst,out, of Fig. 6.1). To 
ompare the results up to anobje
tive signi�
an
e, the Wil
oxon mat
hed-pairs signed rank tests for two-related sam-ples ([Wil
oxon 1950℄) were used in all experiments. This is a well-known non-parametri
statisti
al test for the relative size of the s
ores of the same (or mat
hed) subje
ts under twoexperimental 
onditions by 
omparing the distributions for positive and negative di�eren
esof the ranks of their absolute values. The signi�
an
e 
riterion for two independent sampleswas set to p = 0.05.
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Vertical return bend(b)Figure 6.11: Return bend pressure drop as measured at di�erent pressure tap lo
a-tions (5D, 10D, 20D, 30D and 50D) up- and downstream on verti
al and horizontalreturn bends. Filled markers 
orrespond to measurements a�e
ted by the perturba-tion.A 
omparison between the return bend pressure drop measured at di�erent pressuretap lo
ations up- and downstream for verti
al and horizontal return bends is presented inFig. 6.11. Ea
h measurement presented 
orresponds to a mean of 30 data points measuredduring about 3 min.In both horizontal and verti
al 
ases, it is noted that there was no signi�
ant di�eren
ein the return bend pressure drop between any position from 20D to 50D downstream of thereturn bend (p > 0.05). Con
erning the perturbation length upstream of the return bend,in both 
ases (horizontal and verti
al) there was found a signi�
ant di�eren
e in the returnbend pressure drop (p < 0.05) between the pressure taps lo
ated at 5D and 10D.6.2.4 Two-phase pressure drop in return bendsThe pressure drops presented hereafter 
orrespond to the return bend pressure drop (∆prb).Note that ∆prb is obtained from ∆prb = ∆ptot−∆pst,in−∆pst,out and depends on the returnbend orientation. The general formulation for ∆prb has been presented for verti
al returnbends in Eq. (6.3). For horizontal return bends, ∆prb = ∆pst(πR) + ∆psing.Table 6.1 summarizes the experimental 
onditions of the return bend pressure dropdatabase presented by [Padilla et al. 2011b, Padilla et al. 2012a, Padilla et al. 2012
℄ along

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



6.2. Experimental results 111with the 
orresponding un
ertainties. The 1087 experimental tests have been 
arried outusing two di�erent tube diameters (10.85 and 7.90 mm), saturation temperatures from 4.4
◦C to 22.1 ◦C, two orientations (horizontal and verti
al) and over the entire range of thevapor quality. The mass velo
ity ranges from 189.45 to 1695.26 kg·m−2·s−1.Table 6.1: Experimental 
onditions and un
ertainties of the present return bendpressure drop database. (1087 points)Parameters Range Un
ertaintiesFluids R-410A, R-134a, HFO-1234yf

D 10.85 and 7.90 mm ±0.6%Orientation Horizontal - Verti
al
G 189.5 to 1695.3 kg m−2 s−1 < 1.3%

Tsat 4.4 - 22.1 ◦C ±0.1KPheater 0 - 10 kW ±1 W
x 0.04 - 0.98 < 0.82%
p 3.48 - 14.50 bar ±0.1%

∆p 0 - 33.29 kPa ±0.1%6.2.4.1 Results for horizontal return bendsThe pressure drop along the return bend (∆prb), the regular pressure drop along the length
πR (∆pst(πR)) and the singular pressure drop (∆psing = ∆p
urv +∆ppert,in+∆ppert,out) arepresented in Fig. 6.12 for the HFO-1234yf at two di�erent 
onditions as a fun
tion of thevapor quality.
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(b)Figure 6.12: Return bend, regular (over the length πR) and singular pressure dropvs. vapor quality.Figure 6.13 shows the e�e
t of the mass velo
ity at di�erent saturation temperatures.The maximum pressure drop o

urs above 60% of vapor quality at the return bend inlet.A

ording to the �ow pattern map of [Wojtan et al. 2005a℄, this maximum o

urs in annular
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112 Chapter 6. Two-phase �ow in return bends�ow regime. The e�e
ts of the mass velo
ity G and saturation temperature Tsat in the totalpressure drop are also observed. As the mass velo
ity in
reases, the singular pressure dropin
reases by the e�e
t of the 
entrifugal for
es a
ting on both phases, whi
h is 
onsistentwith the 
orrelation 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 verti
al return bendsFigure 6.14 presents the di�erent pressure drop 
ontributions of the return bend pressuredrop (∆prb = ∆ptot −∆pst,in −∆pst,out) for the HFO-1234yf at two di�erent 
onditions asa fun
tion of the vapor quality. These 
ontributions are: the stati
 pressure drop (∆pstati
),the regular pressure drop along the length πR for di�erent orientations (∆pst,vertrb(πR)) andthe singular pressure drop (∆psing = ∆p
urv + ∆ppert,in + ∆ppert,out). As 
an be noted inFig. 6.14(a), at low vapor quality (x < 20%), the 
ontribution of the stati
 pressure dropto the return bend pressure drop is important due to the predominant e�e
t of the liquidphase; as the vapor quality in
reases, it is observed that this 
ontribution de
ays and athigh vapor quality it 
an be negle
ted. Figure 6.14(b) presents the results for the same�uid �owing in a smaller inner diameter (D = 7.9 mm) at G = 950 kg·m−2·s−1. At these
onditions, the 
ontribution of the stati
 pressure drop is negligible.Figure 6.15(a) presents a 
omparison between refrigerants HFO-1234yf, R-410A andR-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
onsequen
e of the physi
al properties of the refrigerants and is independent of the returnbend orientation.Figure 6.15(b) shows the orientation e�e
t for the three refrigerants at the same ex-perimental 
onditions. The maximum pressure drop o

urs above 60% of vapor qualityregardless of orientation. A

ording to the �ow pattern map of [Wojtan et al. 2005a℄, thismaximum o

urs for annular �ow regime at the inlet of the bend.
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6.2. Experimental results 113
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114 Chapter 6. Two-phase �ow in return bends6.2.5 Comparison of the database to predi
tion methods6.2.5.1 Predi
tions of the 
urrent two-phase pressure drop database forhorizontal return bendsThe 802 pressure drop data points measured in horizontal return bends (∆prb) for re-frigerants HFO-1234yf, R-134a and R-410A are 
ompared against four two-phase fri
tionalpressure drop predi
tion 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 introdu
ed in se
tion 3.2.2.4 and their experimental 
onditions weresummarized by [Padilla et al. 2009℄.Figure 6.16 shows the results for experimental pressure drop in return bends 
omparedto predi
tions.The best predi
tion was a
hieved by the method of [Chisholm 1983℄ and [Idelshik 1986℄with 47.6% of the data predi
ted within a ±30% error band. Nevertheless, the trend of theexperimental pressure drop data in return bend was not well 
aptured by this method.
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Chen et al. (2004).
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Domanski and Hermes (2008).
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6.2. Experimental results 1156.2.5.2 Predi
tions of the 
urrent two-phase pressure drop database forverti
al downward �ow return bendsThe 285 pressure drop data points measured in verti
al downward �ow return bends (∆prb)for refrigerants HFO-1234yf, R-410A and R-134a are 
ompared against the same two-phasefri
tional pressure drop predi
tion methods. Although these methods are for predi
ting two-phase pressure drop in horizontal return bends, it is interesting to investigate the predi
tionsgiven by them on the 
al
ulation of the return bend pressure drop in verti
al orientation.In this sense, the stati
 pressure drop, whi
h has been 
al
ulated using Eq.(6.6) has beenadded to the 
orrelations.Figure 6.17 shows the results for the experimental pressure drops in verti
al returnbends 
ompared to predi
tions.
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Chen et al. (2004).

47.0 % of the data within ± 30 %
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MRE = 49.3 %
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Domanski and Hermes (2008).

49.1 % of the data within ± 30 %

MAE = 65.8 %

MRE = 56.9 %
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Padilla et al. (2009).

45.3 % of the data within ± 30 %

MAE = 37.0 %

MRE = −35.7 %

R−134a (Vertical)
R−410A (Vertical)
HFO−1234yf (Vertical)(d)Figure 6.17: Experimental pressure drop data in verti
al return bends (over thelength πR) 
ompared to predi
tion methods. (285 points)The best predi
tion was a
hieved by the method of [Domanski & Hermes 2008℄ witharound 49% of the data predi
ted within a ±30% error band. Nevertheless, the trend of theexperimental pressure drop data in return bend was not well 
aptured by these methods.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



116 Chapter 6. Two-phase �ow in return bendsThe [Padilla et al. 2009℄ predi
tion method gave the lower MRE with -33.2%.To 
he
k the performan
e of the existing 
orrelations, the distribution of the parametersof in�uen
e in the whole database are shown in Fig. 6.18. Figures 6.18(a) to 6.18(
) show thedata distribution with respe
t to mass velo
ity, saturation temperature and vapor quality,respe
tively.
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6.3. New predi
tion method in return bends 1176.3 New two-phase pressure drop predi
tion method inreturn bendsFrom the 
omparison 
arried out in the previous se
tion, some of the methods whi
h gave thebest predi
tions for horizontal return bends do not seem to be valid for verti
al orientation.In general, none of the predi
tion methods allow to explain the phenomena involved duringtwo-phase �ow in return bends. Based on the observations made in this study, the intentionis to develop a new method for predi
ting the pressure drop in return bends using a di�erentapproa
h from those used in other studies. The new method is 
alled mainly to predi
tthe return bend pressure drop (∆prb) from the 
ontributions of all the e�e
ts previouslydis
ussed (e.g fri
tion, 
urvature, orientation, perturbation lengths, et
.).6.3.1 FormulationThe return bend pressure drop (∆prb) is 
al
ulated by Eq.(6.3). In the 
ase of verti
alreturn bends, the stati
 pressure drop (∆pstati
) is 
al
ulated using Eq. (6.6), the regularpressure drop along the bend of length πR for di�erent orientations (∆pst,vertrb(πR)) is
al
ulated using the [Müller-Steinhagen & He
k 1986℄ 
orrelation (Eq.(3.54)). Note thatthis method was initially developed based on horizontal and verti
al orientations pressuredrop data. Only the singular pressure drop (∆psing = ∆ppert + ∆p
urv) is 
orrelated.
∆prb = ∆pst(πR) + ∆pstati
 + ∆psingThe new method is expe
ted to predi
t the e�e
t of the fri
tion resistan
e due to thesingularity (∆psing), whi
h in
ludes the 
urvature e�e
t (∆p
urv) and its perturbation e�e
tup- and downstream (∆ppert). As explained in se
tion 6.2.2, the e�e
t of the 
urvature onthe dynami
al behavior of liquid and vapor phases, results in the generation of 
entrifugalfor
es produ
ing an apparent buoyan
y whi
h, 
ombined with other e�e
ts su
h as the �owpressure gradient, hydrodynami
 lift, hydrodynami
 drag and buoyan
y due to gravity,govern the phenomena along the return bend, in
luding the perturbation lengths up- anddownstream of it. Sin
e the overall e�e
t is given by the 
omposition of vapor and liquid�ows, the following terms for the liquid and the vapor phases are 
onsidered:

∆pl = ρlu2l =
G2(1 − x)2

ρl(1 − ε)2
(6.8)

∆pv = ρvu2v =
G2x2

ρvε2
(6.9)Two 
oe�
ients (Kl and Kv) are introdu
ed, one for ea
h phase. These 
oe�
ients arefun
tion of the vapor quality and the 
urvature ratio (2R/D):

Kl = [xa + (1 − x) + b(1 − x)a] a

(

D

2R

)1/a (6.10)
Kv = [xa (b − (1 − x))] a

(

D

2R

)1/a (6.11)where parameters a = 3 and b = 0.055 have been obtained from the least square methodbased on the present experimental database (1087 data points). The new predi
tion methodis then given by the following relation:
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118 Chapter 6. Two-phase �ow in return bends
∆psing = Kl∆pl + Kv∆pv (6.12)Then, the return bend pressure drop 
an be predi
ted by:

∆prb =
[

∆pst,vertrb(πR)

]

+ [∆pstati
] + [∆psing] (6.13)Note that when x = 0, Eq. (6.13) be
omes:
∆prb,x=0 = ∆prb,lo =

G2

ρl [2flo
D

+ ρ2l g(2R) + (1 + b)a

(

D

2R

)1/a
] (6.14)where the fri
tion fa
tor flo is 
al
ulated using Eq. (3.17).6.3.2 Capability of predi
tion of the new methodIn this se
tion an assessment of the new developed method is 
arried out. To 
ompare theperforman
e of the new method, the entire database of this study (1087 experimental pointsfor verti
al and horizontal return bends) and the database shown in [Padilla et al. 2009℄ (325points in the literature) have been sele
ted. A total of 1412 points that 
ontain informationof 3 laboratories, on 4 �uids (R-12, R-134a, R-410A and HFO-1234yf), with horizontal andverti
al orientations and for the entire range of vapor quality have been 
ompared withthe four predi
tion methods of the literature and the new predi
tion method. Table 6.2presents the results of this 
omparison.Table 6.2: 1412 experimental pressure drop data points for HFO-1234yf, R-410A,R-12 and R-134a refrigerants in return bends 
ompared to di�erent 
orrelations fromthe literature and the new predi
tion method.

± 30 % error band MAE MRE[Chisholm 1983℄ and [Idelshik 1986℄ 41.7 (25.1) % 69.7 % 57.5 %[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) % 38.6 % 34.7 %New method 47.0 (32.1) % 36.4 % -3.7 %Figure 6.19 shows the 
omparison of 1412 data points with predi
tions by the newmethod. Around 47% of the data are predi
ted within a ±30% error band (32% of the datawithin a ±20% error band). The mean relative error is less than 5%.Fig. 6.20 presents the pressure drop in return bend as a fun
tion of the vapor quality.The experimental data are plotted and 
ompared to di�erent predi
tion methods from theliterature as well as the new predi
tion method. Note that for ea
h refrigerant, the predi
-tions of the proposed 
orrelation show good agreement with the shape of the experimentalpressure drop pro�le.In addition to the previous 
omparisons, simulations have been performed using theproposed equation. Fig. 6.21(a) shows the e�e
t of the mass velo
ity and saturationtemperature on the predi
ted return bend pressure drop (∆prb). The range of mass velo
ityand saturation temperature have been voluntarily extrapolated in order to 
he
k if anyparti
ular behavior might o

ur. Fig. 6.21(b) presents the e�e
t of 2R/D on the predi
tedreturn bend pressure drop. It is observed that when (2R/D) in
reases, ∆psing ⇒ 0 and
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Figure 6.19: Comparison of 1412 data points with predi
tions by the proposed
orrelation.
∆prb ⇒ ∆pst. Finally, Fig. 6.21(
) presents the e�e
t of the orientation. Note that forverti
al orientation, at values of x 
lose to 0, ∆prb in
reases due to the e�e
t of gravitya
ting on the liquid phase. This e�e
t de
reases with the in
reasing vapor quality, andbe
omes negligible for high values of x.Eq. 6.13 presents many advantages:� It 
ontains only two empiri
al 
onstants.� It has been developed based on a large database (1412 data points) in
luding thefourth generation HFO-1234yf and the well know third generation R-134a, R-410Aand R-12 refrigerants in both horizontal and verti
al orientations.� Based on the visual observations, various e�e
ts in
luding 
entrifugal for
es a
tingon both phases and buoyan
y due to gravity have been 
onsidered in the formulationof the new method.� This 
orrelation does not assume a homogeneous �ow.� The physi
al limits in the new method are 
orre
t. Note that when R → D/2,the e�e
t of the 
urvature on the singular pressure drop rea
hes it maximum value

(∆p
urv = ∆p
urv,max), and when R → ∞, (D/2R) = 0, giving ∆psing = 0. Inaddition, when x = 0 or x = 1, the resulting pressure drop tends toward the singlephase pressure drop in return bend.� The relation has been developed 
onsidering 
ommer
ial tube diameters from 7.9 to10.85 mm, (2R/D) from 3.68 to 4.05, a wide range of mass velo
ities (189 to 1695
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0 0.2 0.4 0.6 0.8 1
0

500

1000

1500

2000

2500

Vapor quality [−]

V
er

tic
al

 r
et

ur
n 

be
nd

 p
re

ss
ur

e 
dr

op
 (

∆ 
p

rb
) 

 [P
a]

 

 

HFO−1234yf
D = 10.85 mm
2R/D= 3.68
G = 400 kg/m 2s
T

sat
 = 15 °C

Vertical experimental data
Chisholm (1983)
Chen et al. (2004)
Domanski and Hermes (2008)
Padilla et al. (2009)
New correlation

(a) 0 0.2 0.4 0.6 0.8 1
0

200

400

600

800

1000

1200

1400

1600

1800

2000

Vapor quality [−]

H
or

iz
on

ta
l r

et
ur

n 
be

nd
 p

re
ss

ur
e 

dr
op

 (
∆ 

p
rb

) 
[P

a]

 

 

R−410A
D = 10.85 mm
2R/D= 3.68
G = 500 kg/m 2s
T

sat
 = 20 °C

Horizontal experimental data
Chisholm (1983)
Chen et al. (2004)
Domanski and Hermes (2008)
Padilla et al. (2009)
New correlation

(b)

0 0.2 0.4 0.6 0.8 1
0

100

200

300

400

500

600

Vapor quality [−]

H
or

iz
on

ta
l r

et
ur

n 
be

nd
 p

re
ss

ur
e 

dr
op

 (
∆ 

p
rb

) 
[P

a]

 

 

R−134a

D = 5.07 mm

2R/D= 5.18

G = 200 kg/m 2s

T
sat

 = 25 °C

Chen et al. (2008) experimental data
Chisholm (1983)
Chen et al. (2004)
Domanski and Hermes (2008)
Padilla et al. (2009)
New correlation

(
)Figure 6.20: Pressure drop in return bend as a fun
tion of the vapor quality usingthe experimental data 
ompared to di�erent predi
tion methods.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



6.3. New predi
tion method in return bends 121

0 0.2 0.4 0.6 0.8 1
0

200

400

600

800

1000

1200

1400

Vapor quality [−]

P
re

di
ct

ed
 r

et
ur

n 
be

nd
 p

re
ss

ur
e 

dr
op

 (
∆ 

p
rb

) 
[P

a]

 

 

HFO−1234yf

2R/D = 5

D = 5 mm

G200T05
G600T05
G200T25

(a)

0 0.2 0.4 0.6 0.8 1
0

200

400

600

800

1000

1200

1400

Vapor quality [−]

P
re

di
ct

ed
 r

et
ur

n 
be

nd
 p

re
ss

ur
e 

dr
op

 (
∆ 

p
rb

) 
[P

a]

 

 

HFO−1234yf

D = 10 mm

T
sat

 = 10 °C

G = 300 kg/m 2s

2R/D=4
2R/D=8
2R/D=12

(b)

0 0.2 0.4 0.6 0.8 1
0

200

400

600

800

1000

1200

Vapor quality [−]

P
re

di
ct

ed
 r

et
ur

n 
be

nd
 p

re
ss

ur
e 

dr
op

 (
∆ 

p
rb

) 
[P

a]

 

 

HFO−1234yf

D = 8 mm

2R/D = 7

T
sat

 = 10 °C

G = 300 kg/m 2s

Horizontal
Vertical(
)Figure 6.21: Predi
ted return bend pressure drop evolution as a fun
tion of thevapor quality.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



122 Chapter 6. Two-phase �ow in return bendskg m−2 s−1) and saturation temperatures from 4.4◦C to 22◦C, whi
h 
onstitute arelatively large range of experimental 
onditions.� The term [∆pstati
] represents the 
ontribution of the stati
 pressure drop given by averti
al orientation.� The term [∆psing + ∆ppert] takes into a

ount the 
ontribution of the 
urvature e�e
tdue to the singularity and its perturbation e�e
ts up- and downstream on the returnbend pressure drop.6.3.3 Predi
tions for single-phase �ow in return bendKnowing that Eq. (6.13) has been developed from two-phase �ow experimental data, itis espe
ially interesting to evaluate its performan
e on the parti
ular 
ase of single phase�ow predi
tion in return bends. Very little information related to single-phase pressuredrop predi
tion in return bends using refrigerants as working �uid has been found in theliterature. [Chen et al. 2005℄ presented single-phase pressure drop data for R-410A in a
opper wavy tube having an inner diameter of 3.25 mm and a 
urvature radius of 6.35 mm.The authors reported that the ratio of fri
tional fa
tor between U-bend in wavy tube1 andstraight tube ( frb/fst) is about 1.5 to 2.5 for Relo = 2500 to 25000. They also presentedan expression for frb = 2.737Re−0.56lo , whi
h allows to predi
t ∆prb,lo, as shown below:
∆prb,lo =

G2

ρl [2frbL
D

] (6.15)Considering that ∆plo =
G2

ρl Φ, Fig. 6.22 presents a 
omparison between the multiplier
Φ obtained for regular pressure drop in straight tubes (Eq. (3.54)), the new predi
tionmethod (Eq. (6.14)) and that obtained from [Chen et al. 2005℄ method (Eq. (6.15)).Note that at low values of Relo, the single-phase predi
tions given by the method of[Chen et al. 2005℄ and the new method are similar. However, at high values of Relo, ΦChentends toward Φst while remains around 2.5 times of these obtained for straight tube, whi
his in agreement with the results previously reported.The ΦChen multiplier does not seems to be valid be
ause it only 
onsiders the e�e
t ofthe fri
tion (regular pressure drop) whi
h be
omes lower than that for straight tube at highliquid Reynolds values, whi
h has no physi
al meaning. On the 
ontrary, at high values ofRelo where the e�e
t of the fri
tion is small when 
omparing to the 
urvature e�e
t, ΦNewand Φst follow a parallel evolution.6.4 Chapter 
on
lusionsIn this 
hapter, two-phase �ow regimes for HFO-1234yf and R-134a in a 6.70 mm innerdiameter glass return bend have been investigated with a high-speed high-resolution 
amerafor both horizontal and verti
al orientations. The di�erent �ow regimes observed were: slug,intermittent and annular �ows.The dynami
al behavior of vapor bubbles or slugs in verti
al downward �ow return bendwas reported. A simpli�ed analysis of the for
es a
ting on the bubble has been proposed tobetter understand the observations. The deta
hment is mainly 
ontrolled by the apparentbuoyan
y and hydrodynami
 lift. The re-atta
hment is 
ontrolled by the apparent buoyan
y1U-type wavy tubes (hairpin) with 
onse
utive 180◦ return bends are widely employed in the
ondenser and evaporator of the refrigerating systems.
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omparison as a fun
tion of liquid Reynolds number (Relo).and the radial 
omponent of buoyan
y due to gravity. In general, the se
ondary �ow in theliquid phase in�uen
es the traje
tory of the small bubbles while it is probably negligible inthe 
ase of vapor slugs.In addition, to determine the perturbation lengths up- and downstream of the returnbend, an experimental study has been 
arried out by measuring the return bend pressuredrop at di�erent pressure tap lo
ations up- and downstream of the singularity. In bothhorizontal and verti
al 
ases, it is noted that there was no signi�
ant di�eren
e in thereturn bend pressure drop between any position from 20D to 50D downstream of thereturn bend. Con
erning the perturbation length upstream of the return bend, in both
ases (horizontal and verti
al) there was found a signi�
ant di�eren
e in the return bendpressure drop between the pressure taps lo
ated at 5D and 10D.A new pressure drop database for horizontal and verti
al return bends has been pre-sented for HFO-1234yf, R-134a and R-410A refrigerants. 802 data points for horizontal and285 data points for verti
al return bends were determined by subtra
ting the inlet and out-let regular pressure drops in straight tube from the total pressure drop. It has been shownthat the return bend pressure drop in
reases when the mass velo
ity in
reases be
ause ofthe in
reasing e�e
t of the 
entrifugal for
e a
ting on both phases. These experimentaldata have been 
ompared against 
orrelations found in the literature.An improved predi
tion method for return bend pressure drop in
luding importantparameters su
h as void fra
tion, 
urvature ratio and e�e
t of the orientation (i.e verti
alorientation) has been developed from the present experimental data. This new methodallows to predi
t single- and two-phase pressure drop in return bends in a wide range of
onditions.
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Chapter 7Two-phase �ow in sudden
ontra
tions
Contents7.1 Experimental pro
edure . . . . . . . . . . . . . . . . . . . . . 1257.1.1 Data redu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . 1257.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . 1277.2.1 Two-phase �ow visualization in horizontal sudden 
ontra
tion 1277.2.2 Dynami
al behavior of bubbles and vapor slugs during a slug�ow regime in a sudden 
ontra
tion . . . . . . . . . . . . . . 1307.2.3 Determination of the perturbation lengths up- and down-stream of the sudden 
ontra
tion . . . . . . . . . . . . . . . . 1327.2.4 Two-phase pressure drop in sudden 
ontra
tions . . . . . . . 1347.2.5 Comparison to predi
tion methods . . . . . . . . . . . . . . . 1367.3 New two-phase pressure drop predi
tion method in sudden
ontra
tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1397.3.1 Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1397.3.2 Predi
tions of the new method . . . . . . . . . . . . . . . . . 1407.4 Chapter 
on
lusions . . . . . . . . . . . . . . . . . . . . . . . . 144This 
hapter presents qualitative two-phase �ow visualizations of R-134a in the test se
-tion des
ribed in se
tion 4.2.1.3. In addition, the perturbation lengths up- and downstreamof the sudden 
ontra
tion are investigated. Furthermore, 360 pressure drop data pointsmeasured for two-phase �ow of HFO-1234yf, R-134a and R-410A refrigerants in horizontalsudden 
ontra
tions are presented and 
ompared against 6 predi
tion methods from theliterature.Based on the present database, a new method is proposed for predi
ting the pressuredrop in sudden 
ontra
tions, whi
h is the sum of the pressure drop due to the �ow a

elera-tion in a geometri
al 
hange of �ow 
ross-se
tion (
hange in momentum) and the fri
tionalpressure drop due to the singularity and its perturbation e�e
ts up- and downstream (pro-posed equation).7.1 Experimental pro
edure7.1.1 Data redu
tionIn order to obtain the values of the sudden 
ontra
tion pressure drop ∆p
, the total pressuredrop and the straight tube (regular) pressure drops have been measured. Figure 7.1 shows
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126 Chapter 7. Two-phase �ow in sudden 
ontra
tionsa synthesis of the idealized pressure pro�le along the �ow path in a sudden 
ontra
tion.
Pressure
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Figure 7.1: Idealized pressure pro�le along a sudden 
ontra
tion.
∆ptot 
orresponds to the total pressure drop experimentally measured over the length

L3. This term is expressed with the following relation:
∆ptot = ∆pst,in + ∆p
 + ∆pst,out (7.1)The term ∆pst,in + ∆pst,out is 
al
ulated as:

∆pst,in + ∆pst,out =

(

−
dpdz

)st,D1

L′

3 +

(

−
dpdz

)st,D2

L′′

3 (7.2)The straight tube (regular) pressure gradients are experimentally measured along thelength L0 and L6 (see Fig. 4.9) for inner tube diameters of 10.85 mm and 7.90 mm. Thesegradients are 
al
ulated using Eq.(5.1).The term ∆p
 
orresponds to the sudden 
ontra
tion pressure drop and is expressed asthe sum of the 
ontributions of the the singular pressure drop (∆psing), the pressure dropdue to the �ow a

eleration a
ross a geometri
al area 
hange (∆pm) and the perturbationsupstream and downstream of the sudden 
ontra
tion along the transitional region (∆ppert =

∆ppert,in + ∆ppert,out).
∆p
 = ∆psing + ∆pm + ∆ppert (7.3)
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7.2. Experimental results 127In the experiments, as explained in [Padilla et al. 2011a℄, the maximum pressure dropmeasured from the outlet of the ele
tri
al heater (where the vapor quality is 
al
ulated)to the outlet of the test se
tion 
an rea
h up to 0.84 bar. This pressure drop is notnegligible and provokes a �ashing e�e
t (see se
tion 2.6.3.1) and a temperature di�eren
e.As explained in se
tion 5.1.2, from the outlet of the ele
tri
al heater to the outlet of thetest se
tion, the ∆x and ∆Tsat variations due to the �ashing e�e
t have been taken intoa

ount. The �ashing e�e
t is 
al
ulated using the relation (2.50) and both vapor qualityand saturation temperature are re
al
ulated at the inlet of ea
h straight tube and thesudden 
ontra
tion. However, the variation of the vapor quality due to the �ashing e�e
talong the pressure drop measurement lengths is small enough to assume the vapor qualityto be 
onstant along these lengths.Considering that x do not vary along the pressure drop measurement lengths, the term
∆pm is 
al
ulated from Eq. (2.34) and expressed as follows:

∆pm =
x2

ρv [G2
2

ε2
−

G2
1

ε1

]

+
(1 − x)2

ρl [

G2
2

(1 − ε2)
−

G2
1

(1 − ε1)

] (7.4)and the void fra
tion (ε) is 
al
ulated using the [Steiner 1993℄ version of[Rouhani & Axelsson 1970℄ 
orrelation (Eq. 3.68).7.2 Experimental results7.2.1 Two-phase �ow visualization in horizontal sudden 
ontra
-tionFlow regimes of R-134a have been observed in the test se
tion des
ribed in se
tion 4.2.1.3.As shown in Fig. 7.2, the di�erent �ow regimes observed were: slug, intermittent andannular �ows. For slug �ow regime (Fig. 7.2(f)), as seen in the side view, the �ow inthe straight tube upstream of the sudden 
ontra
tion is strongly in�uen
ed by gravity thata
ts to stratify the liquid to the bottom of the tube and the vapor to the top. Regardingthe annular �ow observations (Figures 7.2(a) and 7.2(b)), for di�erent vapor qualities,visualization results show that the liquid forms a 
ontinuous �lm around the perimeter ofthe tube and the interfa
e between the liquid annulus and the vapor 
ore is disturbed bysmall amplitude waves with some droplets dispersed in the vapor 
ore. This �ow behaviorbeyond the sudden 
ontra
tion is found similar to the behavior observed in straight tubes.
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128 Chapter 7. Two-phase �ow in sudden 
ontra
tions
top view
side view(a) Annular �ow at G1 = 200kg·m−2

·s−1, Tsat = 10◦C and x = 40%. (b) Annular �ow at G1 = 200kg·m−2
·s−1, Tsat = 10◦C and x = 60%.

(
) Slug �ow at G1 = 300 kg·m−2
·s−1,

Tsat = 9◦C and x = 2%. (d) Slug �ow at G1 = 300 kg·m−2
·s−1,

Tsat = 9◦C and x = 5%.
(e) Intermittent �ow at G1 = 300kg·m−2

·s−1, Tsat = 9◦C and x = 10%. (f) Slug �ow at G1 = 200 kg·m−2
·s−1,

Tsat = 9◦C and x = 2%.Figure 7.2: Side and top views of the R-134a �ow patterns in a horizontal sudden
ontra
tion. D1 = 10 mm, σA =
D2

2

D2
1

= 0.49.
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7.2. Experimental results 129Figure 7.3 shows the progress of R-134a vapor slug �owing along a sudden 
ontra
tion.In these �gures it 
an be seen the e�e
t of the vapor slug a

eleration at the inlet of thesingularity.top viewside view(0ms) (12ms) (24ms) (36ms)(48ms) (60ms) (72ms) (84ms)(96ms) (108ms) (120ms) (132ms)(144ms) (156ms) (168ms) (180ms)(192ms) (204ms) (216ms) (228ms)(240ms) (252ms) (264ms) (276ms)(288ms) (300ms) (312ms)Figure 7.3: Side and top views progress of R-134a slug �ow along a sudden 
on-tra
tion for x = 1%, G1 = 200 kg·m−2·s−1, Tsat = 8 ◦C, D1 = 10.0 mm and
σA =

D2
2

D2
1

= 0.49.
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130 Chapter 7. Two-phase �ow in sudden 
ontra
tionsAt the beginning of the singularity, approximately 1D1 upstream of the 
hange of 
ross-se
tion, the �ow a

eleration enlarges the vapor slug , and in some 
ases, the slug breaksinto a su

ession of small bubbles. In some o

asions, these bubbles 
oales
e to form againa vapor slug approximately 1D2 downstream of the 
hange of 
ross-se
tion, but usually, thesmall bubbles follow the vapor slug head from a distan
e of about 2D2. It is also importantto note that the 
hange of 
ross-se
tion indu
es a �ow a

eleration whi
h 
auses, in many
ases, a �ow pattern 
hange.During slug and intermittent �ow (Figures 7.2(
) to 7.2(e)), an hydrauli
 jump is ob-served in the liquid phase as a result of its �
ollision� with the singularity. When the voidfra
tion is small, this jump in the liquid phase is one of the 
auses observed, along with the�ow a

eleration due to the area 
hange, whi
h produ
es the breakdown of the vapor slugsmentioned above.7.2.2 Dynami
al behavior of bubbles and vapor slugs during a slug�ow regime in a sudden 
ontra
tionAs mentioned before, some typi
al �ow regimes are observed during �ow boiling in theexperiments. The working �uid undergoes slug �ow, intermittent �ow and annular �ow.Di�erent �ow patterns would perform distin
t dynami
al behavior as liquid and vapor passthrough a sudden 
ontra
tion. Figure 7.4(a) presents the evolution of a small bubble ofR-134a (approx. equivalent radius 1.0 mm) moving along the sudden 
ontra
tion. The �ow
onditions are G = 200 kg·m−2·s−1, Tsat = 8 ◦C and x = 1%.As 
an be observed, the side view reveals the e�e
t of buoyan
y on the bubble whi
hslides from the horizontal inlet tube atta
hed to the top side wall of the tube. This behavior
ontinues beyond the sudden 
ontra
tion in the outlet tube following the liquid �ow dire
-tion. The top view shows the bubble traje
tory almost 
entered in the tube. The e�e
t ofthe a

eleration due to a 
hange of 
ross-se
tion in the singularity 
an be observed as thebubble elongates when passing through the singularity.Figures 7.4(b) and 7.4(
), present the evolution of a vapor slug head and vapor slug tailrespe
tively. As 
an be noted in Fig. 7.4(b), the vapor slug head elongates when passingalong the singularity due to the e�e
t of the �ow a

eleration. It is also observed thatthe vapor slug head re
overs its rounded shape after a distan
e of 3D2 of the singularity.Regarding the vapor slug tail behavior, Fig. 7.4(
) shows that when the thi
kness of thetail is small, the tail deta
hes from the vapor slug, leaving small bubbles behind it.
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top viewside view (a)

(b)

(
)Figure 7.4: Image re
onstitution of bubble, slug head and slug tail behaviors andtraje
tories in an horizontal sudden 
ontra
tion. Test 
onditions are x = 2%, G1 =

200 kg·m−2·s−1, Tsat = 9 ◦C, D1 = 10.0 mm and σA = 0.49. (Time lapse 12 ms).
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132 Chapter 7. Two-phase �ow in sudden 
ontra
tions7.2.3 Determination of the perturbation lengths up- and down-stream of the sudden 
ontra
tionA similar pro
edure explained in se
tion 6.2.3 has been 
ondu
ted to determine the pertur-bation lengths up- and downstream of the sudden 
ontra
tion (se
tions a-a' and b-b', seeFig. 7.1). The test se
tion depi
ted in Fig. 4.8 has been used to measure these lenghts.The pressure drops presented in this se
tion 
orrespond to the sudden 
ontra
tion pres-sure drop (∆p
 = ∆ptot − ∆pst,in − ∆pst,out).Figure 7.5 presents the results of the sudden 
ontra
tion pressure drop measurementsfor R-134a and R-410A refrigerants at four di�erent pressure tap positions downstream ofthe singularity.
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(d)Figure 7.5: Sudden 
ontra
tion pressure drop measured at four di�erent pressure tappositions downstream of the singularity. Filled markers 
orrespond to measurementsa�e
ted by the perturbation.
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(b)Figure 7.6: Sudden 
ontra
tion pressure drop measured at four di�erent pressure tappositions upstream of the singularity. Filled markers 
orrespond to measurementsa�e
ted by the perturbation.Ea
h measurement presented in Figs. 7.5 and 7.6 
orrespond to a mean of 30 datapoints measured during about 3 min. To 
ompare the results obtained from one to theother, the Wil
oxon method ([Wil
oxon 1950℄) that has been used on the determination ofthe perturbation lengths in return bends (Se
tion 6.2.3) was used in all experiments for theperturbation lengths determination in sudden 
ontra
tions. The signi�
an
e 
riterion fortwo independent samples was set at p = 0.05.For both �uids at the experimental 
onditions showed in this �gure, it 
an be notedthat there was no signi�
ant di�eren
e in the sudden 
ontra
tion pressure drop as measuredwith the pressure drop tap lo
ated beyond 70D2 downstream of the singularity (p > 0.05).Nevertheless, there was found a signi�
ant di�eren
e in the sudden 
ontra
tion pressuredrop between the pressure taps lo
ated at 15D2 and 30D2 (p < 0.05), and this di�eren
ewas found to be in
reasing with the in
rease of the vapor quality. Note that the e�e
t of the
Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



134 Chapter 7. Two-phase �ow in sudden 
ontra
tionssaturation temperature on the sudden 
ontra
tion pressure drop is shown in Figs. 7.5(
)and 7.5(d)Figure 7.6 shows the sudden 
ontra
tion pressure drop (∆p
) for R-410A with a massvelo
ity of G1 = 570 kg·m−2·s−1 and G1 = 950 kg·m−2·s−1 for various lo
ations of theupstream pressure tap. For these 
onditions, there was no signi�
ant di�eren
e in thesudden 
ontra
tion pressure drop between ea
h pressure tap position above 28D1 upstreamof the singularity (p > 0.05). The results for both mass velo
ities show that there is asigni�
ant di�eren
e in the sudden 
ontra
tion pressure drop (p < 0.05) when measuringat the pressure tap lo
ated at 15D1 upstream of the singularity for all the vapor qualitiestested. In Figs. 7.5 and 7.6, the positions a�e
ted by the perturbations are represented bya �lled marker.7.2.4 Two-phase pressure drop in sudden 
ontra
tionsTable 7.1 summarizes the experimental 
onditions of the sudden 
ontra
tion pressure dropdatabase presented by [Padilla et al. 2012b℄ database along with the 
orresponding un-
ertainties. The 360 experimental tests have been 
arried out using three di�erent tubediameters (10.85, 7.90 and 5.30 mm), saturation temperatures from 4.4◦C to 20.4◦C, andover a broad range of vapor quality. The mass velo
ity (G1) ranges from 188.71 to 966.14kg· m−2· s−1. The working �uids are the fourth generation refrigerant HFO-1234yf and thewell-known third generation refrigerants R-134a and R-410A.Table 7.1: Experimental 
onditions and un
ertainties of the present sudden 
ontra
-tion pressure drop database.Parameters Range Un
ertaintiesFluids HFO-1234yf, R-134a and R-410A
D1 10.85 and 7.90 mm ±0.6%
D2 7.90 and 5.30 mm ±0.6%
σA 0.53 and 0.45 ±0.5%
G1 188.7 to 966.1 kg m−2 s−1 ±1.3%
Tsat 4.4 - 20.4 ◦C ±0.1 KPheater 0 - 10 kW ±1 W
x 0.04 - 0.96 ±0.82%
p 4.12 - 13.03 bar ±0.1%

∆p 0 - 190 kPa ±0.1%Figure 7.7(a) presents the di�erent pressure drop 
ontributions of the sudden 
on-tra
tion pressure drop (∆p
 = ∆pm + ∆ppert + ∆psing) for HFO-1234yf and R-410A attwo di�erent 
onditions. These 
ontributions are: the pressure drop due to the �ow a
-
eleration in a geometri
al area 
hange (∆pm) and the singular pressure drop (∆psing)plus the pressure drops due to perturbation up- and downstream of the singularity(∆ppert = ∆ppert,in + ∆ppert,out).As 
an be noted in these �gures, the 
ontribution of ∆pm in
reases with the in
reaseof the vapor quality, while in the 
ontribution of the ∆psing + ∆ppert there is a maximum.This maximum o

urs for a vapor quality around 0.65. Figure 7.7(b) presents the resultsfor the R-410A �owing at G1 = 200 kg·m−2·s−1. As 
an be seen, at a lower mass velo
ity,the 
ontribution of ∆pm is less than that for ∆psing + ∆ppert.This 
ontribution predominates only at high vapor qualities when the maximum in the
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(b)Figure 7.7: Pressure drop 
ontributions vs. vapor quality.
∆psing + ∆ppert has been rea
hed. Nevertheless, the behavior of the 
ontributions on thesudden 
ontra
tion pressure drop is very similar for both refrigerants at two di�erent ex-perimental 
onditions. Figure 7.8 presents a 
omparison between refrigerants HFO-1234yf,R-410A and R-134a for two di�erent experimental 
onditions.
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HFO−1234yf(b)Figure 7.8: Sudden 
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tion pressure drop vs. vapor quality for di�erent refrig-erants.Results show that the pressure drop of HFO-1234yf is lower than that of R-134a athigh vapor qualities, whi
h is linked to the physi
al properties of the refrigerants. Themaximum pressure drop o

urs above 60% of vapor quality. A

ording to the �ow patternmap of [Wojtan et al. 2005a℄, this maximum o

urs in annular �ow regime in the straighttube that 
onstitutes the sudden 
ontra
tion inlet.
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136 Chapter 7. Two-phase �ow in sudden 
ontra
tions7.2.5 Comparison to predi
tion methodsThe 360 pressure drop (∆p
) data points measured in two sudden 
ontra
tions for re-frigerants HFO-1234yf, R-410A and R-134a are 
ompared against 6 two-phase pressuredrop predi
tion methods. These predi
tion methods are those of [Collier & Thome 1994℄,[Chisholm 1983℄, [S
hmidt & Friedel 1997℄, [Abdelall et al. 2005℄, [Chen et al. 2008a℄ and[Chen et al. 2009℄. All these methods allow the 
al
ulation of the sudden 
ontra
tion pres-sure drop in horizontal orientation.Figure 7.9 shows the results for experimental pressure drop in the sudden 
ontra
tion
ompared to predi
tions. The results of the 
omparison are also summarized in Table 7.2.Table 7.2: Experimental pressure drop data points for HFO-1234yf, R-410A andR-134a refrigerants in sudden 
ontra
tions 
ompared to di�erent 
orrelations fromthe literature
± 30 % error band MAE MRE[Collier & Thome 1994℄ 2.8 % 49.2 % -49.2 %[Chisholm 1983℄ 1.9 % 111.6 % 111.6 %[S
hmidt & Friedel 1997℄ 11.9 % 41.0 % -41.0 %[Abdelall et al. 2005℄ 54.2 % 28.8 % -17.0 %[Chen et al. 2008a℄ 2.8 % 49.5 % -49.5 %[Chen et al. 2009℄ 0.0 % 62.0 % -62.0 %The best predi
tion was a
hieved by the method of [Abdelall et al. 2005℄ with 54% ofthe data predi
ted within a ±30% error band. None of the other methods was able topredi
t the sudden 
ontra
tion pressure drop with refrigerants as working �uid.Similarly to the return bend database, the distribution of the parameters of in�uen
e inthe sudden 
ontra
tion database are shown in Fig. 7.10. Figures 7.10(a) to 7.10(
) show thedata distribution with respe
t to mass velo
ity, saturation temperature and vapor quality,respe
tively.
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138 Chapter 7. Two-phase �ow in sudden 
ontra
tions
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) Vapor quality x.Figure 7.10: Distribution of the database (360 data points for HFO-1234yf, R-134aand R-410A).
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7.3. New two-phase pressure drop predi
tion method in sudden
ontra
tion 1397.3 New two-phase pressure drop predi
tion method insudden 
ontra
tionFrom the 
omparison 
arried out in the previous se
tion, only the method proposed by[Abdelall et al. 2005℄ was able to predi
t to a 
ertain extend the experimental database forthe HFO-1234yf, R-134a and R-410A refrigerants. Based on the observations made in thisstudy, the intention is to develop a new method for predi
ting the pressure drop in sudden
ontra
tions using a di�erent approa
h from those used in other studies.7.3.1 FormulationThe pressure drop due to the �ow a

eleration in a geometri
al area 
hange (∆pm) will be
al
ulated using Eq.(7.4) and subtra
ted from the sudden 
ontra
tion pressure drop. Onlythe term (∆psing + ∆ppert) will be 
orrelated.
∆p
 = ∆psing + ∆pm + ∆ppertand the term ∆pm, is 
al
ulated as follows:

∆pm =
x2

ρv [G2
2

ε2
−

G2
1

ε1

]

+
(1 − x)2

ρl [

G2
2

(1 − ε2)
−

G2
1

(1 − ε1)

]The void fra
tion (ε) is 
al
ulated using the [Steiner 1993℄ version of[Rouhani & Axelsson 1970℄ 
orrelation (Eq. (3.68)), given by:
ε =

x

ρv [(1 + 0.12(1− x))

(

x

ρv +
1 − x

ρl )

+
1.18(1− x)[gσ(ρl − ρv)]0.25

Gρ0.5l ]−1The new method will predi
t the e�e
t of the fri
tion resistan
e due to the singularity(∆psing) and its perturbation e�e
ts up- and downstream (∆ppert). Sin
e this e�e
t is linkedto the 
ontribution of both vapor and liquid �ows, the following terms for the liquid andthe vapor phases are 
onsidered:
∆pl =

G2
2(1 − x)2

ρl(1 − ε2)2
(7.5)

∆pv =
G2

2x
2

ρvε2
2

(7.6)Two 
oe�
ients (Kl and Kv) are introdu
ed, one for ea
h phase. These 
oe�
ients arefun
tion of the vapor quality and the passage 
ross-se
tion area ratio (σA):
Kl = [b(1 − x)(1 − xa)] (1 − σA)c (7.7)

Kv =
[

axb + bxa(1 − x)
]

(1 − σA)c (7.8)where parameters a = 0.017, b = 2 and c = 1/4 have been obtained from the leastsquare method based on the present experimental database. The new predi
tion method isthen given by the following relation:
∆psing + ∆ppert = Kl∆pl + Kv∆pv (7.9)

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



140 Chapter 7. Two-phase �ow in sudden 
ontra
tionsThen, the sudden 
ontra
tion pressure drop 
an be predi
ted by:
∆p
 = [∆pm] + [∆psing + ∆ppert] (7.10)Note that when x = 0, Eq. (7.10) be
omes:

∆p
,x=0 = ∆p
l =
G2

2

ρl [(1 − σ2A) + b(1 − σA)c
] (7.11)For single phase �ow, the pressure drop is normally expressed by the loss 
oe�
ient Kmultiplied by the kineti
 energy of the �ow:

∆p
l =
Kρlu2l

2
=

KG2
2

2ρl (7.12)By 
omparing Eq. (7.11) with (7.12), the loss 
oe�
ient given by the new predi
tionmethod 
an be found as:
K
l = 2

[

(1 − σ2A) + b(1 − σA)c
] (7.13)Although the loss 
oe�
ient for single phase K
l has been obtained from two-phase�ow data, the single phase pressure drop predi
tions obtained using Eq.(7.11) show a goodagreement with those presented by [Chisholm 1983℄ (Eq. 3.88). For instan
e, for σA = 0.4,

KChisholm = 6.7 and K
l = 5.20.7.3.2 Predi
tions of the new methodFigure 7.11 shows a 
omparison of 360 data points with predi
tions by the proposed 
or-relation. More than 94% of the data are predi
ted within a ±30% error band (84 % ofthe data within a ±20% error band). The mean relative error is 0.7%. The predi
tion issatisfa
tory.Eq. 7.10 presents many advantages:� It 
ontains only three empiri
al 
onstants.� It has been developed based on a large database (360 data points) in
luding thefourth generation HFO-1234yf and the well know third generation R-134a and R-410A refrigerants.� Based on the visual observations, unlike single-phase �ow, a two-phase �ow does not
ontra
t behind the edge of the transition at least in a range of vapor quality between4 and 97%. No parameter is therefore in
luded in the new 
orrelation to take intoa

ount a would-be vena-
ontra
ta phenomenon.� This 
orrelation does not assume a homogeneous �ow.� The physi
al limits in the new method are 
orre
t. Note that when σA= 1, ∆p
 =

0. In addition, when x = 0 or x = 1, the resulting expressions for pressure drop
al
ulation tend toward the single phase pressure drop in sudden 
ontra
tion.� The relation has been developed 
onsidering 
ommer
ial tube diameters from 5.3 to10.85 mm, σA from 0.45 to 0.53, a wide range of mass velo
ities (189 to 966 kg m−2s−1) and the saturation temperatures from 4.4◦C to 20.4◦C.� The term [∆pm] represents the 
ontribution to the pressure drop of the �ow a

eler-ation e�e
t due to a 
hange of 
ross-se
tion.
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Figure 7.11: Comparison of 360 data points with predi
tions by the proposed 
or-relation.� The term [∆psing + ∆ppert] takes into a

ount the 
ontribution of the fri
tion resis-tan
e due to the singularity and its perturbation e�e
ts up- and downstream on thesudden 
ontra
tion pressure drop.Fig. 7.12 presents the pressure drop in sudden 
ontra
tion as a fun
tion of the vaporquality. The experimental data are plotted and 
ompared to di�erent predi
tion methodsfrom the literature as well as the new predi
tion method. Note that for ea
h refrigerant,the predi
tions of the proposed 
orrelation show good agreement with the shape of theexperimental pressure drop pro�le.Figure 7.13 shows some simulations that have been performed using the proposed equa-tion. Fig. 7.13(a) shows the e�e
t of the mass velo
ity and saturation temperature onthe predi
ted sudden 
ontra
tion pressure drop (∆p
). The range of mass velo
ity andsaturation temperature have been voluntarily extrapolated in order to 
he
k if any parti
-ular behavior might o

ur. Fig. 7.13(b) presents the e�e
t of σA on the predi
ted sudden
ontra
tion pressure drop. Note that when σA in
reases up to the physi
al limit σA = 1 ,
∆p
 ⇒ 0.
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144 Chapter 7. Two-phase �ow in sudden 
ontra
tions7.4 Chapter 
on
lusionsIn this 
hapter, visualizations of the two-phase �ow regimes of R-134a in a 10 mm glasstube in
luding a sudden 
ontra
tion of 
ross-se
tion ratio (σA) equal to 0.49 have beenperformed with a high-speed high-de�nition 
amera. The di�erent �ow regimes observedwere: slug, intermittent and annular �ows. Observations in the 
ontra
tion se
tion showthat the distribution of the phases is in�uen
ed by a 
ombination of the a

eleration of bothphases and the e�e
t of the liquid phase hydrauli
 jump in the singularity. It was observedthat the vapor slug head in the 
ontra
tion se
tion elongates due to the e�e
t of the �owa

eleration. Beyond the 
ontra
tion se
tion, the vapor slug head re
overs its roundedshape after a distan
e of 3D2 of the singularity. From the vapor slug tail visualizations, itwas observed that when the thi
kness of the tail is small, the tail deta
hes from the vaporslug, leaving small bubbles behind it.The perturbation lengths up- and downstream of the singularity were experimentallyinvestigated and their 
ontribution to the pressure drop was identi�ed. For two di�erent�uids su
h as R-134a and R-410A refrigerants, the results obtained show that there isno signi�
ant di�eren
e for the sudden 
ontra
tion pressure drop measured above 70D2downstream and above 28D1 upstream of the singularity.360 pressure drop data points measured in horizontal sudden 
ontra
tions have beenpresented for the fourth generation HFO-1234yf and third generation R-134a and R-410Arefrigerants. The sudden 
ontra
tion pressure drop was determined by subtra
ting theinlet and outlet regular pressure drop in straight tube from the total pressure drop. Theseexperimental data have been 
ompared against 6 predi
tion methods from the literature.Only the method of [Abdelall et al. 2005℄ gives predi
tion over 50 % of the data predi
tedwithin a ± 30 % error band.Based on the experimental database developed in this PhD work, a new method is pro-posed for predi
ting the pressure drop in sudden 
ontra
tions. This new method representsthe sum of the pressure drop due to the �ow a

eleration in a geometri
al area 
hange(∆pm) and the fri
tional pressure drop due to the singularity and to the perturbation itindu
es up- and downstream (proposed equation). This relation in
ludes only 3 empiri
al
onstants and shows the 
orre
t physi
al limits when σA → 1, x = 0 and x = 1. Morethan 94% of the data are predi
ted within a ±30% error band. The mean absolute error isaround 12% and the mean relative error is 0.7%.

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2011ISAL0121/these.pdf 
© [M.D. Padilla Gomez], [2011], INSA de Lyon, tous droits réservés



Chapter 8Con
lusion
Contents8.1 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1458.2 Con
luding remarks . . . . . . . . . . . . . . . . . . . . . . . . 1468.2.1 Two-phase �ow visualization . . . . . . . . . . . . . . . . . . 1468.2.2 E�e
ts of the perturbation length on the two-phase pressuredrop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1468.2.3 Development of predi
tion tools from an original experimentaldatabase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1478.3 Perspe
tives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147This 
hapter 
on
ludes the present PhD thesis by giving a brief synthesis of the mainresults obtained in this experimental investigation on �ow boiling of third and fourth gen-eration refrigerants in singularities su
h as return bends and sudden 
ontra
tions. Aspe
tsmeriting further investigation, as well as re
ommendations 
on
erning the experimentalsystem will be detailed.8.1 SynthesisAn extensive review of the existing two-phase �ow models to predi
t pressure drops insingularities su
h as sudden 
ontra
tions and return bends showed a general trend that thetwo-phase pressure drop predi
tion methods available for air-water mixtures in singularitiesare not suitable for refrigerants. For these �uids, the predi
tion methods available give verylittle information about the physi
s of the phenomena involved. In general, these methodsare still based on numerous empiri
al 
onstants and do not take into a

ount some importantgeometri
al parameters su
h as void fra
tion.In order to rea
h the main obje
tives of this PhD work, the existing �ow boiling testfa
ility used by [Branes
u 2000℄ has been su

essfully modi�ed and adapted to the di�erenttest 
onditions and measurement methods. The present study involved boiling refrigerantsthat were tested in a wide range of 
onditions for straight tubes, horizontal and verti
alreturn bends and sudden 
ontra
tions. These experimental 
onditions were 
hosen to ob-tain experimental values over a wide range of test parameters so that the e�e
t of ea
hparameter may be easily identi�ed. The range of experimental 
onditions 
overed were:three refrigerants (third and fourth generation), three internal tube diameters, two returnbend 
urvature ratios, two sudden 
ontra
tion 
ross-se
tional area ratios, more than tenmass velo
ities over a large range of vapor quality. The 
ampaign led to a
quire 884 exper-imental two-phase pressure drop values for straight tubes, 802 data points for horizontalreturn bends, 285 data points for verti
al return bends and 360 data points for sudden
ontra
tions, 
overing a wide range of experimental 
onditions and four �ow regimes.
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146 Chapter 8. Con
lusion8.2 Con
luding remarksThe analysis of the results obtained leads to the following 
on
lusions, 
lassi�ed a

ordingto the obje
tives of the thesis announ
ed in Se
tion 1.3:8.2.1 Two-phase �ow visualization� Two-phase �ow regime visualizations of refrigerants have been 
arried out with ahigh-speed high-de�nition 
amera. The di�erent �ow regimes observed were: slug,intermittent and annular �ows. For straight tubes and also for sudden 
ontra
tion, amirror has been pla
ed in order to simultaneously investigate both top and side views.For return bends, visualizations have been 
arried out for horizontal and verti
aldownward �ow orientation. The general 
on
lusion is that no major di�eren
e wasobserved between the refrigerants studied for the experimental 
onditions 
onsidered.In addition, it was found that the [Wojtan et al. 2005a℄ �ow pattern map was ableto satisfa
torily predi
t the HFO-1234yf �ow regimes.� Observations in the 
urved se
tion of the verti
al return bend showed that the distri-bution of the phases is in�uen
ed by a 
ombination of the gravity and the 
entrifugalfor
es. In this sense, the dynami
al behavior of a bubble and a vapor slug in ver-ti
al downward �ow return bend was reported. An analysis of the for
es a
ting onthe bubbles has been proposed. This model allows to better understand the di�er-ent for
es a
ting on the vapor phase. The deta
hment is mainly 
ontrolled by theapparent buoyan
y and hydrodynami
 lift. The re-atta
hment is 
ontrolled by theapparent buoyan
y and the radial 
omponent of buoyan
y due to gravity. In general,the se
ondary �ow in the liquid phase in�uen
es the traje
tory of the small bubbleswhile it is probably negligible in the 
ase of vapor slugs.� Two-phase �ow regime visualizations of R-134a in a sudden 
ontra
tion showed thatthe distribution of the phases was in�uen
ed by a 
ombination of the a

eleration ofboth phases and the e�e
t of the hydrauli
 jump of the liquid phase in the singularity.The side view revealed the e�e
t of buoyan
y on the bubble whi
h slides from thehorizontal inlet tube atta
hed to the top side wall of the tube. The top view showedthe bubble traje
tory almost 
entered in the tube. The e�e
t of the a

elerationdue to a 
hange of 
ross-se
tion a
ross the singularity 
an be observed as the bubbleelongates when passing along the singularity. The evolution of the vapor slug headand vapor slug tail have been dis
ussed. As a 
on
luding remark, the vapor slug headelongates when passing along the singularity due to the e�e
t of the �ow a

elerationgiven by the area 
hange. Regarding the vapor slug tail behavior, for smaller thi
knessof the tail, the tail deta
hes from the vapor slug, leaving small bubbles.8.2.2 E�e
ts of the perturbation length on the two-phase pressuredropThe perturbation lengths up- and downstream of the singularities were spe
i�
ally studied.For return bends, in both horizontal and verti
al 
ases, it is noted that there is no signi�
antdi�eren
e in the return bend pressure drop above 20D downstream of the return bend.Con
erning the perturbation length upstream of the return bend, in both 
ases (horizontaland verti
al) there was found a signi�
ant di�eren
e in the return bend pressure dropbetween the pressure taps lo
ated at 5D and 10D.
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8.3. Perspe
tives 147The results obtained for the sudden 
ontra
tion show that there is no signi�
ant dif-feren
e for the sudden 
ontra
tion pressure drop measured above 70D2 downstream andabove 28D1 upstream of the singularity. These lengths have been 
onsidered in the designof the test se
tions for pressure drop measurements.8.2.3 Development of predi
tion tools from an original experimen-tal databaseThe third obje
tive of this PhD work was to develop a pressure drop database for third andfourth generation refrigerants whi
h allowed to develop reliable pressure drop predi
tivemethods for singularities. Based on the previous visualizations and perturbation lengthsstudies, two-phase pressure drops in straight tubes, return bends and sudden 
ontra
tionhave been measured. This experimental database allowed to better understand the physi
sinvolved in the refrigerant �ow boiling, espe
ially the e�e
t of mass velo
ity, saturationtemperature, inner diameter, return bend 
urvature ratio, orientation, sudden 
ontra
tion
ross-se
tion ratio and �uid properties (density, vis
osity, et
).Based on the experimental database and �ow regime visualizations developed in thisPhD work, two new predi
tion methods were proposed for predi
ting the pressure drop inreturn bends and in sudden 
ontra
tions, respe
tively. These new methods represent thesum of ea
h 
ontribution of the pressure drop. In this sense, two diagrams whi
h representthe idealized pressure drop pro�le showing the 
ontributions of the e�e
ts 
onsidered todevelop the new predi
tion methods have been introdu
ed for both return bends and sudden
ontra
tion.The new methods developed for predi
ting two phase pressure drop in singularitiesin
lude few empiri
al 
onstants and show the 
orre
t physi
al limits. The predi
tions givenby these new methods on their respe
tive database were generally satisfa
tory.8.3 Perspe
tivesAs some of the aspe
ts of this work are new and 
omplex, further resear
h de�nitely needsto be 
arried out. Although the new predi
tion methods developed in this PhD thesisshow good agreement to the present experimental database, future work should extend
omparison of these new models to other refrigerants and databases. Spe
i�
 areas thatshould be given priority for future works are suggested below:� The bubble deta
hment me
hanism in verti
al return bends are not 
ompletely as-sessed yet. In addition, the intera
tion between adja
ent bubbles should be studiedin future work. Spe
i�
 experiments devoted to that subje
t should be performed.� The two-phase predi
tion methods developed in this work are able to su

essfullypredi
t the present experimental data. However, some of the geometri
 parameters ofthe singularities su
h as the straight tube orientation, the return bend 
urvature ratio
(2R/D) and the sudden 
ontra
tion 
ross-se
tional area ratio (σA) in this databaseare limited. In order to further study the e�e
t of these parameters on the pressuredrop, is highly re
ommended to extend the existing database in
luding a wider rangeof these parameters.� Finally, based on the simultaneous visualizations in straight tubes, a new te
hniquefor measuring void fra
tion is in development ([Wallet et al. 2012℄). This methodgives good agreement when 
ompared with predi
tions given by methods of the lit-erature. Further investigation in this area is needed to develop a reliable method
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148 Chapter 8. Con
lusionfor measuring void fra
tion along the singularities that allows to improve the newtwo-phase pressure drop predi
tion methods being developed for singularities su
h asreturn bends and sudden 
ontra
tions.
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Appendix ANomen
lature
A 
ross-se
tion area (m2)
a 
orrelation parameter
b, B 
orrelation parameter
C 
orrelation parameter
c spe
i�
 heat 
apa
ity (J·K−1)
Co distribution parameter
D tube diameter (m)
E internal energy (J)
e internal energy per unit of mass (J·kg−1)
F for
e (N)
f fri
tion fa
tor
G mass velo
ity (kg·m−2·s−1)
g gravity a

eleration (m·s−2)
H verti
al height (m)
h enthalpy (J·kg−1)
J super�
ial velo
ity (m·s−1)
K 
orrelation parameter
L length (m)
M Correlation parameter
ṁ mass �ow rate (kg·s−1)MAE Mean absolute error (%)MAE= 1

N

∑N

1

∣

∣

∣

predi
ted value−experimental valueexperimental value ∣

∣

∣
× 100MRE Mean relative error (%)MRE= 1

N

∑N

1

( predi
ted value−experimental valueexperimental value )

× 100

P perimeter (m)P ele
tri
al power (kW)p Wil
oxon p-value
p pressure (Pa)
Q̇ volumetri
 �ow rate (m3·s−1)
Q heat transfered (J·m−1)
q heat per unit of length (W·m−1)
R 
urvature radius (m)R experimental result
S velo
ity ratioS interfa
ial shear for
e (N)
u a
tual velo
ity (m·s−1)
X experimental variable
x vapor quality
Y 
orrelation parameter
V weighted mean drift �ux velo
ity (m·s−1)AbbreviationsASHRAE ameri
an so
iety of heating, refrigerationand air 
onditioning engineersCFC 
hlore�uoro
arbonCOP 
oe�
ient of performan
e
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150 Appendix A. Nomen
latureCVC&R 
hau�age, ventilation,
limatisation et réfrigérationGWP global warming potentialHCFC hydro
hlore�uoro
arbonHFO hydro�uoroole�nHFC hydro�uoro
arbonHVAC&R heating, ventilation, air 
onditioningand refrigerationODP ozone depletion potentialTC thermo-
oupleVI virtual instrumentDimensionlessnumbersBo Bond numberFr Froude numberRe Reynolds numberWe Weber numberX Martinelli parameterGreeks
α 
orrelation parameter
ε 
ross-se
tional void fra
tion
γ 
orrelation parameter
Γ mass transfer (kg·m−1·s−1)
λ data predi
ted within error bands
µ dynami
 vis
osity (Pa·s)
Ω 
orrelation parameter
Φ two-phase multiplier
φ heat �ux (W·m−2)
φ̇ spe
i�
 rate of internal heat generation (W·m−3)
Ψ 
urvature multiplier
ρ density (kg·m−3)
σ surfa
e tension (N·m−1)
σA sudden 
ontra
tion 
ross-se
tional area ratio
θ in
lination angle (rad)Sub andsupers
ripts
a a

elerationannular annular �ow
 
ontra
tion
rit 
riti

urv 
urvaturedryout dryout �ow patterneq equivalentf fri
tionalF Friedel parameter
F fri
tionh homogeneousheater ele
tri
al heaterin inletiD interfa
e peripheral fra
tionl liquidlD liquid 
ross-se
tional fra
tionlo liquid only
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151Ltt liquid turbulent, turbulentm momentumM maximummist mist �ow patternmix mixtureo turning of the �owout outletp 
onstant pressurepert perturbationrb return bendsat saturationsing singularsp single-phasest straight tubestati
 stati
 headstrat strati�ed �ow patterntot totaltp two-phaseVtt vapor turbulent, turbulentv vaporvD vapor 
ross-se
tional fra
tionvj weighted mean drift �ux velo
ity indexesw wallwavy strati�ed-wavy �ow patternx 
onstant vapor qualityz orientation
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Appendix BSingle-phase energy balan
e
Energy balan
eIn order to validate the Joule heating in the ele
tri
al heater as well as the insulation aroundit, and single-phase energy balan
e test has been 
arried out with R-410A.Energy Qin supplied by the ele
tri
al heaterThe ele
tri
al power supplied by Joule e�e
t by the refrigerant ele
tri
al heater is:

Qin = UI (B.1)The un
ertainty related to Qin is given by the following equation:
∆Qin = Qin(∆U

U
+

∆I

I

) (B.2)The power supplied Qin is dire
ted measured by the HIOKI 3193 POWER HiTESTERdes
ribed in Chapter 4. The a

ura
y given by the manufa
turer is ±0.001 kW.Sensible energy inside the liquid QoutThe energy a
quired by the liquid is given by the in
rease of the liquid enthalpy:
Qout = ṁ (hl,out − hl,in) (B.3)The 
orresponding absolute error is thus:

∆Qout = Qout(∆hl,out + ∆hl,in
hl,out − hl,in +

∆ṁ

ṁ

) (B.4)Energy balan
e Qin,outThe energy balan
e is de�ned by:
Qin,out = Qin − Qout (B.5)The un
ertainty is :

∆Qin,out = ∆Qin + ∆Qout (B.6)
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Appendix CRefrigerant properties
Fluid propertiesThis appendix provides information about physi
al properties of refrigerants R-134a,R-410A and HFO-1234yf su
h as saturation temperature (Tsat), enthalpy (h), density(ρ), vis
osity (µ) and surfa
e tension (σ). These properties have been obtained fromthe NIST thermodynami
 properties of refrigerants and refrigerant mixtures database[M
Linden et al. 2007℄. The thermodynami
 property tables of the refrigerant HFO-1234yfhave been generated using the REFPROP software with the last updated properties library.Table C.1: Physi
al properties of refrigerant R-134a.Tsat (◦C) ρl (kg· m−3) ρv (kg· m−3) µl (Pa· s) µv (Pa· s) hl (J·kg−1) hv (J·kg−1) σ (N·m−1)4 1281.5 16.6 0.000258 0.0000109 205397.8 400917.1 0.010995 1278.1 17.1 0.000254 0.0000109 206753.5 401490.5 0.010846 1274.8 17.7 0.000251 0.0000110 208112.2 402061.5 0.010707 1271.4 18.3 0.000248 0.0000110 209473.8 402629.9 0.010568 1268.0 18.9 0.000245 0.0000111 210838.4 403195.7 0.010429 1264.5 19.6 0.000242 0.0000111 212206.0 403758.7 0.0102810 1261.1 20.2 0.000239 0.0000111 213576.7 404319.0 0.0101411 1257.6 20.9 0.000236 0.0000112 214950.6 404876.4 0.0100012 1254.1 21.6 0.000233 0.0000112 216327.7 405430.8 0.0098613 1250.6 22.3 0.000230 0.0000113 217708.1 405982.2 0.0097214 1247.1 23.0 0.000227 0.0000113 219091.8 406530.5 0.0095815 1243.5 23.7 0.000224 0.0000114 220478.8 407075.6 0.0094416 1240.0 24.5 0.000221 0.0000114 221869.3 407617.4 0.0093017 1236.4 25.3 0.000219 0.0000114 223263.2 408155.9 0.0091718 1232.8 26.1 0.000216 0.0000115 224660.6 408691.0 0.0090319 1229.1 26.9 0.000213 0.0000115 226061.7 409222.6 0.0088920 1225.5 27.8 0.000211 0.0000116 227466.3 409750.6 0.0087621 1221.8 28.6 0.000208 0.0000116 228874.7 410274.9 0.0086222 1218.1 29.5 0.000205 0.0000117 230286.7 410795.5 0.0084823 1214.4 30.4 0.000203 0.0000117 231702.6 411312.2 0.0083524 1210.6 31.4 0.000200 0.0000118 233122.3 411825.1 0.0082225 1206.8 32.4 0.000198 0.0000118 234545.9 412334.0 0.00808
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156 Appendix C. Refrigerant propertiesTable C.2: Physi
al properties of refrigerant R-410A.Tsat (◦C) ρl (kg· m−3) ρv (kg· m−3) µl (Pa· s) µv (Pa· s) hl (J·kg−1) hv (J·kg−1) σ (N·m−1)4 1153.6 34.7 0.000161 0.0000129 206118.0 422467.0 0.008395 1149.5 35.8 0.000159 0.0000130 207658.1 422741.9 0.008236 1145.3 36.9 0.000157 0.0000130 209203.6 423009.1 0.008087 1141.1 38.1 0.000155 0.0000131 210754.8 423268.2 0.007938 1136.9 39.3 0.000153 0.0000132 212311.7 423519.0 0.007779 1132.6 40.5 0.000151 0.0000132 213874.5 423761.3 0.0076210 1128.3 41.7 0.000149 0.0000133 215443.4 423994.8 0.0074711 1124.0 43.0 0.000147 0.0000134 217018.7 424219.1 0.0073212 1119.6 44.4 0.000145 0.0000134 218600.3 424434.0 0.0071713 1115.2 45.7 0.000143 0.0000135 220188.7 424639.3 0.0070214 1110.8 47.1 0.000141 0.0000136 221783.9 424834.4 0.0068715 1106.3 48.6 0.000139 0.0000137 223386.1 425019.3 0.0067216 1101.7 50.1 0.000137 0.0000137 224995.5 425193.5 0.0065717 1097.1 51.6 0.000135 0.0000138 226612.4 425356.7 0.0064218 1092.5 53.2 0.000134 0.0000139 228236.9 425508.5 0.0062819 1087.8 54.9 0.000132 0.0000140 229869.3 425648.6 0.0061320 1083.1 56.5 0.000130 0.0000141 231509.7 425776.7 0.0059921 1078.4 58.3 0.000128 0.0000141 233158.4 425892.4 0.0058422 1073.5 60.1 0.000126 0.0000142 234815.7 425995.2 0.0057023 1068.6 61.9 0.000125 0.0000143 236481.7 426084.9 0.0055524 1063.7 63.8 0.000123 0.0000144 238156.6 426161.0 0.0054125 1058.7 65.8 0.000121 0.0000145 239840.8 426223.1 0.00527Table C.3: Physi
al properties of refrigerant HFO-1234yf.Tsat (◦C) ρl (kg· m−3) ρv (kg· m−3) µl (Pa· s) µv (Pa· s) hl (J·kg−1) hv (J·kg−1) σ (N·m−1)4 1163.5 20.1 0.000199 0.0000120 202707.2 42139.0 0.008815 1160.3 20.8 0.000197 0.0000120 203355.8 43451.6 0.008686 1157.0 21.4 0.000195 0.0000120 204002.5 44767.8 0.008567 1153.8 22.1 0.000192 0.0000120 204647.4 46087.7 0.008438 1150.5 22.8 0.000190 0.0000120 205290.2 47411.4 0.008319 1147.2 23.5 0.000188 0.0000120 205930.9 48738.8 0.0081810 1143.9 24.3 0.000186 0.0000120 206569.4 50070.0 0.0080611 1140.6 25.0 0.000183 0.0000120 207205.7 51405.1 0.0079312 1137.3 25.8 0.000181 0.0000120 207839.8 52744.0 0.0078113 1133.9 26.6 0.000179 0.0000120 208471.4 54086.8 0.0076814 1130.5 27.4 0.000177 0.0000120 209100.5 55433.6 0.0075615 1127.1 28.3 0.000175 0.0000120 209727.0 56784.3 0.0074316 1123.7 29.1 0.000173 0.0000120 210351.0 58139.1 0.0073117 1120.2 30.0 0.000171 0.0000120 210972.1 59498.0 0.0071818 1116.8 30.9 0.000169 0.0000120 211590.5 60861.0 0.0070619 1113.3 31.8 0.000167 0.0000120 212206.0 62228.1 0.0069320 1109.8 32.8 0.000165 0.0000120 212818.4 63599.5 0.0068121 1106.3 33.8 0.000163 0.0000120 213427.7 64975.1 0.0066922 1102.7 34.8 0.000161 0.0000120 214033.9 66355.0 0.0065623 1099.2 35.8 0.000159 0.0000120 214636.8 67739.2 0.0064424 1095.6 36.8 0.000157 0.0000120 215236.2 69127.8 0.0063225 1092.0 37.9 0.000155 0.0000120 215832.2 70520.9 0.00619
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