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ABSTRACT

In the interest of providing higher cooling capdbilfor microtechnologies, the
fundamentals of two-phase heat transfer in microchks are being studied more
extensively. Many two-phase flow and heat trangfezdiction methods exist for
vaporization inside macrochannels but these aresmtdble to use for microchannels
due to small-scale phenomena. Therefore, researcimderway to investigate these
small-scale phenomena and characterize the tweepliasv process. The most
important parameters controlling two-phase flow inicrochannels are bubble
frequencies, lengths and velocities, coalescenbellafles and flow pattern transitions.
For these reasons, it is appropriate to apply amncapmeasurement technique to
characterize as much quantitatively as possibleflthe pattern transitions and to
measure the frequency, velocity and length of vapabbles in microchannels, in
particular at each portion of the evaporator inchhine different two phase flows are
formed.

In my work, these features were measured and/ecthet by an optical measurement
technique which begins with the acquisition of tbends of frames of the two phase
flow inside a glass tube with a high speed vidanera. The frames of each video are
then processed using a program called Image Prs®Pin order to have as much
objectivity as possible in the classification ok tdifferent flow pattern and in the
creation of the flow pattern maps.

The main reason because it is desirable to deweflqpv pattern map for predicting the
flow regimes of two-phase flow in microchannelstds better predict heat transfer
coefficients in microcooling elements and heat agees for electronic cooling.

The complexity of identifying flow regimes and thdransitions comes from the
difficulties in obtaining good high speed images, the interpretation of the flow
(subjectivity and pattern definition depending e author), and also in choosing the
channel size that determines either macro or neateor the transition between them.
With these ideas in mind, a new test rig to studpg4a flow boiling inside mini and
micro-channels has been designed and constructedydhe last two years.

The test section is the most innovative part otladl system and is made up of a glass
tube and is heated by a number of Indium Tin Ox{tl&O) conductive layers,
distributed along the entire length of the outafame of the tube. The use of more than
one heater was done in order to have a very aecaaaitrol on the power provided to
the fluid, and to be able to reach higher value$edting capacity compared to the
configuration of just one heater.

Thanks to the choice of ITO layers [26, 41] it isspible to visually analyse the
phenomena and mechanisms governing the boilingepspsuch as bubble nucleation,
bubble growth, departure and bubble lift-off, andrprove the understanding of the
transition lines in flow pattern maps.



The entire system is very versatile, allowing asyesubstitution of the test section
glass tube, ranging from an internal diameter i till the smallest of 0.5 mm.

From the point of view of the maximum value of tieat flux that the heaters are able
to provide to the fluid, it is possible to reactvalue of 45 kW/riiwith the 4 mm
internal diameter tube, up to 400 kWiwith the smallest one.

The results and the images presented in this tlaesiseferred to the 4 mm internal
diameter configuration, with eight ITO heaters,lebeing able to provide a power of
around 20 W. The maximum mass flux for the presémtion is about 115 kghs
and the temperature range of the fluid at the iofdhe test section can be between 0
and 30°C.

In parallel with the design and construction of #xperimental setup, the fundamental
part of the test section, which means one ITO lagmd the uncoated glass tube
following and preceding it, has been numericaltyndated and studied with a lumped
parameter code developed by NASA called SINDA/FLUIKhow distributed and
further developed by Cullimore).

The main objective of this numerical analysis isutederstand how and in which
quantity the power provided by the heater is trattechto the fluid or lost in radiation
from the surface or transferred to other partdefglass tube by axial conduction at the
boundary of the ITO.

A new image processing technique based on a neuineowreated inside the
commercial code Image PtdPlus has been developed and applied to the stfidy o
R134a two-phase flow inside mini and micro-channels

The new image processing technique has been dedlopperform visualization of
forced convection saturated R-134a boiling in amzoatal glass mini tube.

The routine extracts the bubble contours, measggemetrical features of each frame
and collect the data both analytically and statdly. These two ways of data
acquisition allow the post processing code to as®algnd decide whether the flow
regime is bubbly, slug or elongated bubble flowe Tninciple is mostly based on the
bubble geometrical features, and the main critermsxsting in literature.

The robust design and the flexibility of the auttetamodule enable it to process
accurately many different types of videos.

Compared to the other two main optical flow pattetantification methods, the first
developed by Revellin and Thome [36] based on@uiEacy analysis of the light signal
from a laser-diode system, Newell and Jassim [4®#enfiocused on the development of
an image based recognition software image analymanethod presented in this work
is more simple, easy to use and a wider rangewf flatterns can be analyzed.

Till now the flow pattern classification has beerc@mplished mostly subjectively,
sometimes being not possible for the researchersrtgpare their results, and in many
cases some author stressed the importance to aeaely of flow pattern identification
that could be as objective as possible and notbas¢he subjectivity of the scientist.
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In this work an easy way to obtain an objectivessification technique is presented,
and the parameters that are at the basis of théfidation will be analysed statistically
in order to understand the efficiency of the motebptimize the values and to validate
the results.

Moreover, a detailed statistical analysis has besn carried out in order to decide the
number of samples needed for a flow characterizai@l to validate the classification
itself.

Finally a special attention was devoted to thepieeit boiling process, i.e. the analysis
of the flow characteristics for very low values tfe vapour quality, since the
transparent heater is allowing the visualization tié bubbles originates by the
nucleation sites on the glass surface.

The range of the flow parameters of the resultsgried in this thesis are: mass flow
rate between 20 and 122 kdg/mand the heat flux between 200 and 45000 4\dirthe
saturation temperatures of 20 and 25 °C.
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NOMENCLATURE

Tsat Saturation temperature of the fluid, [°C]
T: temperature,[°C]

Tt referenceéemperature, [°C]

G: mass flux, [kg/ms]

L: length of the channel, [m]

D: internal diameter of the channel, [m]

Dy hydraulic diameter, [m]

Din: internal diameter of the channel, [m]
Dex: external diameter of the channel, [m]
h: enthalpy, [J/kg K]

h.y. latent heat of vaporization, [J/kg K]
h(z): enthalpy at a cross section z, [J/kg K]
hi: enthalpy of the fluid at the inlet, [J/kg K]
q'(2): heat input from unit of length, [Jfin

M : mass flow rate, [kg/s]

X: vapour quality

A: area, []

Q: volumetric flow rate, [riis]

u: velocity of the phases, [m/s]
€: void fraction

J: superficial velocity, [m/s]

p. density, [kg/n]

j: total superficial velocity, [m/s]
Vj. drift velocity of the vapour phase, [m/s]
Jj: drift flux, [m/s]

Re: Reynolds number

P: wetted perimeter, [m]

u: dynamic viscosity, [Pa s]
We: Weber number

o: surface tension, [N/m]

Bo: Bond number

X, 1 Martinelli parameter

f: friction factor

W: circumference of the tube, [m]
t: thickness of the ITO coatingun]
Vro: voltage, [V]

Piro: heating power, [W]
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lito: electrical current intensity, [A]

R: electrical resistanceq]

Nu: Nusselt number

Ra: Rayleigh number

Pr: Pradtl number

Q: power entering the test section, [W]

P,:(2): the total electrical power provided by the hesitérthe axial positiorz,[W]
m, : refrigerant mass flow rate, [kg/s]

E,om - homogeneous void fraction

Lo : ITO coating length, [mm]

qg: heat flux, [W/nj]

X(z): vapour quality at the z axial position
g: acceleration of gravity, [nfls

R: mean radius of one bubble, [m]

[ RuaRmin Of €ach bubble

1. shape parameter for the bubble
N: total number of bubbles in one video

o’ : variance of the measure
g,, - standard error of the mean

Subscripts

‘" liquid phase
'v': vapor phase
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1. INTRODUCTION AND MAIN OBJECTIVES

Increased calculation processing speed, miniatisizand higher packing densities of
electronic processing chips has lead to the dewsap of high power, high heat flux
electronics cards used by the telecommunicatiorts server industries to process
digital signals. The drive towards higher systemiggenance has put a large demand on
forced air convection cooling techniques and idivgatowards the thermal limit of the
technology.

Thermal management is becoming the limiting factothe development of higher
power electronic devices. To meet future heat fesrdemands, innovative methods of
thermally managing electronic devices are requiifthin the telecom and server
industries, increased performance of electronitsuriachieved by the implementation
of advanced silicon and optical chips with fastescpssing speed. In 1965, Moore
stated that “The complexity for minimum componeasts has increased at a rate of
roughly a factor of two per year” and predictedt ttiee number of transistors per chip
would continue to double every two years. This m®Wn as Moore’s Law and has
resulted in an increase from 1000 transistors pgr in 1970 to 42million transistors
per chip for Intel Pentium 4 devices in 2000 an@ #iillion transistors per chip on the
Intel Itanium 2 processor. As Moore’s law provéself to be true, the heat generated
per chip was for example in 1988 for the Intel 3B86cessor a power of 1W, and this
increased to approximately 100W for modern chips,éxample from Intel (4), the
SL7AA Pentium® 4 processor Extreme Edition has perating power of 92.1W and
temperature of 64°C. Higher packing densities ahponents on printed circuit boards
(PCBs) and of PCBs in racking systems have occuaedduce system costs. This has
created the need for higher heat dissipation fiividual cards and entire rack systems.
Chip miniaturization reduces the heat transferaqgfarea and with increased power,
very high heat fluxes are induced. Therefore tonmaén the chips within operating
conditions a greater demand is put onto the haaster system.

In such scenario, researches on refrigerant twsg@Haws are fundamental to improve
the efficiency of the systems mentioned before.riBefants two-phase flows are
present in many industrial applications and presgaribus and complex regimes, which
depends on the mass flow rate, the channel ge@sgthie heat exchange.

To design novel cooling systems based on refrigeflaws, the standard empirical
correlations for condensers and evaporators aremmigh accurate, since the channel
diameters are reduced to fit in the downsizindhefelectronical components. Therefore
since few years the researcher are trying to iiyast the various refrigerant regimes in
small, mini and micro, channels in order to deteerthe fluid mechanical regimes, the
heat transfer convection coefficients and the pireslosses.
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The problem appears to be complicated by the faat thany of the standard
measurement techniques are not anymore adequdtetheitsmall dimension of the
tubes and the channels.

As heat exchangers became smaller, the informatidadhe flow mechanism of a gas-
liquid two-phase mixture flowing concurrently inrarrow channel was increasingly
requested to improve the performance of the compeat exchangers. For this reason
void fraction, flow pattern and pressure losses alteimportant parameters to be
investigated in two-phase flow experiments.

The fundamental knowledge such as flow patterrd fr@iction and pressure loss are alll
important parameters for designing a heat exchanger

In recent years, a number of researchers havesdaotit experiments on flow boiling
heat transfer in mini-size tubes and channels.

Flow regime maps developed from flow visualizatabservations are commonly used
or developed in the literature such as Wojtan €83l Garimella et al.[29], Thome et
al.[28], Didi et al.[17], Zurcher et al.[18], Mandhe et al.[6], and Baker [2] to aid in
the modelling of two-phase flow.

The three main types of two-phase flow regime mappearing in the literature
Baker/Mandhane, Taitel-Dukler [8], and the most pwnly used Steiner [10] type,
depict boundaries between flow regimes that areeastly represented by continuous
functions. This is evident from Fig. 1, which caints a depiction of a typical Steiner
type flow map.

Mist flow
Intermittent
- flow
al Annular
<
£ flow
D
<
O]
- ]
Stratified wavy flow
Stratified flow
0 0.5 1

X

Fig. 1. Steiner flow pattern map
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Recently, efforts have been made in the literatardevelop flow regime maps in a
more quantitative manner than manual classification

Probabilistic two-phase flow regime map data foistained by Nino[20] for refrigerant
and air—-water flow in multi-port microchannels isuhd by Jassim and Newell to
eliminate the discontinuities created by traditioil@v maps. Probabilistic two phase
flow regime maps have quality on the horizontakaamd the fraction of time in which
a particular flow regime is observed in a seriepiofures taken at given flow condition
on the y axis.

Jassim and Newell developed curve fit functions represent Nino’'s 6-port
microchannel time fraction data that are continufausthe entire quality range with
correct physical limits. Jassim and Newell theriagd the probabilistic flow regime
map time fraction curve fits to predict pressurepdand void fraction.

The difficulty with the probabilistic flow map bagenodelling technique is that large
numbers of pictures must be classified for eacl ffondition in order to create a large
amount of data necessary to generalize the timgidra functions with respect to
refrigerant properties and flow conditions. Congadly, an automated image
recognition technique is needed to achieve an tisgeclassification.

In this work the novel experimental test rig allowwsvisually investigate the two-phase
flow also in the diabatic zone of the test secaod not just in the adiabatic. To obtain
such results Indium Tin Oxide (ITO) coatings aredias electrical heaters.

ITO thin film has attracted interest because of dtaracteristics of high optical
transmittance over the visible wavelength regiongd @&xcellent adhesion to glass
substrates.

The main measurement tool will be the high-speew flisualisation, which is needed
to create the flow pattern maps.

This technique will allow identifying with high agracy the boiling process even at the
microscale level. It will be possible to observeresal phenomena, such as bubble
formation, bubble coalescence and growth till thenudar flow and the total
vaporisation with the establishment of dryout.

From this point of view, the present project wik likely the first to perform the
experimental analysis of refrigerants boiling phaeoa in horizontal minichannel
heated with a transparent coating system and visabWith a high speed camera.

The main objectives of the present work are:
« develop a new experimental test rig and use ant@ade technique to study

R134a flow boiling inside mini and micro-channels;

* apply an optical measurement technique to visuahlgracterize the flow
patterns and obtain objective results;
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» create a new classification technique based osttigstical variation of several
geometrical characteristics of the bubbles: diame?® void fraction and
bubble shape;

« statistically study the transition lines in thevilpattern maps and improve their
understanding;

« visually analyse the phenomena and mechanisms mjagahe boiling process,
such as bubble nucleation, bubble growth, depaemndebubble lift-off;

* study the evolution of the geometrical featureshef bubbles along the glass
tube to have a better understanding of the coalesceate governing this
phenomena,;

e create the basis to better predict heat transfefficents in microcooling
elements and heat spreaders for electronic cooling

1.1. Summary of the thesis

A brief description of the contents of the chaptied follow is given below:

Chapter 1: introduction.

Chapter 2: presents the fundamentals of two pHageviith the main parameters and
definition described.

Chapter 3: reviews the state of the art. The fagic is flow pattern maps, the second is
void fraction and the last is the description & dommon experimentation setup.
Chapter 4: presents a description of the new exyarial facility with a detailed
description of the innovative test section.

Chapter 5: shows the heat fluxes behaviour inside test section and present a
numerical simulation of one heater and its bourdari

Chapter 6: describes the data acquisition deviedgeesents an accurate error analysis
of each measure.

Chapter 7: presents the image processing techragdethe basic concepts of the
automatic flow pattern identification

Chapter 8: describes the two set of experimentempeed.

Chapter 9: shows the results of the automatic ffattern identification technique.
Chapter 10: presents the general conclusions.

Chapter 11: presents the latest results and theefutork that was begun at the end of
the thesis.

22



2. FUNDAMENTAL DEFINITION AND FLOW
PARAMETERS

This chapter introduces the primary variables ubedughout this work and derives
some simple relationships between them for the chsene-dimensional two-phase
flow. To distinguish between vapor and liquid théscripts " for liquid and y' for
vapor will be used.

2.1. Two-phase flow

Classical thermodynamics tells us that a phase nseroscopic state of the matter
which is homogeneous in chemical composition angsighl structure; e.g., a gas, a
liquid or solid of a pure component. Two phase fisvthe simplest case of multiphase
flow, in which two phases are present for a puramanent.

In internal convective vaporization and condensafimcesses, the vapor and liquid are
in simultaneous motion inside the flow, channeleTiesulting two-phase flow is
generally much more complicated physically thamlgifphase flow. In addition to the
usual inertia, viscous, and pressure forces praesesigle-phase flow, two-phase flows
are also affected by interfacial tension forces wletting characteristics of the liquid on
the tube wall, and the exchange of momentum betwsetiquid and vapor phases in
the flow.

2.2. Vapor quality

The vapor quality (x) is defined to be the ratidred vapor mass flow rath(V [ka/s])
divided by the total mass flow ratdA, + M ):

(2.1)

When phase change does not take place in a chame&heeds to measure the mass
flow rate of each phase, and the quality is theterdgned for the entire channel. In
case there is a phase change in the channelfdige channel is heated and boiling
takes place, then the quality will increase (inedie condensation) in the direction of
flow.

If there is not thermal equilibrium between the $#® one cannot calculate the quality
merely by knowing the inlet quality and the heakffrom the wall. Unfortunately, it is
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very difficult to measure or calculate with preorsithe quality of the liquid-vapor
mixture flowing in a channel where a change of phakes place.

A fictitious quality, the so called thermodynamgudibrium quality can be calculated
by assuming that both phases are saturated, aethibir temperatures are equal to the
saturation temperature corresponding to their comnppessure. The so-called
thermodynamic equilibrium quality can be calculaisd

(2.2)

whereh, [J/kg] is the enthalpy of the saturated liquid, [J/kg] is the latent heat of
vaporization, andh(z) [J /kg] is the enthalpy at a cross sectipwhich can be
calculated from:

n(2)=hy+ 1 a( 3 23

whereh;, is the enthalpy of the fluid at the inlet agi{z) [W/m] is the heat input from
unit of length.

2.1. Mass Flux

The mass flux (G) is defined to be the ratio ofrteess flow rate M ) divided by the
cross-sectional area:

G=— (2.4)

Considering the continuity law, the mass flux is &xpression of the mean flow

velocity multiplied by the mean density. The usuit of the mass flux is [kg/fa].
2.3. Velocities

In two-phase flow there are a number of velocitibéch can be defined. Also, in

general, the phases will not have the same velacitiythere will be a relative velocity
between them.
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2.3.1. True average velocities

The true average velocities of the phaseand y are the velocities by which the
phases actually travel. The cross sectional avdragevelocities are determined by the

volumetric flow ratesQV and QL [m*s] divided by the cross-sectional areas occupied
by each phase:

4.4
VTN T EA (2:5)
_Q . Q
i (R (2.6)

whereeg is the ratio between the cross-sectional areapieduby the vapour and the
whole cross section.

From the equation of continuity it is possible &fide liquid and vapor true means
velocities in a channel as follows:

w=-—=—2= 2.7)

y =X M o 2 AT X (2.8)

2.3.2. Superficial velocities

The superficial velocities (also called volumetfigxes) of the phasel andj. are
defined as the ratio of the volumetric flow ratetloé phase considered over the total
cross-sectional area of the two-phase flow. It miglso be expressed as the phase
velocity if it would flow alone in the entire crossction.

:&zgxzsu\, (2.9)

JVApV
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QG o 2.10
L= =2 = @10

The total superficial velocity is defined as:
J=ivtic (2.11)
2.3.3. Drift velocities

The drift velocities of the phas¥g; andV,; are defined as the true average velocity of
the phase in relation to the total superficial e#lg namely:

The drift fluxes of the phasgg andj,; are defined as follows:

iy =(1-e)vy =(1-¢)(u - i) (2.15)
It follows, from Egs. (2.14), (2.15) and (2.11)ttha

j +iy =0 (2.16)

2.4. Void Fraction

In two-phase flow, void fraction is one of the mosportant parameters to be defined.
It defines the cross-sectional area occupied bygtse or vapor phase respect to the
total.

As it determines the true average velocities oflitngd and the vapor, it represents a
fundamental parameter in the calculation of pressiop, flow pattern transitions and

heat transfer coefficients.
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Cross sectional void fraction is defined as:

E= A (2.17)

A +A
whereA, is the sum of areas occupied by vapor Anigs the sum of areas occupied by
liquid.
In two-phase flow, the superficial velocity is usedcalculate the cross-sectional void
fraction as written in Eq. (2.18).

e=Jv (2.18)

The time average centreline void fraction, on ttieeohand, is calculated by assuming
that its value is 1 if there is vapor and 0 if idjut does not take into account the radial
distribution of the liquid and vapor but only tl@tthe nose and rear of the bubble, i.e.
essentially which at the centreline of the chanined, slug flow.

The measurable values of the parameters are thiefiibuv rate, i.e. the mass flow G,
for the given thermodynamical properties, the vapmd liquid densitypy, p. and if
there is an accurate estimation of the latent loéataporization and the heat flux
convected to the fluid, the vapour quality Therefore from the equation (2.18) is
possible to estimate the cross sectional voidifsacnd then to compare the estimation
with the data obtained with the image analysis.

2.5. Definition of non-dimensional numbers
The principal non-dimensional numbers used in tiesgnt study are defined below.
2.5.1. Reynolds number
The Reynolds number represents the ratio of theiahdorces to the viscous forces.

For the particular case of forced convection insadubular channel, the liquid
Reynolds number can be expressed in the followong f

Rq = ALU"h Dn (2.19)
He
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whereDy, is the hydraulic diameter defined as the ratithefcross-sectional area of the
fluid A to the wetted perimetét;:

D, =2 (2.20)

In the case of circular tubds, = D.
Considering one-dimensional flow and using thendgdin of the true average velocity
from Eq. (2.6), the liquid Reynolds number can kgressed as:

_ GDh 1-x

R 2.21
= e (2.22)
where theDy, for the liquid phase is expressed in the followfiogn:
4(1-¢)A
D, =2 = (1-¢) (2.22)
R R
Substituting Eqg. (2.22) into (2.21) the liquidyRelds number is defined as:
4G(1-x) A
Rg =——— (2.23)
H R

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

Rg =—"1 = (2.24)

D, =—Y=""% (2.25)

Finally, substituting Eq. (2.25) into (2.24), thepor Reynolds number is expressed as:

_4GxA
MRy

(2.26)
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In the literature other definitions of the Reynofdsnber may be found. As the void
fraction is difficult to determine, the followingpressions are al so used for circular
tubes:

Reg :M (2.27)
M .
GxD
Rg =—— (2.28)
Hy

From the measurement point of view only a technijule to estimate the wetted
perimeter P could be hence useful to define the values ofwlrephase Reynolds
numbers.

In that situation, each phase flows alone in tregete cross-section of the tube at its
own velocity. Another type of Reynolds number maychlculated:

Re,=—— (2.29)
o M
GD

Reo=—— (2.30)
°

It represents the liquid or the vapor phase ordyiihg alone in the complete cross-
section of the tube at the total mass flux. Pramtictnethods for two-phase frictional
pressure drops use one set of these Reynolds nudebeitions and one must be
careful to use the definition used in the particatethod.

2.5.2. Weber number

The liquid Weber number expresses the ratio oftimméo surface tension forces. The
reference length is the tube diameter:

2
g

Usually, in two-phase flow experiments, the liguigber number is expressed as:

_G’D(1-%)
pLO

We (2.32)
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or

G°D
Wgg=—— (2.33)
© PO

for when the liquid phase only flows alone in tlvenplete cross-section of the tube at
the total mass flux.
For the vapor, the same type of definitions is ioleta

2
we, =S DX (2.34)
oo
or
&o a0 -

2.5.3. Boiling number

The Boiling number expresses the ratio betweelibigal heat fluxg and the potential
heat flux that would have been applied for compésigporation:

Bo=—J (2.36)
h.,G

2.5.4. Bond number

The (liquid) Bond number, notated Bo, is a dimenlgss number expressing the ratio
of body forces (often gravitational) to surfacesien forces:

The Bond number is a measure of the importancerfdce tension forces compared to
body forces. A high Bond number indicates thatdfgtem is relatively unaffected by
surface tension effects; a low number (typicallgsldhan one is the requirement)
indicates that surface tension dominates. Interatediumbers indicate a non-trivial
balance between the two effects. Notice fimathe HFC134a the Bond values are
always much greater then 10 (Bo=3700 for the ptesaperiment) and only for
nanotubes (X 1um) the surface tension effect may play an impontalet
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2.5.5. Martinelli parameter

The Martinelli parameter is the ratio of the theia frictional pressure drop that
would occur if each phase could flow separatethacomplete cross-section of the
channel with the original rate of each phase. megal form the Martinelli parameter is
calculated as:

t = ( dpj (2.37)
dz ),
where
2
(Ej = f,_£(1— x)? (2.38)
dz ), Do.
2
(Ej = f, 26 (2.39)
dz ), Doy
with f., the fiction factor for the liquid expressed by:
fL =£for Rg <2000
Re. (2.40)
f, =0.07Rg%?® for Re > 200(
With Re from Eq. (2.27),
andfy, the fiction factor for the vapor expressed by:
fy =£for Re, <2000
R (2.41)

f, =0.07R&’%* for Re > 200(

With Re, from Eq. (2.28).
X can be also defined as a measure of the degreldich the two-phase mixture is
closer to flowing as a liquid¥; >>1) or as a gas{{ <<1).
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3. STATE OF THE ART REVIEW

3.1. Flow patterns in conventional channels

For wo-phaseflows, the respectie distibution d the liquid and vapor phases in the
flow channel is ammportant aspecf their desaiption. Their respetive dstributions
take on some commoybbseved flow structureswhich ae definedas two-phase flow
patems that have particular identying characteistics Heat transfer cefficients and
presure dropsare closey relaed to the localvto-phase flov structure of the fluid and
thus two-phaseflow patern predictionis an important aspect of modellingaporation
and condensain. In fad, recent hed tranger modds for predicting in tube boiling and
condensation are based tme locd flow pdatern and hence by necesgy, require
reliable flov pattern maps to idengifwhat ype of flov patten exsts atthe loca flow
conditions. Analogous to predicting the transition from laminarttobulen flow in
single-phasdl ows, two-phaseflow patern maps are used for predicting the transition
from onetype of two-phase flav patern to another.

() Smooth annular flow at x=82%

Fig. 2. Flow observation for R134a, D=0.5 mm, L=70 mm, G=500 kg/m s

3.2. Flow Patterns in Horizontal Tubes

Two-phase flow patta@s in horizontatubes ae smilar to those in vertical flows but

the distribution 6the liquid is infuencedby gravity tha adsto dratify the liquid to the

bottom of the tube and the gas to top.tFlow patterndor co-currenflow of gas and

liquid in a horzontal tube are shown in Fig. 2 and are categorized asAfsll

» Bubbly flow.The gas bubles are tspersedn theliquid with a high concentration
of bubbles in the upper half of the tube daeheir buoyang/. When shearforces
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are dominan, the bubbles tend to disperse uniformly in theetub horizontal

flows, the regmetypically only occurs at high masofl rates.

Stratified flow At low liquid and @s velodties conplete sgaration of the two

phases occurdhe gas goes to the top and tiuid to the bétom of the tute,

separaed by an undisturbed horintal interfaceHence thdiquid and gas afully
stratifiedin this regime.

Stratified-wavy flav. Increasingthe gasvelocity in a dratified flow, waves are

formed on thanterface and travel in the diremh d flow. The anplitude d the

wawves is ndable and depends on the relative velooit the two faseshowever,
their crests donot reach the top of the tub&he wavesclimb up the sides of the
tube leaving thin films of liquid on thevall afterthe passage of the wav

Intermittent flow Further increasig the gasvelocity, theseinterfadgal waves

become largermugh  wash the top of the tub&his regime is characieed ty

large amplitudewaves intermittently washing ¢htop of the tube with snfiar
amgitude waves in between Large amplitude waves oftenontain entrained
bubbles. Thaop wall isnealy continuoudy wetted ly the large ampliide waves
ard the thin liquid fims left behindIntermitten flow is also a compositef dhe
plug and slug tiw regimes.These subcategories are charaezéeriagollows:

* Plug flow. This flow regime hasiquid pugsthat are separated by elongated gas
bubbles The diameters of the elongated bubbles are smaller ti@tube such
that the liquid phase isontinuous abng the bottom 6 the tube belowthe
elongaed bubbles. Plug flow is asometimes referred to aslongated buble
flow.

» Slug flow At higher gas velocitieshe diaméers of dongated bubbles become
similar in $ze b the channel heightThe liquid $ugs separating sb@&ongated
bubbles can also be deiged as large amplitde waves.

Annular flow At even larger gas fle rates the liquid forms a camuous annular

film aroundthe perimeter of the tubesimilar tothat in vertical flow but the liquid

film is thicker at the bottom than the tdfhe interface beteentheliquid annulus
and the vapor core is disturbed yosmall amplitde wavesand droplets ma be
dispersed irthe gas cre. At high ges fractians, the top ofthe tube with its thinner
film becomes dry first, so thahe anniar flm covers ony part of the tube
perimeter and hus this is then chaified as wratfied-wavy flow.

Mist flow. Similar to verticaflow, at very high gas viocities all the liquid may be

stripped from the wallra entrained as sadrodets inthe nav continuous ¢as

phase

3.2.1. The study of Kattan, Thome, Favrat [15]

As a first step in this direction, Kattan et al5]proposed a modification of the Steiner
map, which in turn is a modified Taitel-Dukler mamd which includes a method for
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predicting the onset of dryout at the top of theetin diabatic annular flow. This map is
presented in coordinates mass velocity versus vgpality (G vs. x) that facilitates

observation of the evolution of flow pattern trdiosis at fixed mass velocities with
increasing vapor quality along an evaporator tube.

To calculate flow pattern transition curves usiigit method, the following six

dimensionless geometrical variables must firstdfendd:

h _ P
hip = !—ti Pip= FL (1)
: Py P
Py :IT: JiD:f_—; (2)
A Ay ;
A = ”—Ii Ayp = U_Z (3)

As shown in Fig. 3, D is the internal tube diame®e is the wetted perimeter and B
the complementary perimeter in contact with vaggimilarly, A. and A, are the
corresponding cross-sectional areas of the liquil\apor phases, B the length of
the phase interface andis the height of the liquid phase from the bottuinthe tube.
An iterative method is required to find the abovmehsionless variables from the
geometrical equations presented in [15]. After wlaling them, the flow pattern
transition curves can be determined for the defipedperties of the fluid. The
transition between stratified and stratified—waigwf will be here designated as “S—
SW”, between stratified—wavy and intermittent/atanuflow as “SW-I/A”, between
intermittent and annular flow as “I-A”, betweenrular and mist flow as “A-M".

Fig. 3. Stratified two-phase flow cross section.
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Fig. 4 shows the flow pattern map of Kattan coragap Steiner for R-410A at =5

°C. The transition curves “SW-I/A" of Kattan (ddllines) are strongly influenced by
the effect of onset of dryout compared to the aatiatrurve of Steiner (dashed line).
Based on Kattan's flow pattern observations, hiseus also raised by 50 kgfm
Regarding the “A-M” transition curve, Kattan adilea criterion to avoid the
possibility

of a mist flow reverting back again to annular flaxth increasing vapor quality. Two
other transition curves “S-SW’” and “I-A” wereat modified and are the same as

those of Steiner.

Flow pattern map - R-4104, Tsar=8 “C, D=13 84mm
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Fig. 4. Flow pattern map of Kattan compared to Stmer for R410A at Ts,=5°C in a 13.84
mm internal diameter tube at heat fluxes of 7.5, 18 and 37.5 kwW/nf.

Kattan verified his flow pattern map for 702 expagntal points for five refrigerants
tested over a wide range of pressures, vapor gpsafind mass velocities representative

of direct-expansion evaporator conditions.
These observations showed that 96.2% of the flavepadata were identified correctly

with his diabatic flow pattern map. It must be mbtéhat the “A-M" transition
boundary was not investigated experimentally invtloek of Kattan.
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3.2.2. The Triplett, Ghiaasiaan, Abdel- Khalik and Sadovssidy [16]

Capillary gas-liquid two-phase flow occurs in ireseigly more modern industrial

applications. The existing relevant data are litchi®d are inconsistent with respect to
the reported flow patterns and their transition idaries. A systematic experimental
investigation of two-phase flow patterns in midraonels was the objective of this
study.
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Fig. 5. Comparison between the experimental flow giterns with the flow patterns of
Fukano and Kariyasaki representing their 1 mm-diameer circular test section.

Using air and water, experiments were conductedirizular microchannels with 1.1
and 1.45 mm inner diameters, and in microchannéils semi-triangular (triangular
with one corner smoothed) cross-sections with hyldraliameters 1.09 and 1.49 mm.
The gas and liquid superficial velocity ranges wdr®2-80 and 0.02-8 m/s,
respectively. Overall, flow patterns and flow pattemaps using gas and liquid
superficial velocities as coordinates, were simifar all the test sections. The
discernible flow patterns were bubbly, churn, slstyg-annular and annular. The
obtained data were compared with existing experialedata. They were also
compared with relevant flow regime transition madahd correlations, generally with
poor agreement
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As concluding remarks of this study, it can be shiat gas-liquid two-phase flow
patterns, void fraction and pressure drop in loagzoental microchannels with circular
and semi-triangular (triangular with one corner ethed) cross sections, were
experimentally investigated. The test section hylitaliameters were 1.1 and 1.45 mm
for circular channels, and 1.09 and 1.49 mm foriddangular cross-section test
sections, and the gas and liquid superficial v&jaeinges were 0.02+80 m/s, and 0.02-
8 m/s, respectively.

Five major flow patterns could be distinguishedha experiments as shown in Fig. 5:
bubbly, slug, churn, slug-annular and annular. €fesv patterns occurred in all test
sections and the flow pattern maps using gas aqadlisuperficial velocities as
coordinates were similar overall.

The experimental data were compared with similda d@th good overall agreement
with the latter two test series and with inconsistes mainly attributable to confusion
in the identification of flow patterns. Availablelevant flow regime transition models
were compared with data, with poor agreement.

3.2.3. The Zircher, Favrat, Thome study [19]

Basxd on extensive flow pattern obsemtions for ammonia at 5°C in #4.0 mm
horizontal sight glasstubeat the «it of the same idmeter & evaporatoitube Zircher,
Favrat and Thome (2002) propose a new version of the transiton baundary cuve
between annutaand intermittent flows to stratifiedwavy flow, based on a new
equation anan an in-depth angdis of the dissigtion efectsin atwo-phasefl ow.

3.2.4. The Kawahara, Chung, and Kawaji study [21]

An experimental investigation has been carriedooutwo-phase flow characteristics in
a 100 Im diameter circular tube. Two-phase flowtgras were determined by video
recording the flow in the transparent capillaryagubade of fused silica, in which de-
ionized water and nitrogen gas were injected aedigmal velocities of $=0.1-60 m/s
for gas, and F0.02—4 m/s for liquid. Time-averaged void fractiand two-phase
friction pressure drop data were also obtainedaanadyzed. The flow patterns observed
were intermittent and semi-annular flows, but asefcstudy of the liquid film structure
revealed gas core flows with a smooth or ring-stididen and a serpentine-like gas
core surrounded by a deformed liquid film. Bubbhdachurn flow patterns were not
observed. A flow pattern map was developed basati@probability of appearance of
each type of flow, and compared to the existingvflmattern maps obtained for 1mm
diameter channels. Void fraction remained low eathigh gas flow rates, indicating
large slip ratios and weak momentum coupling bebtwtbe phases. The single-phase
friction factor and two-phase friction multiplierath were shown to be in good
agreement with the conventional correlations.
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As concluding remarks of this study, it can be gh&t an experimental investigation
has been carried out on two-phase flow charadtesigt a 100um diameter circular
tube using de-ionized water and nitrogen gas. Thasp flow patterns, time-averaged
void fraction and two-phase frictional pressurepddata were measured and analyzed.
Based on the results presented, the following emahs can be presented:

(1) The two-phase flow patterns observed were mamtkrmittent and semi-annular
flows, but a closer study of the liquid film strupt revealed gas core flows with a
smooth or ring-shaped film and a serpentine-like gare flow surrounded by a
deformed liquid film. Bubbly flow was not observedthe present work, even at the
highest superficial liquid velocity (j=4 m/s) and lowest superficial gas velocity §
0.1 m/s) tested.

(2) The probability of appearance of different flpatterns revealed a gradual shift in
the predominant flow pattern with increasing gad bauid flow rates. For low liquid
flow rates, gas core flows with a smooth-thin Idjdilm occurred most frequently at
low gas flow rates, but gas core flows with a ratfgped liquid film became more
frequent at high gas flow rates. At high liquidviloates, gas core flows with a thick
liquid film, and serpentine-like gas core flows hian deformed liquid film also
appeared. At high gas and liquid flow rates, gllety of gas core flows appeared, and
this was named a multiple flow pattern.

(3) A flow pattern map was developed based on thbability of appearance of each
flow type, and compared to existing flow patternpsi@btained from 1 mm diameter
channels. Similarities and differences betweenntierochannel and larger diameter
tubes were identified.

The absence of bubbly and churn flow patterns i@ mhicrochannel results was
attributed to the low liquid Reynolds numbers aaghihar nature of liquid flow in the
present microchannel because of the small chaneraleder.

(4) Time-averaged void fraction data were obtaiffeth the analysis of two-phase
flow images captured at different flow rates. Timeetaveraged void fraction remained
low even at high gas flow rates, indicating sigrafitly larger slip ratios and weaker
momentum coupling between the phases, compardug tiiowws in channels with 1
mm. This was consistent with the occurrence of gmadantly liquid-only or separated
flow patterns in the microchannel.

(5) Single-phase friction factor and two-phasetifvit multiplier data were obtained
from the pressure drop data. The single-phasedmnidactor was shown to be in good
agreement with the conventional laminar correlatibme two-phase friction multiplier
data were over-predicted by the homogeneous flodemdut correlated well (within
+10%) with the separated flow model of Lockhart &fatrtinelli [1]
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3.2.5. The work of Zun [22]

Effective progress toward a better understandingudfulent bubbly flow demands a
strategy that comprises several space and timendepephases of work priorities. The
current work focuses upon experimental methods taat be used to collect the
information on interfacial structures in bubblyviland bubble to slug flow transition.
Two experimental methods are analyzed in detailoobg detection of phase
conductivity and visualization. Although differeexperiments by nature, they utilize a
common approach that can be described crudelytas-part process: first, the scale
information is broken into parts, and once the rimfation is analyzed by the
discrimination system lower level, it can be readsled by the system higher level to
tell us what is where in the environment. The utaiety and applicability of phase
discrimination are discussed for frozen interfag#fiuctures as well as time-space
evolution. In order to identify characteristics tttzaie required by cascade modelling,
macro-, meso- and microscales are considered. §dessment is given for 1D, 2D and
3D applications. Several attributes that are needepatiotemporal modelling at the
reassembling stage are pointed out.

As concluding remarks of this study, it can be sHidt a general strategy in
disassembling and reassembling of the two-phass ftuctures is considered. It
comprises four steps for disassembling the prosessdlifferent scales, among those
the first three for structures identification sparel time dependent and the fourth for
the statistical relevance. The fifth step is coesd to reassemble the sequences of
events in phenomenological cascade modelling.

Two decades were needed to obtain enough informatovoid fraction profiles that
may differ from wall void peaking to void coringofk regimes which is important in
two-fluid modelling (macroscale). The author beéis\that we are at the beginning of a
new era of bubbly flow modelling and simulationwhich multiscale reference plays a
crucial part. The detailed results of phase discdtion in bubbly flow in a vertical
pipe are presented in view of uncertainty and appllity to modelling requirements
for the first three steps of the proposed stratégy.identify these characteristics,
macro-, meso-, and microscales are considereda3$essment is given for 1D, 2D and
3D applications. Two experimental techniques areseh as representative: probe
detection of phase conductivity and visualizatiBattern decomposition is divided into
lower and higher levels. Some novelties of the dempased decision rules that are
assorted to the far apart values are presentedmiation procedure is introduced
based on genetic algorithm in combination with mmaaehine interface. The
uncertainty analysis revealed difficulty in obtaigireliable indicators of single bubble
shape distortion in mesoscale 2. Very little (altmosthing) is known about bubble
clusters, spatial relationship and time-space éwmwiuNo general data on time-space
evolution of bubble formation is possible sincesthbhenomenon depends strongly on
individual properties of injection mechanism or leation sites at micro- and
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mesoscales. We are beginning with cascade modeliitiga very poor knowledge on
initial conditions that are of spatio-temporal cwer

3.2.6. The study of Yu, Lin and Tseng [23]

Flow pattern and heat transfer during evaporatioa L0.7 mm diameter smooth tube
and a micro-fin tube are presented. The tubes tested in the ranges of mass flux
between 163 and 408 kg@st, and heat flux between 2200 and 56000 W/fihe
evaporation temperature was 6°C. Flow maps for boéhtubes are plotted in the
coordinates of mass flux and vapor quality. Thatrehs of flow pattern and local heat
transfer coefficient are discussed. The heat teansbefficients for intermittent and
annular flows in both the smooth tube and the miitraube are shown to agree well
with Gungor and Winterton’s correlation with modii constants.

As concluding remarks of this study, it can be shat flow pattern and heat transfer of
R-134a in horizontal evaporator tubes are invetijaxperimentally.

Depending on the test conditions, wavy flow, intétent flow, se mi-annular flow and
annular flow are observed in the experimental rargfemass fluxes between 163 and
408 kg nts?, and heat fluxes between 2200 and 56000 K¥VDifferent flow patterns
in the tube correspond to different distributionlatal heat transfer coefficient around
the periphery, and on the other hand the locatibflosv pattern transition can be
identified approximately by the distributions.

With increasing mass flux and quality, flow pattetmanges from wavy, intermittent,
semi-annular to annular patterns. The transitidnowv pattern occur at lower mass
flux and quality in the microfin tube than in thengoth tube, since the surface
roughness (spiral groove) can induce more wettegtiopoand promote annular flow,
resulting in better heat transfer. The heat transia be enhanced with microfin surface
up to 200% at low mass flux and high quality wharsular flow dominates in the
microfin tube while wavy flow occurs in the smoatibe.

With the average liquid film thickness as the chaastic length in calculating heat
transfer coefficients by Gungor and Winterton’sretation, the heat transfer data agree
well with the calculated values for intermittentdaannular flow patterns, with an
average mean deviation of 19% for both the smadik &ind the microfin tube.

3.2.7. Flow pattern map of Thome and El Hajal [24]

As a practical option and for consistency betwdss flow map and heat transfer
model, an easier to implement version of the map pvaposed by Thome and El Hajal
[24]. In the previously presented flow pattern mdippensionless variables & Avp,
hp and B were calculated in an iterative way using theti$ied flow void fraction
model of Taitel-Dukler [8] illustrated in Fig. 1.nQhe other hand, the flow boiling heat
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transfer model of Kattan et al. [15] uses the &teifi0] version of the Rouhani—
Axelsson drift flux model for horizontal tubes fitlve cross-sectional void fracti@en

6= (140.12(1 .r_:-_:-(l - ‘)
vy Py HL

-1
v 70,25
L18({] — x){za(p. — pyv )]
' 0.3

Gpy.

(4)

This drift flux void fraction model is easy to appand gives the void fraction as an
explicit function of total mass flux, which the rhetl of Taitel-Dukler does not.
Hence, it makes sense to use the same void frattoaie! in both the flow pattern map
and heat transfer model, for which the Rouhani—#o®Imodel is a better choice as a
general method. This was later proven experimgntal making 238 void fraction
measurements for R-22 and R-410A in Wojtan et38l] in stratified types of flow.
Then, from the sectional area of the tube A, thkilesa Ap and Ap are directly
determinable as:

A(l —g) pom

A = I (5)
Ag

D?

The dimensionless liquid heightshand the dimensionless length of the liquid integfa
Pp can be expressed as a function of stratified ahgle

Y 2 —0
hip = [].:"(l cos (%lm)) (7)

i f2m — Dan
Pp = sin (—,} '”“) (&)

To avoid completely any iteration, the geometriegapression for the stratified angle
hsyrat CAN be calculated from an approximate expresswaluated in terms of void
fraction, as follows:

Ayp =

" N ,,{n{l—a]+PT"‘“'J—2-:I—a]+-;1—r;]'-'""—r:'-'-‘j}
st — =it T = B ’

— (L —ejell =21 —&)][1 +4((1 —&)" +&*)]

(9)
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As the void fraction is a function of mass velogity the Thome—EI Hajal map it
influences the position of the transition curvebeTminor effect of mass velocity on
flow regime transitions is shown in Fig. 6.

Flow patiern map - R-4104, Tsar=5 °C, D=13.84mm, q=f?.5.l:W.-"n'|2
To0 T ' ; = 3 1 £ : ]

Mass Velocity [kg/m®s]

S

a 4 ! i " i i ] L
o] oA 02 02 0.4 0.5 0.6 o7 o8 0.8 1

Vapor quality [-]

Fig. 6. Flow pattern map of Thome-El Hajal for R4DA at T;,=5°C in a 13.84 mm internal
diameter tube with its equations evaluated at thredixed mass velocities: G=100, 200, 300
kg/m?s.

The strongest effect of mass velocity is obsereedHe “SW-I/A” transition curve for
vapor qualities below 0.1, where the transitionveugoes up with increasing mass
velocity.

This divergence becomes less significant as thervapality increases. The boundary
curve “A-M" also moves up marginally with increag mass velocity.

3.2.8. Flow pattern map of Revellin and Thome [31]

Some authors describe microchannel two-phase fleimguadditional flow pattern
designations, such as Tripplet et al. [16] usinthbectangular and circular channels.
Considering the general research on flow pattendeoted till now, it can be found
that the dominant and most common flow patterrf@ure Plug flow, Slug flow, Wavy-
annular flow and Annular flow. Garimella et al. [3%oposed a correlation for during
flow transition condensation of R-134a in circutdmannels (0.5 to 4.91 mm) with the
hydraulic diameter (in mm) as parameter to deteemthe transition between
intermittent and non-intermittent flow as showrEq. (1).
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)

= —G+h (1)

with

a =069.5673 4+ 22.505 exp (0.25861) ) (2
b= —50.9800 4 1768137 exp (038260 ) (3

The difficulty of identifying flow regimes and theitransitions comes from the
difficulties in obtaining good high speed images,the interpretation of the flow
(subjectivity and pattern definition depending @e twuthor), and also in choosing the
channel size that determines either macro or ntatesor the transition between them.
Thome et al. [33, 34] proposed the first mechanikgat transfer model to describe
evaporation in microchannels with a three-zone flmiling model that describes the
transient variation in the local heat transfer tioeint during sequential and cyclic
passage of (i) a liquid slug, (ii) an evaporatihgngated bubble and (iii) a vapor slug
when film dryout has occurred. The new model ilatgs the strong dependency of
heat transfer on the bubble frequency, the lengthte bubbles and liquid slugs and
the liquid film thickness and is so far only applite to the slug flow regime.

I —

{a) Bubbly fow at x = 3.8%

(k) Bubbly falug Aow at 2 = 4%

ee——. " - lj;ni—-

(o) Blug How at ¢ = 4.3%

(2] Semi-ammlar Aow at = = 15%

R N e e b T

(E) Wavy annular How at ¢ = 23%

T A T
{g) Smocth annular Aow at == 23%

Fig. 7. Flow patterns and transitions for R245faD= 0.5mm, L=70.7 mm, G=500 kg/fs
and Tg,=35°C.
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For these reasons, it is opportunistic to applyoptical measurement technique to
quantitatively characterize flow pattern transiioand to measure the frequency,
velocity and length of vapor bubbles in microchdsnén particular at the exit of
microevaporators in which the flows are formed. ISuan optical measurement
technique has been developed here and implememed inew multi-purpose
microchannel test facility and is presented in #rigcle together with the new results.
As concluding remarks of this study, it can be shat an optical measurement method
was used to characterize flow pattern transitidnsvo-phase flow in micro-tubes. It
consists of shining two micro laser beams througiiags tube and the fluid at two
different locations, using two lenses to focus tger beams to the middle of the
microtube, and using two photodiodes to recupettateintensity of the light, whose
signals are used to distinguish whether liquid,ovapr liquid and vapor are present in
the cross section. Bubble frequency, lengths oblasband flow pattern transitions are
parameters that are able to be determined bydbisique. Mean vapor velocity is also
calculable from the measurements at some test toomsli

Four principal flow patterns (bubbly flow, slug Wo semi-annular flow and annular
flow) with their transitions (bubbly/slug flow andlug/semi-annular flow) were
observed in the present experiments with R-134aRad5fa in 0.50 mm and 0.80 mm
circular channels, as shown in Fig. 7.

Many observations have been made on the transibetween flow regimes. The two-

phase flow pattern transitions observed with R-1F4@. 8) did not compare well to a

leading macroscale flow map for refrigerants noratanicroscale map for air-water

flows. No significant influence of the inlet subdiog nor the saturation pressure has
been observed on the flow pattern transitions. érten heated length did not influence
the locations of the transition lines.

The diameter effect did not show any differencéalgh bubbly/slug flow is present
over a wider range of mass flux. The transitionswben flow regimes are less
influenced by the mass flux for R-245fa than fol B4a; however, the two-phase flow
transitions for R-245fa are quite similar to tho$&r-134a.
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Fig. 8. Flow pattern maps with experimental trandion lines for R134a, D=0.5 mm, L=70.7
mm, Tsat=35°C.

3.2.9. The work of Wojtan, Ursenbacher and Thome [33]

Several important modifications to the flow pattenap of Kattan—Thome—Favrat [15]
made, resulting in a significantly new version o tmap. Based on the dynamic void
fraction measurements described in [30], the $§@dtwavy region has been
subdivided into three subzones: slug, slug/steatifivavy and stratified—wavy.
Furthermore, annular-to-dryout and dryout-to-mistf transition curves have been
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added and integrated into the new flow pattern nasmtified by distinct trends of the
heat transfer coefficient as a function of vapaaligy and by flow pattern observations
to determine (and then predict) the inception amchpietion of dryout in horizontal

tubes.

R-22, G=300kg/m’s, Tsats5 °C, D=13.684mm, g=7.5kWim? R-22, G=300kgim’s, Tsat=5 °C, D=13.84mm, g=17.5kWim®
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Fig. 9. New flow pattern maps for R22 at T,=5°C and D=13.84 mm at G=300 kg/fs and
four initial heat fluxes: (a) 7.5 kwW/n¥, (b) 17,5 kW/nf, (c) 37.5 kW/nf, (d) 57,5 kwW/nt.

New transition curves have been found (Fig. 9Qldéine annular—dryout and dryout—
mist flow transitions based on our new heat transkeasurements and observations.
The curves have been integrated into the Thome-aidlH28] version of the Kattan—
Thome—Favrat flow pattern map. Based on measurenserd trends observed in the
dynamic void fraction, the stratified—wavy regioashbeen subdivided into three zones:
slug, slug/stratified—-wavy and stratified—wavy. thermore, the transition curve
stratified/stratified—wavy flow has been adjusted ¥apor qualities below x-A. These
modifications provide a more accurate predictiorthaf flow regimes below G-wavy
and significantly improve the identification thecé@ption of dryout. All procedures to
calculate the new flow pattern map have been pteden

The new flow pattern map does not require any titeracalculations and it can be
easily used for flow regime identification in tHew boiling heat transfer model.
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3.2.10. The study of Revellin and Thome [37]

Flow pattern data and bubble measurements for twadl sliameter sight glass tubes are
used to propose a new type of flow pattern mag¥aporating flows in microchannels.
Rather than segregating the observations into thditibnal flow regimes and an
adiabatic map, the new diabatic map classifies dlawo three types: (i) thesolated
bubble regime, where the bubble generation rate is muchetathan the bubble
coalescence rate and includes both bubbly andf&ugs, (ii) the coalescing bubble
regime where the bubble coalescence rate is much larger ttie bubble generation
rate and exists up to the end of the coalescermmegs and (iii) thannularregime,
whose extent is limited by the vapor quality at treset of critical heat flux. This
formulation is more useful for phenomenological mllidg the processes controlling
boiling heat transfer and also visually defines tlgasible operating limit of
microchannel heat spreaders. The database coversetwgerants (R-134a and R-
245fa) and two channel diameters (0.509 and 0.79. in image of the scheme used
for the study is reported in Fig. 10.
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Fig. 10. Schematic of three zone evaporation model

The micro-evaporator length was varied from 20Q@av¥n, the inlet subcooling from 2
to 15°C, the mass flux from 200 to 2000 kégrand heat fluxes up to 597 kW/m

Three different saturation temperatures were te&@&d30 and 35°C.

The optical setup consisted of two laser beamd) aipower less than 1mW, directed
through the glass visualization tube and the flmside at two different locations,
separated by a distance of 70.63 mm. Two lenseséacthe laser beams to the middle
of the microtube sight glass and two photodiodeghen opposite side captured the
intensity of the light at a scan rate of 10 kHzeTignal processing of the resulting
voltage signals from the two diodes to identify flev patterns and bubble statistics
consisted of several steps and is detailed in ReVy8lL] and Revellin et al. [39].
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Two-phase flow pattern observations based on tleeealefinitions from both laser

signals and are presented in Fig. 11 as massvéitsus vapor quality and superficial
liquid velocity versus superficial vapor velocityrinats, which are calculated from the
test results from their definition:

(1=t
J== 2
o =)
_Xi
Je=t 3)

Notably, the higher the mass flux, the earlier danflow is reached.
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Fig. 11. Flow pattern maps with experimental trangion lines for R134a, D=0.509mm,
L=50mm, T,=30°C.

The observations in annular flow in Fig. 11 (ldfagram) do not reached vapor
qualities of the onset of the critical heat fluxe tatter which were measured separately
in the study by Wojtan et al. [33, 34]. Bubbly flasymore or less nonexistent for mass
fluxes greater than 1000 kg 78 *. Their transitions are controlled primarily by ttae

of coalescence in Revellin et al. [39] which is retognized as a contributing factor by
previous microscale (nor macroscale) flow patteapsn

3.2.11. Probabilistic flow pattern map of Jassim-Newell-@hi2]

Probabilistic two-phase flow map data (Fig. 12gxperimentally obtained for R134a
at 25.0, 35.0, and 49.7°C, R410A at 25.0°C, maseef from 100 to 600 kg/ns*,
qualities from 0 tol in 8.00, 5.43, 3.90, and 1 I.D. single, smooth, adiabatic,
horizontal tubes in order to extend probabilisteo{phase flow map modelling
techniques to single tubes. A new web camera béeed visualization technique
utilizing an illuminated diffuse striped backgroumas used to enhance images, detect
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fine films, and aid in the automated image recagniprocess developed in the present
study. This technique has an average time fracimssification error of less than 0.01.
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Fig. 12. Probabilistic two-phase flow regime map ata for R410A, 100 kg/nis, 25°C, 3.9
mm |.D. tube.

As concluding remarks of this study, it can be shiat probabilistic two-phase flow
maps are found in the literature to be useful & mmodelling of two-phase flow in
multi-port microchannels. A two-phase flow loop wesnstructed and a new web
camera based image recognition technique was deelm order to obtain the flow
visualization images necessary to obtain probaicilisvo phase flow map data for
smooth, horizontal, adiabatic, single channel tubes

The flow visualization technique utilizes a new iogk method consisting of an
illuminated striped diffuse background to enhartte images and aid in the image
recognition process. Nearly, one million flow vimation images were obtained for
R134a at 25.0, 35.0, and 49.7°C, R410A at 25.0°&snfluxes from 100 to 600 kg/m
s', qualities from 0 tol in 8.00, 5.43, 3.90, and4l@m I.D. smooth, horizontal,
adiabatic tubes in order to provide the flow viszation data necessary to create a
generalized probabilistic flow regime map. Imageognition software is developed to
classify the flow regime present in each image fanchulate the time fraction of each
flow regime for each flow condition. The time fract error associated with the image
recognition software is found to be a maximum of0#0and an average of +0.01 for
the intermittent and liquid flow regimes and anrage of £0.01 with a maximum of
+0.152 for the stratified and annular flow regiméassim developed curve fits of the
present probabilistic two-phase flow map data ideorto generalize the time fraction
information using physically meaningful parameteéfie time fraction information
represented as continuous functions can be utit@edodel single tube pressure drop,
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void fraction, and heat transfer with a common piase flow map basis in a similar
manner as Jassim and Newell demonstrated for paiitimicrochannels.

3.3.General Considerations about the results found inhe literature

It is possible to have a satisfactory panoramiavvid the results presented in the
literature considering the Fig. 4 and Fig. 6 Wdrat regards the two-phase flow in
macro or conventional channels and Fig. 8 and Hd for the minichannels and
microchannels.

It comes immediately clear how the flow in the romrannels is much more interested
to be studied compared to the flow in the biggdwess in the smaller condition more
flow patterns are visible and there is a very festsition to one regime to another. In
the macrochannels the transition in more smoott,easier to be studied, and not all
the main flow patterns can be observed.

From Fig. 4 and Fig. 6 it is clear that in therdature there is quite a good agreement
on the location of the flow regimes on the maps @amtheir transition lines.

In particular, there is a common shift on the titims lines as function of the heat flux
imposed to the flow and of the mass flux, but thedification of the map is not
substantial and is in good agreement betweenaliabearchers.

Going down with the dimension of the channels, meréng Fig. 8 and Fig. 11 itis
immediately visible how the low vapour quality regiis dominated by a very fast
transition of the flow pattern. Bubbly flow, diffiit to be observed with the standard
experimental technique, changes very rapidly toslbhg and the annular regime, and
this is something very different from the normalamacondition.

For the construction of the flow pattern map at simealler scale there are several
disagreements between the researchers about thgtita lines and the regimes
identified. Especially at the micro scale it is waifficult to maintain a very high
objectivity in the flow pattern identification, andis is the reason why the researchers
sometimes create flow pattern map quite differexa fsom the other. Then, working at
small dimensions, the importance of the relativersrof the measurements on the final
results is higher, together with the difficulty tine definition of a precise flow pattern
map.

These are the reasons why the experiments on iuphase flow characterization at
the micro scale are still being conducted; a hugeuwnt of data from independent
laboratories is necessary to obtain objective tesul
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3.4. Void fraction

3.4.1. The study of Triplett, Ghiaasiaan, Abdel-Khalik,Meuel, McCord
[16]

Void fraction and two-phase frictional pressure pdran microchannels were
experimentally investigated. Using air and watexpegiments were conducted in
transparent circular microchannels with 1.1 and51m®m inner diameters and in
microchannels with semi-triangular (triangular witdme corner smoothed) cross-
sections with hydraulic diameters 1.09 and 1.49 n@as and liquid superficial
velocities were varied in the 0.02-80 m/s and B0#/s ranges, respectively, and void
fractions were calculated by analyzing photograjatken from the test sections with
circular cross-section.

Measured void fractions were compared with seveoatelations. The homogeneous
flow model provided the best prediction of the akpental void fractions in bubbly
and slug flow patterns.

The homogeneous flow model and all other testedirarapcorrelations significantly
over predicted the void fractions in annular floattprn, however.

Void fractions were estimated by analyzing photpgsataken from the centre of the
test section. Each photograph typically covered mré-long segment of the test
section.

In the bubbly flow pattern, individual bubbles weessumed to be spheres or
ellipsoidal, depending on their shape. In slug fltve Taylor bubbles were divided into
cylinders and spherical segments. In bubbly floehephoto typically covered a large
number of bubbles, thus providing a reasonablermetaveraged estimate of the void
fraction. In slug flow the flow pattern is relatlyeregular and average Taylor bubble
and liquid slug lengths were calculated from miugtiphotos and used for void fraction
calculation.

In the annular flow pattern the vapor core wasd#di into several cylinders and the
channel average void fraction was calculated a@oghd Slug-annular and churn flow
patterns were the most difficult flow regimes talgme. The void fractions associated
with slug-annular flow patterns are not includedtle analysis due to their high
uncertainty. In churn flow, an average of 0.5 lowaid fraction was assumed in
segments of the flow field where the gas phasediggersed.

As concluding remarks of this study, it can be ghit void fraction and two-phase
pressure drop were measured in transparent lorigoméel microchannels with circular
and semi-triangular (triangular with one corner sthed) cross-sections. The test
section hydraulic diameters were 1.1 and 1.45 mmeifeular channels, and 1.09 and
1.49 mm for semi-triangular cross-section testisest The gas and liquid superficial
velocities were varied in the 0.02-80 m/s and B02Ys ranges, respectively. Flow
patterns were discussed in part | of this paper.
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Measured void fractions were compared with preadingiof the homogeneous mixture
model, the correlation of Butterworth [7] represegtthe empirical correlation of

Lockhart and Martinelli [1] the CISE correlation][# one-dimensional model based
on the numerical solution of mass and momentumeareation equations was used for
calculating the channel pressure drops utilizingouss two-phase friction models. The
two-phase friction factors based on the homogenevixsure assumption and the
empirical correlations of Chisholm [5] and Frief#lwere examined.

Void fraction and channel pressure drop (Fig. ¥&re best predicted by the
homogeneous mixture assumption. The tested modads carrelations all over

predicted the channel void fraction and pressup dn the annular flow pattern,

suggesting that the annular flow liquid&gas interdh momentum transfer and wall
friction in microchannels may be significantly difent from similar processes in larger
channels. Systematic experiments addressing theodiyalamics of the annular flow

pattern in microchannels are thus recommended
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Fig. 13. Comparison of measured void fractions wht predictions of various correlations.
(a) homogeneous model; (b) Chexal et al.
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3.4.2. The study of Wojtan, Ursenbacher, Thome [30]

A new non-intrusive computerized image analysis apiical observation method for
accurately measuring dynamic void fraction hasndgdeen developed by Thome and
co-workers. This technique is applied to circliarizontal sight glass tubes using a
monochromatic laser sheet to illuminate the twosghflow coupled with image
processing to measure cross-sectional void fragtiom dry angles in stratified types of
flow. The refraction effects on the cross-sectionalages are overcome by
reconstructing the video images by computer. Fioese, the shape at the vapor—liquid
interface is detected and the void fraction is eatelly determined (to an estimated
accuracy of about +0.01) over a wide range of ¥@dtion values (from 0.05 to 0.95).
In addition, the dry angle around the upper permef the tube is also obtained. The
system has been coupled to a flow boiling testlifpdio obtain dynamic and time-
averaged void fractions in a horizontal tube fop trefrigerants: R-22 and R-410A.
About 227,000 images were analysed so far in thidysfor a 13.6 mm tube to provide
the same number of dynamic void fraction measurésnamd 238 time averaged void
fraction values (Fig. 14). A summary of the tecjug is described here with additional
analysis of the previous results and new resulésdt on processing 83,000 new
images) are presented here for void fractions iB.@rmm sight glass tube with R-22 at
mass velocities of 100 and 150 kg?(s). The new method also has the potential to
measure interfacial wave contours and other pertigeometrical characteristics of
stratified two-phase flows.

R410A, G=T0kg/m’s, T=5°C. x=0.200

Void Fraction

Fig. 14. Void fraction evolution for stratified-wavy/intermittent flow.
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As concluding remarks of this study, it can be dhat a recently developed optical
measurement technique to dynamically measure tobatitm of the vapor-liquid
interface in two-phase stratified flows in horizaintubes is described and some new
results for an 8.0 mm sight glass tube are showsoiparison to the previous results
for 13.6 mm. The new method is non-intrusive arldwed measurements of the dry
angle and void fraction through a glass tube imossectional view perpendicular to
the flow. This technique has been optimized foatdted types of flow and some slug
flows, all without entrained bubbles, and yieldsidvdractions with a measured
precision in absolute value on the order of £0.0&rdhe range from 0.05 to 0.95. As
shown in this study, the technique is more diffidol apply to small diameter tubes
than larger ones.

Based on a statistical comparison, the drift fluoded of Rouhani and Axelsson [15] as
modified by Steiner [3] for horizontal flows is theest of the four models tested and
accurately predicts the stratified flow void fracti data. Secondly, the Taitel and
Dukler [8] stratified flow transition model for ligd height gives nearly as accurate
results for calculating the void fraction. New d@mgle measurements are also reported
for an 8.0 mm sight glass tube and are accuraabaat £10°.

3.4.3. The study of Kawahara, Chung and Kawaji [21]

An experimental investigation has been carriedooutwo-phase flow characteristics in
a 100 um diameter circular tube. Two-phase flovtgpas were determined by video
recording the flow in the transparent capillaryagubade of fused silica, in which de-
ionized water and nitrogen gas were injected aedigmrl velocities of = 0.1-60 m/s
for gas, and F 0.02-4 m/s for liquid. Time-averaged void fraotiand two-phase
friction pressure drop data were also obtainedaaradyzed. The flow patterns observed
were intermittent and semi-annular flows, but asefostudy of the liquid film structure
revealed gas core flows with a smooth or ring-stidiien and a serpentine-like gas
core surrounded by a deformed liquid film. Bubbhdachurn flow patterns were not
observed. A flow pattern map was developed basati@probability of appearance of
each type of flow, and compared to the existingvflmattern maps obtained for 1 mm
diameter channels. Void fraction remained low eaehigh gas flow rates, indicating
large slip ratios and weak momentum coupling betwtbe phases. The single-phase
friction factor and two-phase friction multiplierath were shown to be in good
agreement with the conventional correlations.

Time-averaged void fraction data were obtained fthm analysis of two-phase flow
images captured at different flow rates. The timeraged void fraction remained low
even at high gas flow rates, indicating signifitariarger slip ratios and weaker
momentum coupling between the phases, comparée thotvs in channels with 3 1
mm. This was consistent with the occurrence of gmadantly liquid-only or separated
flow patterns in the microchannel.
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3.5. Experimental measurements in two phase flow

Considering the avant-garde scientific literatuggarding the experimentation in two

phase flow, it is possible to find some common béghe in which the studies are

conducted.

This is true in particular for the visualizatiom@y. In these kind of experiments, all the
data come from the adiabatic part of the glasssparent tube, because usually the
heaters that are used to provide to the flow theesgary amount of power to boil are
made of metal tubes.

Fig. 15. Conventional visualization windows in twephase flow.

This is very evident in the Fig. 15 and 16, whehe most common setup for

visualization experiments is presented.

The camera is usually positioned after the hediecause this is usually the only
transparent part of all the system, and for thésoa there is no information about what
is really happening —from the point of view of biéhistory- inside the diabatic zone

of the tube.

This fact represents a big lack of informationhe study of the two phase flows, and
for this reason we oriented our work in a way t@ild make more complete the set of
information on the onset of boiling. This was darsgng a completely transparent test
section, including the heating part. More detdilewd this setup will be presented in the
next section.
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Fig. 16. Stratified flow regime photographs of Babieri, Saiz-Jabardo and Bandarra. Top:
stratified flow; middle and bottom: stratified-wavy flow. Tube diameter: 15.8 mm.

3.6. Conclusions

Many studiesnow exst on two-aseflow in microchannés.

Many of them (not dl presented here) are iabatc two-phase flow expements,
i.e. liquid and gasflowing in the samepipe without any heating, geeratedby a gas
injector or liquid- vapor mixer. The realting flow patten and lbble
characteistics are prbably imposed or nfluenced ly the desgn of the injecta or
mixer (nane d those stidies aldressel thisisaue).

Only few studies werdor diabatc experimats (with evg@oraion or condensaton).
Based on the mrsett summairy of existing experimental work, one can conclude
that only three principalléw patterns can beused to deseébe two-phase low in
microchannel: bubby flow, confined bubl# flow andannular flow. No stratfied
flow is obsavedin microchanels due to the predomiance of suface tension over
gravity forces ® that the tube orientation las negligible inflience o the flow
patem. Too many regime dedgnations lead to too meh complexity when trying to
devdop a modé basel on these fow regmes
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The abjectivity related to he flow pattan observaton and their transition
detamination is another dfficulty. How to sayif a bubbleisisdated @ na? How
can ae detemine the ransition fromwavy-annular to anntar many gestons and
uncertanties aise due o this lack of objeciivity in the identifi cation of he flow
patterns. Thus, a1 objecive method should be used to create a avectflow patten
map stating point for building heattransfer and pressire drop models.

Multiple geonetries ca lead to anew dfficulty of fundamentally stdying two-
phaseflow in microchannels, and some researchéosnd that the cheacteistics of
two-phaseflow are the samefor single and mutiple dhannels. The choiceof the
chamel size can also be a problem becawse hat detamines dther macro or
microscde or he transtion between them.

Thome et al[33, 34 proposed the first mechaistic hea transfer malel to describe
evapor#éon in micrachannds with a three-zone flow boiling model thatdescibes
the transiehvariation in the loal hed transfer cefficient durng ssquentialand
cyclic pasage of (i) a liquid slug, (ii) amvapaating dongated hubble and(iii) a
vapor slug when film dryout has occurred.Fig. 10 depicts a schenatic of their
threezore hea transfer model. The rew modd illustratesthe strang dependercy o
heat transfeon the kubble frequency, the lengtls of the bubblkes ad liquid slugs,
and the liquid film thickness bu is 0 far only applicabé to the dug flow regme.
For theserea®ns, it is ogporturistic to appy an opticd measuement tehnique o
simultanecusly and gantitatively characteze fow pattern trarisions, and mease
the frequency, vdocity and kength of vapor lubbles in microchannés, in paricular
at the ext of microevgorators in which the flows are formed.

Quality-mass flux map of the experiments performed
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Fig. 17. Mass flux vs. vapour quality map showinthe experiments performed during the
thesis.
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In the present work, all the boiling phenomenal viié analyze from the
visualization point of view, and to give an ideawafich part of the flow pattern
map has been considerddg. 17has been reported. It becomes clear that during
the first set of experiments a good portion of tpour quality has been
considered, arriving almost at the annular flowditan, while in the second set of
experiments much more relevance has been givemetbubbly flow regimes that
are visible at the very low vapour quality.
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4. EXPERIMENTAL APPARATUS

In this section a detailed description of the ekpental test rig optimized for two
phase flow analysis will be presented. The mairovation is in the completely new
transparent heating system applied to the tesiosethat allows two phase flow
visualization not only in the adiabatic part of tilass tube, but also in the diabatic.

4.1. Starting point

In 2005 the University of Bergamo was involved lve tproject BTeV regarding the
construction of one part of the particle detectoFermilab, Chicago. For our unit, the
object of the work was to design and build a polgmenini-channel system for the
cooling of a CARBON high-energy strip of the pddidetector.

BTeV Detector Layout

12 9 6 3 0 3 6 9 12

Electromagnetic meters Ring Imaging

Calorimeter Cerenkov

A

Ny \
KR
= AN

Magnet

Muon \ / Silicon Strips \

e SRR
I Pixel Detectors

Fig. 18. The first version of the test rig built b make experiments regarding the cooling of
a strip of a particle detector at FERMILAB, Chicago.

The experimental system shown in Fig. 18, workirtlp R134a, was created, and after
one year, before the first tests were run, theegtoyas closed and the test rig remained
at the University of Bergamo.
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4.2. The experimental test-rig

The existing test rig was improved according to tlew set of two phase flow

experiments that had to be done. A schematic viewhe improved experimental

apparatus is given in Fig. 19. It works with R124wa consists of two main loops: the
test section loop and a secondary loop, whereltine i§ thermally controlled and all

the vapor formed in the test section is condensed.

A helix type heat exchanger is inserted into aremel cooling unit, which maintains

propylene glycol at a constant pre-imposed tempegafdown to -40°C). This unit is

necessary to define the operating experiment tesityner and to condense the fluid
coming from the testing section as wet vapour.

£
R134a Tank
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Vi3
ol o
b, ¢ o, §
Test Section
va
deltaP
Vs ITO heaters
M
Thermal » p [ aq ‘ |
g ST / é‘ Eﬂ
. /
p u/;n D Microvalve Vacuum chamber

Fig. 19. Experimental test rig scheme

A start-up procedure, consisting on closing the l@sp and circulating the fluid into
the secondary loop, is necessary. This proceduredgssary to assure all the fluid
inside the tank at the desired pressure and tetoperan general between 0°C and
30°C.

The mass flow rate can be adjusted by working om thicro regulation valve
positioned at the inlet of the test section, bysitlg the bypass valve or by changing the
pump speed, so that the resulting flow rate is rsequence of the interaction of the
regulation of these features.

After these steps, being all the system at theiredjcondition, it is possible to open
the test section loop and heat the fluid insidetése section, visualize and record the
images coming from the camera and acquire and stmedata coming from the
sensors.

The new test section is made up of the elementsepted in Fig. 23. The liquid
refrigerant comes from the pump to the mass flowemeand then enters the test
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section passing from a micro-regulation valve,rafteich temperature and pressure are
measured.

4.3. The new test section

The test section is a high precision glass (DURAN)e having different internal

diameters, from 4 to 0.4 mm and lengths, typicalgm 1000 to 500 mm, and the
heating system consists of ITO (Indium Tin Oxideaiing on the outer surface of the
tube.

The coated tube is enclosed in a co-axial vacuuambler made by a glass tube of
larger diameter, in order to eliminate, in the glbbeat transfer rates, the convection

losses consider only the radiation losses of tla¢ehng between the environment and the
test section (Fig. 20).

R134a
subcooled glass chamber
flow \ \
\
v _ \ .
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;? |
i l
{ ‘.
o '
Edl
ITO heater
power/DC voltage

Fig. 20. Schematic view of the basic unit of thest section: the glass tube, the heaters and
the glass chamber that encloses the tube.

The versatility of the whole system is due to thegibility to easily change the tube of
the test section with tubes of smaller diameter difigéerent distribution of coating
length. For this reason, the present system cark waith tubes with an internal
diameter from 4 to 0.4 mm, and with heat fluxesrfre.5 to 300 kW/rh This can be
done by easily changing the test tube, and subettut with one with a smaller
internal diameter.

The vacuum deposited ITO film is used to electlycheat the glass surface allowing
observing the boiling mechanisms taking place mdide tube. In the present test
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section, 4 mm internal diameter there are eightengean the outer surface of the glass
tube, making it possible to reach heat fluxemfdto 40 kW/m

Fig. 21. Test section in the operating condition.

The heater is actually made by a certain numbdayafrs of ITO and this number has
been chosen according to the total final amouteaft power that could be given to the
flow, and to the possibility to regulate it morepisely.

In this way low vapor quality flows are easily dbed and a slow and precise
increasing in heat flux is obtained. An imagehsf test section is visible in Fig. 21.

4.4. The new heating system

Indium tin oxide layers with variable length, chaterized by a mean electric resistance
of 50 Ohm/square have been coated on the outeacgudf different internal and
external diameter glass tubdarrore. L'origine riferimento non € stata trovata.2).
Typically, the ranges of the final resistance offeheater is between 65 and 300
ITO thin films are electrically conductive and ha¥e characteristics of high optical
transmittance (in our case around 85%) over théleiswavelength region, and
excellent adhesion to glass substrates.

62



Fig. 22. Image of the test section showing thesetrical wires that provide power to the
ITO heaters and the white connectors that fix the wes at the borders of the coating.

Indium tin oxide is a conductive oxide that has Hemefit of being simultaneously
electrically conductive and transparent to visiiat. When ITO is vacuum deposited
on an appropriate transparent surface it providesopportunity to observe - from a
new perspective - boiling through the electriciated surface.

The resistivity of a coating is inversely propontéd to its thickness, since the layer has
a bulk resistivityp, (2 m) and final resistanceg (2) which are found from:

L
RITO = (%}(WJ (4.1)

where L, W, t are, in the case of a tube, the deiagith, the circumference and the
thickness of the coating, respectively.

It is important that the coating has a resistarieg ts low enough to ensure that
sufficient power can be applied to the surface withctical, readily available power
supplies.

From Ohm’s law

Viro =+/Pro * Ripo (4.2)

where \fro is the voltage and B is the heating power, therefore, for a given megati
power Rro, to minimize the required voltage potentigtd/to safe and practical levels,
Riro needs to be low.
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4.5. Data acquisition devices

To control the flow characteristic at the inlet amatlet of the test section, there are
several devices that measure many physical quemtif the refrigerant. All these
instruments are visible in the Fig. 23. At therente of the test section there is a
rotameter that measures the flow rate till a maxmaf 5,5 kg/h, then there is a micro
regulation valve that is needed to have very peecegulation of the flow and to
stabilize the flow itself. Subsequently refrigeréemperature and relative pressure are
measured in sequence respectively with a thermde@uqal a pressure sensor.
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Fig. 23. Test section instrumentation scheme.

Between the entrance and exit of the test sectiadiffarential pressure meter is
positioned to measure the pressure drop during fialing.

From the temperature point of view, in this confegion a thermocouple is positioned
on the first coating and one on the outer surfddberglass tube at the exit of the test
section. From the value of the temperature measdioedthe first heater, the
temperatures of the other heaters are obtainedidawimg a direct proportional
temperature governing law.

ITO coatings power is controlled by the PC throsgheral NI® (National Instrument)
USB-6008/9 acquisition and control devices and gpecifically designed electronic
boards (one for each heater), which are suppligd ai56V DC power supplier, as
sketched in Fig. 25.

Every electronic board (Fig. 24) applies the cdrralue of voltage to each heater in
order to reach the desired electrical power andifiegpthe coating voltage and current
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signals adequately, so that these can be acquyretebdata acquisition module and
transmitted to the PC.
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Fig. 24. Electrical scheme of one electronic bodrdesigned to control the amount of
power provided by each heater.

Thermocouples signals are acquired using HP-Agilgexice, which has specific
modules for thermocouples measurements.

Field Point

_ff '
ITO coating

Rlgmn
— , . and thermocouple
USB-6008/9 ~ electronic
board

Fig. 25. Experimental set-up acquisition scheme.

With regards to the software, a dedicated LabVIE\W®gram has been written to
manage the data flow and the system control, aadntage of the control panel is
reported in Fig. 26. The power on the ITO coatirsgsontrolled with a standard PID
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(proportional-integral-derivative) control, which easy-to-handle and adaptable to all
different coatings, with no need for specific tuniAs preliminary tests have shown
that the coatings start to deteriorate at relatil@lv temperatures (~ 80°C), the control
module checks if the temperatures stay sufficiebtyow the limit and stops power
supply if the threshold is exceeded. Furthermomytamodule estimate the heat losses
due to heat conduction and radiation.
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Fig. 26. LabVIEW control panel interface.

All the most significant acquired data, of whicldetailed list is provided in the next
paragraph, are acquired with a frequency of ar@0tdlz, which is considered adequate
for stationary flow. The data are periodically aged (~1Hz), so that mean values (and
optionally standard deviations) are available aodesl for future post-processing.

4.6. The experimental condition and the flow visualizatbn

During experiments the configuration of the testisa is showed in Fig. 28 and 29.
As can be seen from the image, there are three mamponents working
simultaneously to perform the visualisation andthesnsfer experiments. First of all
the high speed camera, that allows the recordingd#os of the flow configuration
inside the test section, both in the diabatic amdhie adiabatic zones. Usually the
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camera works at a speed of 1000 frames/s to hallelefened bubble contours in the
frames of the videos.

The second important part is made up on one sidédlight and on the other by the
infrared filter together with the light diffuser.

The time rate set for the experiments presentedemext paragraphs is 1000 fps, but
the camera has the possibility to work also atséefaacquisition speed. As luminous
source one or two continuous current lamps of 65&\uaed.

Due to the big amount of heat radiation producethkeylamp, and in order to eliminate
this additional power in the heat transfer calcatat, a special infrared (IR) filter has
been positioned between the lamp and the tesbee@bme tests have been carried out
to check the efficiency of this filter and the régsare shown in Fig. 27.
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Fig. 27. Temperatures with and without the IR filter.

During these tests four different configurationseveonsidered: with and without the
IR filter and with the thermocouple in air or pasited on a black body. The presence
of an object was necessary to simulate the presehthe surface that is involved in
the mechanism of the radiative heat transfer frioenlamp, and the results obtained in
the two configurations with and without the objaaterlined the importance of such a
choice: if the body is neglected a large amountadiation is not taken into account,
making a large error in evaluating the real rade&apower. In the end it is possible to
conclude that the IR filter is able to stop the %0of the total amount of power
produced as radiation by the lamp.

The remaining quantity is taken into consideraiiothe calculations involved during
the data acquisition process.

The distance of the light from the glass tube isabbut 35 cm, and the filter is
positioned 10 cm far from it. The camera on theep#ide is fixed with a specific
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Fig. 28. Image of the test section, where it isopsible to notice the high speed camera (1),
the light source (2) and the test section (3).

support on a semi-circular structure to ease itgement around the test section and to
acquire images from every angulations respect échttrizontal requiring only small
regulations on the focus.

The dimensions mentioned before were qualitativiiermined to best enhance the
detection of fine films for the 4.00 mm diametebbdyuand are varied according to pipe
diameter to maintain approximately the same strjpspipe diameter length and the
same stripe width and spacing per pipe diametgtten

The peculiarity of the technique that was adoptedhat, thanks to the completely
transparency of the test section, it is possiblsttioly the evolution of the flow pattern
established at the beginning of the tube and dteo the introduction of more power in
different positions along the tube.
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Fig. 29. Electronic boards to control the amount bpower given to each heaters.

4.7. Conclusions

In the present section a detailed and completeeptason of the new experimental
apparatus was presented. The new test rig hasitbgdting characteristic of having a
completely transparent test section. This resuft alatained using some ITO layers as

heaters instead of the traditional stainless s$teating tubes.
The experimental apparatus is very versatile arabgmts a good reliability of the

measurements.
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5. PREDICTION OF THE HEAT FLUXES IN THE TEST
SECTION

When an electrical power is supplied to the ITOtbesathe heat transfer mechanism
begins in the test section. In the next paragrapihestailed description of the different
kind of heat fluxes within one basic unit of thetteection will be presented.

5.1. Global heat fluxes

To evaluate the net heat flux that is enteringfthiel we can focus the calculation on
one basic unit of the test section (Fig. 30), @ pwde of the glass tube including one
complete heater, the glass part before and af¢ecdhting, the relative glass enclosure
and the environment.

Radiation heat transfer Glass

between the environment and
/\ the test section: maximum /\ /\ enclosure
value of 0,6 W from the whole /
tube to the environment

Vacuum chamber,

Trbem \/ v \/ no convection

N\
\ ﬂ SAaa— |TQ AAA— b
<
Net heat R134a <—
flux to flow <——
the fluid < —

‘_‘ o 11O JV\TV_)_’ Axial conduction,

numerically evaluated

Fig. 30. Scheme of the heat fluxes in one basiciuof the test section.

For the kind of test section considered in thissigiethe maximum power that one
heater can provide is around 20 W at a temperéieteeen 35 and 45°C respectively
in the case of the maximum and minimum mass fllogswering the fluid at a
temperature of 20°C.

Making this first consideration, within the testsen it is possible to consider several
heat exchanges between the coating and the dtastiyid and the environment.
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In particular we can identify the following heatxXkes:
* a convective heat transfer between the outer surtdcthe heater and the
surrounding air;
e aconvective heat transfer between the glass anel@nd the environment;
* aradiative heat flux between the coating and thirenment and the uncoated
glass and the environment;
e an axial conduction in the tube starting in thefidng region between the
heater and the uncoated tube;
e aconvective heat flux from the heater to the fluid
Thanks to the design of the test section, the diositribution can be neglected because
the test section is enclosed into a glass chamiternacuum inside. This characteristic
assures that the convection on the outer surfatteedest section is zero.
For estimating the second contribution, the cotim@tafor the convective heat transfer
between a tube and quiescent air has been usedhamnalues found have been very
small compared to the other quantities. This amadiriteat transfer has been anyway
considered in the global behaviour of the testigect
To evaluate the third contribution, the coated andoated areas have been considered
differently, because each of them is at a diffetentperature while the experiments are
running. Radiation has been evaluated accordinthéostandard electrical analogy
theory of the heat transfer between two gray sadat different temperatures.
The axial conduction in the glass tube has beetuatel numerically and a specific
study is presented in the next paragraph.
Evaluating all the different heat fluxes aroundrgva@ngle heater, it has been possible
to consider only the net amount of heat enterirggftbw, having subtracted the heat
losses listed above.According to this, inside taBWIEW control panel that is used to
set the value of power given to the flow, a routias been included so that it is shown
on the display the net real amount of heat gointpécdlow. In this way, when a certain
power is imposed to one heater, the number vidiiz the LabVIEW control panel is
the real value of power going to the flow.

5.1.1. Heater numerical simulation-axial conduction

A numerical activity, using the lumped parametedeealled SINDA/FLUINT, has
been carried out in order to estimate the heaasel¢o the environment and the axial
conduction along the tube.

From the point of view of the ITO coating, whileetk is a very high precision in the
total electrical power provided to the flow insitlee tube, the uncertainty in the
evaluation of the heat flux can vary a lot accogdio the power. This is meanly due to
the axial conduction in the glass tube of the pagwveduced by the heaters.

For this reason, the problem of defining the resdthlux provided to the fluid has been
solved numerically.
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5.1.2. Lumped thermal simulation: SINDA/FLUINT

SINDA/FLUINT is a software system suited for solyinlumped parameter
representations of physical problems governed fiysion-type equations.

Using SINDA the user poses a heat transfer prolbgereating an arbitrary network of
temperature pointsnde3 connected by heat flow pathsofductors) FLUINT is a
network-style fluid flow simulator. It can also lmmbined with SINDA thermal
networks to simulate combined thermal/ hydraulstems.
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Fig. 31. Layout of the Pipe as drawn in SINDA.

The user poses a problem by creating an arbitratywork of thermodynamic points
(lumpg connected by fluid flow passagepaths) The user may also define heat
transfer routesties) between SINDA nodes and FLUINT lumps to simuladavection.

In two-phase flows, in bubbly and slug flow regintee predicted pressure drops are
based on the McAdam’s formulation for homogenedosv.f When the regime is
determined to be annular, the Lockhart-Martinadlirelation is used.

Two fundamental boiling heat transfer regimes agnized: nucleate and film. The
assumption of pure nucleate boiling cannot be nwu®ve the critical heat flux or
above the corresponding critical wall temperatureidenfrost). The critical heat flux
and Leidenfrost heat flux are calculated using Zgbestimates. The basis of the
nucleate boiling correlation is Chen’s correlationpool boiling. The high quality film
boiling correlation is simply the single-phase stBoelter correlation for vapour
using the current vapour mass fraction and voictiva.
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Fig. 32. Radiative and convective heat transferdiween the tube and the air modelled
with SINDA/FLUINT.

Considering the modelling of a portion of the tesettion, the heat power and the
conductances to the ambient and between the twestsinulate the convective and
radiative heat losses (Fig. 31 and Fig. 32).

In particular, the convective heat transfer is enésonly on the outer surface of the
vacuum chamber and is calculated by the Churchdl @hu equation that is usually
used for the horizontal, isothermal cylinder in tase of free convection:

2

0.387R&a}°
[+ (0.559/P)™]

Nup = 0.6+

8/27

where Nu is the Nusselt number, Ra is the Rayleigithber and Pr is the Pradtl
number.

To evaluate the amount of the radiative losses ftbentest section to the vacuum
chamber and the environment, the radiation heahanges have been evaluated
applying the classical theory for radiation betwegay bodies. Both these two heat
losses are included in the two models that wilplesented in the next paragraph.

5.1.3. Results
Two numerical models have been implemented, eatdulating the local value of

mass flux, power provided by the coating, vaporliguapressure and heat transfer
coefficient.
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12 4 Real power distribution along one heater
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Fig. 33. Simulation of the power distribution ina portion of the test section including the
heater and two parts of uncoated glass. The importece of axial conduction can be noticed.

A special attention has been given to the localevadf the power, resulting from
considering not just the conduction in the radiaéction and the losses for radiation,
but also the axial conduction in the glass tube.

In particular, the first model simulates the globehavior of one heater and two parts
of tube on both the sides of the ITO layer, arariésults are present in Fig. 33. The
values of the power at each node are plotted agifumof the axial coordinate z, and
z= 0 represents a point which is 15 mm before dehed@he total length of the test
section simulated is 60 mm; the heater is 30 mng land is in the middle of the
model(from z= 15 mm to z= 45 mm),while the 15 mmtudje remaining for each side
are uncoated glass tube.

This model gives an idea of what is the global teatsfer behavior of one heater and
of its surroundings.

The second model analyses more deeply the heafdragphenomena at the boundary
between the heater and the uncoated glass, whithingrease its temperature
according to axial conduction.

The axial coordinate z represents the distancéenube, and the modeling window is
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focused on the boundary between a heater and ttwatad glass tube after this. The
total length considered is of 20 mm, being from te@=10 mm the ITO heater part
and from z=10 to z=20 mm the unheated tube. Theyesaf the parts of the test
section which have been discretized are presentédyi 33 and Fig. 34.

As can be seen from the power trend of Fig. 33 pibwer is almost constant inside all
the heater, and at its extremes there is the nmibtereffect of axial conduction.

The most important effect of this heat transfernameena is that the real heat exchange
area is different from that of the heater, withamsequential difference between the
nominal and real heat flux on the inner surfactheftube.
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Fig. 34. Comparison with the power given to theldw in each node, in the ideal case
without axial conduction, with axial conduction andwith the 99% value of total power that
allows to define the new equivalent length of thedater. The axial coordinate z is made non
dimensional referring to the heater length as unit.

Fig. 33 and Fig. 35 permit the quantificationtbis difference: a new equivalent
coating length can be defined as the one where &e total power is transferred to
the flow.

Tab. 1 and Fig. 36 show graphically the trendhaef power without the equivalent
length, with the introduction of this correctivecfar and with the threshold fixed to
find it.
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Real power distribution at the boundary of one heat er

v

Glass tube
ITO

Fig. 35. Simulation of the power distribution atthe end of a ITO heater with different
heat provided.

Fig. 36 shows clearly the almost linear behaviothe increment of the real heating
length according to the increasing of the powewigled to the heater. This last result
will be introduced in the global calculation moddl the test section, in order to
consider for each value of power the correct heeth@ge area, in order to consider the
phenomena taking place inside the tube associaté tcorrect value of heat flux.

5.2. Conclusions

In this section the test section has been analfized all the different heat transfer
mode, conduction, convection and radiation. A dption of all the heat flux present
around one heater has been reported and a detailegrical analysis has been
conducted to estimate the axial conduction aloegube.

While all the other contribution can be evaluatdthmetically, this procedure is very
complicated for the axial conduction, which chanthesreal exchange area between the
coating and the flow.
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Power NOMINAL Real heat | NOMINAL Real HF diff %
heater length | flux length HF (respect real HF)

w mm mm W/m? W/m? %

1,00 40 40,43 19834 19624 -1,06

5,02 40 41,49 9985,1 9625,3 -3,60

8,69 40 42,97 17293,8 16099,4 -6,91
13,56 40 44,66 26982,8 24169,1 -10,43
17,20 40 45,83 34244,0 | 29890,0 -12,71
21,00 40 46,40 41793,0 | 360314 -13,79

Tab. 1. Comparison between nominal and real hedtux for a 40 mm long heater with
different value of power provided.

This problem has been solved with the creationvofriumerical models that are able to
simulate the complete heat transfer behavior of beater and the specific axial
conduction phenomena at the boundary of the IT@rlayhis permitted to define a new
equivalent length of the coating according to theoant of power provided by the
heater.

Together with this simulations, the first test witle new apparatus have been carried
out in order to check the functionality of the mshentation and the acquisition system.

Difference between Nominal HF and Real HF
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Fig. 36. Percentage difference between real andminal heat flux at various value of
power provided.
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6. MEASUREMENTS AND ACCURACY OF THE MAIN
PHYSICAL QUANTITIES

6.1. Data measured

During the experiments several data are acquiraa the test rig. In the following a
list of these quantity will be presented togethedthwa brief description of the
calculation to obtain each of them.

6.1.1. Pressure drop

The two-phase pressure drop across the diabatic sexgion is measured by a
differential pressure transducer based on a pisigtng stainless steel sensor. It can be
applied on both sides with fluids and gases corbfgativith stainless steel and can
measure pressure drops between o and 5 bar.

6.1.2. Refrigerant thermodynamic data

The saturation temperature of the refrigerbgtis directly evaluated at the inlet of the
diabatic part of the test section. The thermodycapnoperties are obtained from the
standard databases.

6.1.3. Heat flux

The heat flux provided to the flow can be calcudas:

g :L (6.1)

]Din I‘ITO

where( is the heat fluxQ is the power entering the test sectioppls the coating
length and [} the internal diameter of the tube.

In this expression the “real” flux going to therigérant is considered. Because the
glass tube is vacuum isolated inside a glass chaniere is only a radiative heat
transfer between the ITO coating and the envirortmEmese losses are calculated and
subtracted to the value of pre-imposed power.
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6.1.4. Vapor quality

The vapor quality at the exit of the test sect®nalculated by an energy balance over
the heaters of the test section:

P.(z
X(2) = — 2~ jft( ) (6.2)
rnref hLV (T)
where Pt (2) is the total electrical power provided by the hesitél the axial position

z, hy (T) is the vaporization enthalpy referred to the terapge of the fluid at the

: m. . . .
location z, ™' is the refrigerant mass flow rate, respectively.

6.1.5. Void Fraction

The cross sectional void fraction is calculatedvim ways: with the homogeneous

model
Euom = {1 + (ﬂj{&ﬂ (6.3)
X P

and with the Steiner version of the Rouhani —Alersdrift flux model for horizontal
tubes[3]:

1

x ,1- XJ . 11801 - X)[go (o, - 0,)]°® |

X
e=—| @1+ 012(1- x))(
{ Pvi P Gp, o®

Pv
(6.4)

Wherex is the vapor qualitypy andp, are the vapor and liquid density respectively,
is the viscosity an is the mass flux.

6.2. Experimental accuracies

In the next paragraph the uncertainty of all thegonents composing the test section
and of the main measurement and data acquisitionicete is reported. All the
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calculation have been performed according to thar @ropagation method.

6.2.1. Diameter of the tube
The diameter of the evaporator (D) is made of DURglaks. At the moment the only
available information is given by the product datet. In future the internal and
external diameters will be precisely measured glepto provide a better accuracy in

the experimental results.

Dinn=4%1%
Dext = 6 £ 2%

6.2.2. Coating/evaporator length

The length of each coating can vary for less tha@ millimeter for each side. This
means:

AL, = +4%

The coating length in this case is of 40 mm.

6.2.3. Pressure drop
The PSE pressure transducer is used to measurngrébsure at the inlet of the test
section. It is connected to a National Instrume8BU5008 device.

During the experiments the pressure range is betwead 8 bar. This means:

P =4bar+2%
P =8 bar +£1.25%

6.2.4. Mass flux
The definition of mass flu is:

4m
7D-2

int

G=

wheremis the refrigerant mass flow rate.
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The mass flow rate measurement accuracy is:

m=1kg/h + 6%
m=5 kg/h + 3%

With the present configuration the mass flux ranéedn 22 to 110 kg/fs, which
means that the uncertainties are:

G =22 kg/ms * 6.3%
G =110 kg/mis + 3.5%

From this point of view, it must be underlined the actual flow meter should be
substituted with a more precise one, in order &stitally reduce the uncertainties on
the mass flow rate measurement.

6.2.5. Temperature
All the thermocouples are K-type (Chromel-Alumehdacome from the Research
center ENEA. They are connected to a Agilent adfijpiis system and they were
calibrated to have an absolute error of 0.4%/°Gn@éhe range of fluid temperatures

in experiments between 10 and 30°C, it is poss$tht®onclude that:

AT =+01°C

6.2.6. Power supply

The electrical power supplied to the ITO coatingakulated from the measured value
of voltage and current;

PITO =VITO| ITO
As AV/IV=% 0.28% andAl/I=+ 0.87%, it results:
AI:)ITO = i 0'g:I'O/OPITO

6.2.7. Heat flux

The contribution of the power, diameter and thetingdength are + 0.91, +2% and +
4%, respectively.
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Heat fluxes ranges from 2 to 40 W/i. The resulting uncertainties are:

g= 2 kW/nf + 4.6%
g= 40 kW/nf + 4.6%

The vapor quality is calculated at the outlet akaain evaporator corresponding to the
Z axial position.

Considering for example a¢fof 20°C (at which {,=182kJ/kg) and a total power of
20 W, the result is:

X(z) =0.395 +6.1% ah=1kg/h
X(z) =0.079 +3.1% ah=5kg/h
6.3. Conclusions
A complete analysis of the accuracy characteristit®ach instrument of the test
section has been conducted. It is possible tonaffirat the results coming from the test

section present a good accuracy, and that in theefthere will be an improvement of
the part that present a higher level of possibierer
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7. IMAGE ANALYSIS TECHNIQUE

In this chapter the basic concept of image analydlsbe presented, together with the
automatic flow pattern identification method basedmage processing.

7.1. Introduction to image analysis

To reach such results, a predominant role is pldygdmage processing. In the
following a brief description of what is an imagedawhich are the ways in which an
image can be analyzed is reported.

An image is a visual representation of an objeajroup of objects. Image processing
manipulates information within an image to makembre useful. Digital image
processing is a specific type of image processarppmed with a computer.

People are probably most familiar with photographiages; however, photographic
images do not lend themselves to computer anahesisiuse computers work with
numerical rather than pictorial information. In erdto process an image with a
computer, the image must be converted into nunferiw. This process is known as
image digitization.

7.1.1. Image digitisation

The digitization process divides an image into ézomtal grid, or array, of very small
regions called "picture elements,"” or "pixels".

In the computer, the image is represented by ftigisatlgrid, or bitmap. Each pixel in
the bitmap is identified by its position in the dyrias referenced by its row (x) and
column (y) number. By convention, pixels are refieer from the upper-left position
of the bitmap, which is considered position 0,0 column 0).

When a source image, such as a photograph, iszdigjtit is examined in grid fashion.
That is, each pixel in the image is individuallyrgded, and its brightness is measured
and quantified. This measurement results in a vidudghe pixel, usually an integer,
which represents the brightness or darkness ofntlagie at that point. This value is
stored in the corresponding pixel of the compuierage bitmap.

When the image is digitized, the width and heighthe array are chosen and fixed.
Together, the bitmap's pixel width and height arevin as its spatial resolution.

7.1.2. Pixel depth

Depending upon the capability of the measuring Wward and the complexity of the
image, anywhere from 1 to 32 bits might be usestdce each pixel value.
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Pixel values for line art images, which containydolack and white information, can be
easily represented by a single bit: O=black, 1=evhit

However, a photographic-like image contains muchemoformation...it takes 24 bits
to represent all the possible colours that migltiuoén a true colour image. Given 24
bits, over 16 million colours, far more than thentan eye can differentiate, can be
represented.

The number of bits used to represent the pixelesin an image is referred to as its
pixel depth, or bits-per-pixel (BPP). The numbebué$ per pixel used to represent each
pixel value determines the image's class.

7.1.3. Image-Pro® Plus 4.5.1

Image-Pro® Plus 4.5.1 is a powerful scientific imagnalysis software package that
combines the latest tools for scientific and indakimage analysis into one intuitive
software.

Image-Pro Plus has many tools that allows the teseperate many operations on the
images or the video that are under process.

A wide set of specializefilters andoperatorscan provide image enhancement. These
include a wide variety of edge and detail enhancererategies, ways of separating
structures througkrosionandsegmentatiorso that they can be counted and methods
for subtracting uneven backgrounds from imagest Fourier Transformation§~FT)
can remove repetitive patterns that obscure imafgrmation. colorization allows
manipulation of the pixel intensity level to convéine different shades of grey of a
black & white image to false colours with, for exalm dark grey becoming blue and
light grey becoming red.

Thecalibrate button allows the correct calibration to be selddor the image's scale or
magnification. The calibration is set via the dgle atmeasure/calibrate/spatial.
Countand measurallows automated gathering of data with specifiadameters and
manualmeasuremerdllows individual manual measurements to be made.

The measurement tool box has tools for analyzing abtaining quantitative
information from the images. These information reghe selection, deletion, deletion
of all, point, line, circle, rectangle, polygonacde, best fit line, best fit circle, best fit
arc, distance between, angle, angle between faatluaizontal thickness, vertical
thickness and curve thickness. The use of eachallallv capture of a variety of data
which can later be edited to that which is relevavihen a tool is selected you will be
prompted as to how to click in the image to makeheaeasurement.
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Fig. 37. Image-Pro® Plus 4.5.1 usual working wirav.

As each measurement is made it will be labelledhiwithe image and the result will
appear on theneasurementab. When finished, these can then be exported to
spreadsheet or stats program viaittput/outputtab. An image of the normal working
window is reported in Fig. 37.

7.1.4. Main steps of the automated bubble recognitionimeut

Several routines were developed within the comrakrsoftware to automatically
perform the image analysis of a selected numbéwraafes from a recorded movie, and
to give as a final result many geometrical andstteal information about the identified
bubbles and the two-phase flow pattern.

The main routine steps are shown in Fig. 38 amgd 89 and can be summarized as
follows: starting from a number of frames seledbgdhe user and taken from a video
sequence, the routine analyzes each of the frarsgres the measured data to a pre-
structured file, and then it gives the final outpytidentifying the most probable flow
pattern of the recorded images.

Before running the routine, a spatial calibratiemun.

For each frame an “area of interest” preselectethbyuser is extracted and only this
area is then converted in a 8 bit gray scale mode.
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Fig. 38. Cyclic procedure to perform the flow patern identification of several images.

The next step consists in the application respelgtiof the median, open and erode
filters, that are necessary to clean and uniforeniitiiage and to better define the bubble
contours.

These filters can be applied more than once aaogridi the input image and the final
result that will be obtained.

Then a threshold on the gray level of the imagesréset to decide whether an area
must be included in the measuring procedure or not.

The main geometrical data of the objects identifiedthe active window such as
bubbles diameter, area and main axis lengths aeessively collected and stored for
post-processing purposes in text files as the boevis in Fig. 40. After one frame is
analyzed the program activates the next frame hadséme procedure is repeated.
There is no limitation in the number of frames ttah be processed.

The complete procedure for the analysis is schealbtirepresented in Fig. 38.

To show the operations performed on an image,laasea is reported in Fig. 39.
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Fig. 39. Effect of the automatic image analysiseps visible in a frame.

From the input image (a), not so smooth and withesparts to be neglected, the area
of interest (b) is extracted, then it follows timeaige cleaning (c) and the final step of
the data acquisition (d and e).

The data file obtained at the end of the procedargains numerical data like the ratio
between the maximum and the minimum radius of éadible, the length of the main
axis of the ellipse equivalent to the bubble, tteaaf each bubble, the longest calliper
length of the bubbles and the ratio between tha aféhe bubble to that of the entire
area of the image.

l=} |:?‘mclx"mein
N° of 20 void
bubbles fraction for
Area of each the single
object
g
1 Z.0ie z- 7, 586543 Z.356730 ~1196006 F
1 2.945290 z Z; 2. 387418 ~1206656
1 2972536 E 2 2.424027 1217819
1 2loe%2ER 2 3 2. 444818 .ira7138
1 3023028 B 2 2.472711 1238508
1 3.042023 2 i 2.486770 1246258
1 3.075020 Z Z. 2. 536348 ~1259805
1 3.091767 Fi 2. 2. 582922 1266667
1 3102515 z 3 I.605225 1271070
1 3.088517 ] 2 2.5%0047 J12ARTAT
i 3.096516 2 2 2. 566304 126861
1 3.00751% 2. 2. 2.543008 .1260022
1 3093517 z. Z. 2. 536144 J1267384
1 30093517 2! z. Z.544304 -1267384
1 3085748 B2 3. 2. 547669 S1284200
1 30090267 2 . 2. 546006 21266052
1 3. 000267 a 2. 6EEAT0 2.572674 -L1ZeR052
;0162474 ; . 3003929 §. 985127 - DODBESE
1 3079260 Z. 3. GEAL44 3. 570874 ~1261541
7 .0474925 : L 5375452 7. 915699 L 019457
1 3.075270 2.865580 2.678643 2. G5BT 22 JA250008

Fig. 40. Example of datasheet obtained from thenage analysis of one video.

The number of frames taken into account in theyaials chosen a priori according to
the final statistic needed and to the number oflabie frames. In the present case,
after some tests of reliability and repeatabilityh® results, a number of 500 frames for
each movie was chosen.
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7.1.5. Mathematical processing of the bubbles geometfezdlires

The data files obtained by the application of thevus procedure need to be
processed to extract the parameters that will behatbasis of the flow regime
classification. The statistical classification isasbd on three main bubbles
characteristics: the mean diameter of each bubie?D void fraction of each frame
and ther, which is an index of the elongation of the buhble

Considering all the data coming from the experirseand referring to one of the
already mentioned bubble characteristic it was iptesfdo obtain a large database
containing data on bubble diameters, number of lesbdnd 2D void fraction for each
frame, supported by more than 100000 images.

Such a huge amount of frames was necessary bechtise probabilistic nature of the
flow pattern identification procedure.

7.2. Error in the bubble identification process

In the bubble identification process it is possiisleommit an error because a threshold
on the gray level must be set to identify the canto

Spatial Calibr... [ ] 71 %)

Name: llubo 4 mm LJ oK
=

B n change Uinits

Pivels/unil Delele |
& Pils/unit ¢ Dpits/pivel

bl Delall
x [8350 —l
¥ |815D Defaults |

N a)

b)

Fig. 41. a) relationship between pixels and thenit length; b) zoom on the bubble contour
during the segmentation process in order to find th relative error of the area
measurement.

Setting the threshold for the bubble area recagniiirst to the value of the darker limit
and then to the higher value that allow the detectit was possible to evaluate the
error for the area identification of each bubblbe Thaccuracy was found to be around
1%, and the small magnitude of this value is madug to the fact that the grey scale
level changes at the borders of the bubble, witheains constant in its remaining area
(Fig. 41).
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7.3. Parameters considered for the flow pattern identiftation

To study the flow patterns and to obtain the autanilow pattern identification, some
parameters were chosen and their rule in the flattepn classification was tested.
These parameters are all geometrical features efbtibbles present in the video
analyzed, and they are mainly three.

First of all the theoretical bubble diameter. It abtained from the bubble area,
supposing that each bubble has a spherical shapehypothesis is sometimes very far
from what happens in reality, but it is a good xttecompare the bubble between each
other. This value is obtained for all the bubbleeree video as

D, :1/ﬂ (7.1)
Vi

Where Dis the single bubble diameter angi\the single object area.

The second parameter is the 2D void fraction. Ohéhe geometrical data coming
directly from the image processing is the percemtafjarea occupied by the single
bubble over the total visualization window areaisThalue is calculated for all the
single bubble of one frame, and then the globalevalf 2D void fraction for one frame
is obtained automatically.

This is an important value that is an index of wisadhe magnitude of the occupation of
the visualization window area by the gas phase.

The last values, is a parameter related to the shape of each éubi#aning that it
gives an idea of how far the bubble is from theesiglal shape. This value is obtained
considering the ratio between the maximum and munindiameter for each object,
value recorded by the automatic routine.

If

_ R
B=—= (7.2)
Rmin
then
r= Dmax B Dmin - 18_1 (73)
Dman :8

where R and D are one dimension of the bubble.
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Having defined in this way, it means that when its value is atbsezero the shape of
the bubble is very close to the spherical one,evful bigger values, the shape tends to
be more and more elongated. This parameter, fongbe is very useful to classify the
elongated bubble regime according to the magnitfdéne distortion of the bubbles
(which is proportional ta).

This value is calculated for each bubble of eaam# of the videos.

7.4. Automatic flow pattern identification

One of the novelty of this work is the attempt tiiaon a method that is able to provide
an objective and automated way to perform the fi@attern characterisation of a two
phase flow. This method has flow visualization awd phase flow image recording
has the key elements.

7.4.1. ldentification criteria

The approach to the flow pattern identificationtthas been followed in this article is
different, for example, from the one adopted by][8®ere the classification was
mainly based on the deformation of a black linesknaositioned on the test section
tube.

Such method may not be completely objective, stheee was a different approach in
the investigation according to the macroscopicuiest of the analysed flow pattern In
the present case, the discriminating criteria acgh bbased on the physical
characteristics of the flow regime and on statitieatures.

It must be underlined that the statistics comey @3 an help in the flow pattern
classification, because the main discriminatingeda is the physical characteristics.

A criterion based on the mean or nominal diameterach bubble (calculated from the
bubble area), on the number of bubbles containeshoh frame and on the 2D void
fraction of each frame can be objective and usiefuhe flow pattern identification,

together with the help of some statistical propsrtthat allow (and justify) the

distinction between two different flow patterns.

7.4.2. Statistical tools to operate and validate flow @attidentification

This paragraph reports about a method that allbwsflow pattern identification and
about the procedure that will be used for all tiveé discriminating parameters. As an
example, in order to explain the procedure, themdiar of a single bubble is
considered as discerning parameter, but the st@losvéd are the same both for the
single frame number of objects and the single frabeoid fraction.
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The equivalent (or nominal) diameter of each bulsbletained in one frame is defined
as:

p, =,A (7.4)

where Dis the diameter of the i-th bubble, i8 the area of the i-th bubble.
Then it is possible to evaluate the mean and tHanee of Din one movie as:

_ 1N
D—W;Q (7.5)
2 1 S n\2

where D is the mean diameter of the bubbles in a movieas khe total number of
bubbles in the chosen 500 frames aridis the variance. The difference from two

regimes is defined by the different values Df, and the value of allows the
calculation of the standard error of the mean ¢attid as SEM)

g

N

Oy = (7.7)

This parameter allows to evaluate the reliabilityh@ method from the point of view of
the flow pattern identification capacity and of th@nsitory periods by means of the 3D
criterium.

It must be underlined that in this work the flowtteen identification and transition will
be studied mainly from the graphical point of viéMae recognition steps will be based
on the observation of the trends of the physicedp&ters mentioned before and by the
application of the statistical tools presented.

7.5. Conclusions

In this chapter a complete description of the im@gecessing technique used to
identify the flow patterns has been presented. grbeedure starts from the analysis of
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each frame of each video considered, from whichaatomated procedure inside a
commercial code extracts the main geometrical cbawiatics of each bubble. Then,
according to the statistical behaviour of thesetuies, the flow pattern and the
transition zones can be identified and studied.
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8. EXPERIMENTS PERFORMED

To check the reliability of the results obtainednfr the acquisition system, some
preliminary tests were run. After this, two expezimtal sets were performed to apply
the image analysis based automatic flow pattemtifigation.

8.1. First group

The first part of the experiments regarded the vapality between 0 and 0.8, with a
deeper focus between 0 and 0.4. Seven mass flaxesbeen considered, from 20 to
120 kg/nfs, and in some experiments more than one heatdseeasturned on to reach
the total power to the fluid. This is because i@ finesent configuration, each heater is
able to provide to the fluid a maximum power of\20 In the Fig. 42 all the points
analyzed are represented in the mass flux-vapditgua
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Fig. 42. Vapor quality-mass flux graph to show th thermodynamic characteristics of the
experiments performed in the first group.

93



Around 120 videos and 60000 frames were analyzed, the frames refer to the
adiabatic part of the test section in the middldved heaters. the recording position
along the axial dimension of the tube varies fradeu to video according to the total
power provided to the flow. The aim of the experitaé campaign was to analyze an
important amount of frames to set which of the gewital bubble characteristics is
more suitable and reliable for the flow pattermidfecation, and observe their trend.

8.2. Second group

The second part of the experiments was focusedherbubbly flow regime (vapor
quality between 0 and 0.025).

This choice is due to the fact that the incipiemitibg/bubbly flow region (compared to
the elongated bubble and to the stratified flowmss, Fig. 43) is the most interesting
both from the visualization and the heat transtafficient, having from this point of
view the highest value compared to the other reglime

25
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S
;\2'. "l \“‘"\—/v\
=
3 157 i
x |
= | S -] -
| U= 198.4kW1n~, G=487.4kg'mm s
| T,=42.4°C
10- |
|
liquid flow | two-phase area
area |
5 '! T T T T
-2 0.0 2 4 6 .8

Fig. 43. Convective heat transfer coefficient asfainction of the vapour quality.

Actually, not many scientific data exist in theetiiture for the incipient boiling, and no
one from the visualization side. For this, the ekpents performed within this thesis
will be likely the first to consider the boilingsitde a complete transparent test section,
allowing the visualization of all the incipient tiog phenomena.
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In this group of experiments, the videos with thene test section inlet characteristics
were recorded in three different position of thieetas shown in Fig. 44: after the first
heater, in the middle of the glass tube (aroun@¢rBCahead) and close to outlet of the
glass channel (70 cm ahead). This way to condymréments was chosen in order to
study the evolution of the flow pattern and thenflpattern transition along the tube.

A

Direction of the flow O-position
|
|

T o
~

T ~
1 !
(B [

\ \
Third position, Second position, First position,
70 cm from 30 cm from the the 0-position
the 0-position 0-position

Fig. 44. Three position along the tube at which #video to study the evolution of the flow
pattern have been recorded.

The phenomena that governs this evolution is tladescence of the bubbles, for which
there are not specific visualization studies. Ther$ were studied with the focus on the

same parameter as in the previous experimentalaigmp

95



9. RESULTS

In this chapter the results of the two groups gfezdments performed will be presented
and explained. A series of graphs reporting thatiiship between the geometrical
and statistical features analyzed are presentdthisnparagraph. By the previously
described technique it was possible to give releg@oth to the flow pattern transition
and to the identification of the flow pattern.

For all the graphs, each point on the diagram sgmts one movie, and so summarises
the analysis of 500 frames. In the results, theglsinframe void fraction, the
dimensionless bubble diameter and thmarameter will be considered as the main flow
pattern identification parameters.

Applying the statistical analysis to these graphswas possible to perform a
probabilistic flow pattern identification.

9.1. First group of experiments
9.1.1. Void fraction

The void fraction (equation 2.17) is a parametet thives an idea of what is the
percentage of the total recording window area wisobccupied by the gas phase. For
this reason it assumes the smallest values inabe af the bubbly flow and the highest
value in the case of elongated bubble flow pattern.

In the Fig. 45 it is reported the void fractioertd as a function of the vapour quality
and the flow rate.

In the Fig. 45 and Fig. 46 there is a step bp stdargement of the view to have a
more clear idea of what is happening at the lowagbur quality, where the biggest
changing are taking place. Together with the alsolalues of the void fraction, it is
reported the standard deviation for each points Bhatistical tool is useful to study the
transition and the stability of the flow pattermsaering the oscillation of the bubble
geometrical features studied.

A relatively higher value of the standard deviatis@ signal of the transition of a flow
pattern, an is a clear index that the point comeiiiés in a transition zone.

96



081 = 2kgh
0] ¢ 3kgh a)
A 35kgh
0.61 : :ksglfh/h ]
ool | 4220 W%HHI}#
: # 55kgh >
l | 4
el R
0.3 }T} }
021 }i B} I% ﬁ%
0,14 §!§ T
0'00,00 " 001 002 003 004 005
vapour quality
0.8 -
0.7 - T I b)
TuRR !
05 T \ l’h’ﬂ %’ JY %
FHELT
L 044
SN 4y B
, % A 35kg/h
0.2 I : :kaglihm
TEBT f kg
0.14 li! : gfaglgm
Q.0 T T T 1
0.00 0,05 0,10

vapour quality
Fig. 45. Void Fraction as a function of the vapourguality and the mass flux. Fluid: R134a,
D=4mm, Te,=22°C, G= 20-120 kg/rhs.

Considering Fig. 45 passing from the image a tat lis possible to see that at the
lowest values of the vapour quality the void frastassumes its minimum values. In
particular in Fig. 45 a it is possible to see tthese value are very stable, as can be
seen from the standard deviation trend, and thiansi¢hat the bubbly flow is well
established for such value of flow rate and vapuality.
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Fig. 46. Void Fraction as a function of the vapourguality and the mass flux. Fluid: R134a,
D=4mm, Te=22°C, G= 20-120 kg/rhs.

Increasing the power given to the fluid, there agaregion of instability as can be seen
in the Fig. 45 b and Fig. 46, till a vapour gtyabf 0.10, and after this point the mean
value of the standard deviation decreases. Thisisndmat after the transition zone, the
elongated bubble regime has been reached, pasdingugh the unstable
bubbly/elongated bubble region. From this point ardg the mean value of the void
fraction assumes a stable value, because the Bulalbée reached their maximum
dimensions inside the channels. Only few data aedlable for the interval of vapor
quality between 0.3 and 0.4, but these results deernnfirm the trend found for the
smaller values of vapour quality( Fig. 47).

The mean void fraction seems to be independent fhenilow rate, because the values
reached in the different mass flux conditions aey/\similar to each other.
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Fig. 47. Void Fraction as a function of the vapouguality and the mass flux. Fluid: R134a,
D=4mm, Te,=22°C, G= 20-120 kg/ms.

9.1.2. Bubble diameter

The same consideration for the void fraction arkdvalso in the case of the bubble
diameters as function of the mass flux and of dggour quality (Fig. 48 and Fig. 49).

The results refer to the bubble diameter dividedheytube diameter, so it is possible to
see the trend of the dimensionless bubbles diameter
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Fig. 48. Dimensionless bubble diameters as a fumm of the vapour quality and the mass
flux. Fluid: R134a, D=4mm, T,,=22°C, G= 20-120 kg/rﬁs.

Also in this case it is possible to see the sammedtifound for the void fraction. The
bubbly flow pattern is well established for the kst value of the vapour quality, then
there is the transition region and the final staaflon at the higher values of the bubble
diameter. In this case it is not possible to sealarost asymptotic trend for the high
vapour quality (Fig. 49), but the diameters remaia spread interval around the value
1. This characteristic shows that increasing the&guaiven to the flow there is not the
possibility to find a stable and reproducible fldvecause the diameters can assume a
range of values.
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Fig. 49. Dimensionless bubble diameters as a fumm of the vapour quality and the mass
flux. Fluid: R134a, D=4mm, T,,=22°C, G= 20-120 kg/rﬁs.

9.1.3. Ther parameter

Thet parameter (equation 7.3) is an index of the sledjlee bubble. In the following
the same graph showed in the two previous paragréghthe void fraction and the
bubble diameter are reported.

It is immediately visible from Fig. 50 that it Emost impossible to see spherical
bubbles, because in the bubbly flow pattern theevalft is already around 0.45. This
is mainly because in this group of experimentdja not been conducted a specific
study of the bubbly flow, which requires a moreailetl and deep analysis of the very
low vapour quality zone.

From the analysis of Fig. 50 and 51 it is possibl@ave once again the confirmation
of what was seen for the other parameters. Inquéati, considering the Fig. 50 a and
b, there are three main different values of theupaterr that are present from the total
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liquid condition (vapour quality x=0.01) to the wap quality of 0.4. The bubbly region
is well evident for very low vapour quality, evdrthe standard deviation is very high,
meaning that the transition zone is very close.
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Fig. 50.t parameter as a function of the vapour quality andhe mass flux. Fluid: R134a,
D=4mm, Ts,=22°C, G= 20-120 kg/rhs.

Then between vapour quality of 0.025 and 0.09 ittesition zone occurs, in which the
bubbles begin to be more elongated and all with dimilar shape. This is the
bubbly/elongated bubble transition zone. Thenratirad vapour quality of 0.09 there is
a very evident step in the trend of the graph,taedralue ofr becomes very similar to
its asymptotic value that will be maintained tilethigher power zones.

Also in this case the mass flux seems not to infteethe variation of the bubble
shapes.
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Fig. 51.t parameter as a function of the vapour quality andhe mass flux. Fluid: R134a,
D=4mm, Te,=22°C, G= 20-120 kg/ms.

9.2. Second group of experiments
9.2.1. Void fraction vs vapour quality

In the following graphs the trend of the void fiaot as a function of flow rate and
vapour quality will be presented. For these setxperiments it is useful to compare the
graph of each parameter coming from the videosntaedifferent position along the
glass test section in order to see the evolutiothefflow pattern along the tube due
mainly to coalescence. In particular, three recmygiositions have been considered.
From the Fig. 52a, it is very evident as the trefithe void fraction is not a function of
the flow rate, because the three groups of valogy gemaining within a very small
interval. This characteristic is visible only ingFi 52 a, which means right after the
heater, while in the Fig. 52 b and c this trench@d maintained because of the
coalescence of bubble and the consequent moddieatf the flow patter.
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In the case shown in Fig. 52Db, it is visible aftsim the vapour quality at which the
void fraction assume the mean asymptotic valugeseoélongated bubble regime, which
is present starting from 0.035 of vapour qualititisThappens because the coalescence
is beginning to play a more and more important eddeg the tube, and the main effect
if that the bubbles are less in number but biggeshiape. It is very interesting to notice
that the relative trend of the void fraction aceogdto the mass flux remain in the same
order in all the three position.

In Fig. 52 ¢ the effect of coalescence is thatdhta appear very disordered, but with
the same trend shown in the previous graph whiaheisly maintained.

Fig. 52 c underlines that coalescence is a funatiothe velocity of the flow, and so
the situation with the higher mass flux-and thehkigfluid speed- is the one that
reaches the regime condition of elongated bubldeefahat the other cases. In this
situation the differences between the mass fluximecmore important than before.

9.2.2. Dimensionless Bubble diameter vs vapour quality

The trends shown in Fig. 53 a, b, ¢ respect exadtiat was said before for the void
fraction. The main trends are the same and als® inehe more far position from the
inlet, the higher mass flux reaches before thanathers the diameter value of the
elongated bubble regime.

9.2.3. Tt parameter vs vapour quality

Fig. 54 a, b, c represents the values ofttiparameter as a function of the mass flux
and the vapour quality. The same considerationsepted for the two previous cases
are valid, but there is a difference.

In this case, the separation of the trend relateithé mass flux is not maintained, but
especially in the Fig. 54 c it is not possiblesé® a real separation of the three groups
of values according to the mass flux. This fach&nly due to the fact that coalescence
is a statistical phenomena, and so such a variatenbe accepted.
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10.GENERAL CONCLUSIONS

10.1. First group of experiments

An image processing technique was developed tooperivisualization of forced
convection saturated R-134a boiling in a horizogtaks mini tube coated with several
transparent conductive layers of Indium Tin Oxit¥eX).

In the present case, the inner diameter of the wdse4 mm and the heated length was
globally of 320 mm, distributed in 8 shorter heaitEd0 mm each. A dedicated routine
was created inside the commercial code Image Pra@® B extract the bubble
contours, measure geometrical features of eacheframd collect the data both
analytically and statistically. This two ways oftalaacquisition allow a first post
processing code to analyse and define the flownregiThe method is mostly based on
the bubble geometrical features and the statigtityais of such elements. The range of
the flow parameters studied in this section: miss fate between 20 and 122 kg/m
and the heat flux between 1200 and 45000 Wanthe saturation temperatures of 22
°C.

Considering the usual subjective way of flow pattielentification, in the present work
with the help of flow visualization the procedurkeflow pattern maps definition has
been conducted in an alternative way.

Following this way, it has been possible to sttitly flow pattern in a more objective
and statistically based manner, trying to compjetoid the subjectivity of the
definition of the common flow pattern maps that barfound in the literature.

In the end, classifying the flow pattern from thatistical point of view it is possible to
study the transition lines and expand them in fitiams zones. This concept is
something very innovative in the scientific fieltgcause the transition has always been
identified by lined because there weren't the Jigation instrument to study the
different phases in which a transition from onevi@gime to another takes place.

10.2. Second group of experiments

In this section a specific study considering défaraxial position along the channel has
been conducted to study the bubbles evolution albbagube. Due to coalescence, it is
possible to see a flow pattern variation along test section. The experiments
demonstrated that coalescence is a phenomenonahdte studied from the statistical
point of view, and that the flow pattern changesrast a function of the mass flux.
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The effect of coalescence was underlined and shioem the variation of bubbles
geometry along the tube, and the key point was fasdhis part the possibility to
visualize the flow inside all the tube.

Considering all the experiments performed, it isqiidle to say that the geometrical
data trends seem to be independent on the mass flux

Moving along the tube from the entrance to the eegion, the flow becomes earlier the
elongated bubble regime. This is mainly due toctteescence of bubbles.

The values of the standard deviation confirm tlaagition trends found in the first
campaign of experiments.
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11. FUTURE WORK AND LATEST RESULTS

The results presented in the previous chapterspanaigraphs represents the earliest
stages of the research, because the next stegamlbwn in dimensions to the micro-
channels and conduct a deeper study on the digimtiof the test section.

Fig. 55. Bubble nucleation inside the test sectioa) Tin= 21°C, G=125 kg/m2 s, Power= 2
W, first heater; b) Tin= 21°C, G=125 kg/m2 s, Power 3,7 W, first heater

Several videos of the diabatic part of the testi@edave already been recorded, and in
particular they refer to the nucleation point ofadirfbubbles.

Some images taken from the videos are reportedyin %5, Fig. 56, Fig. 57, Fig. 58,
and in the future a deep study of the nucleatigrid@aned.

[ S .‘
Fig. 56. Tin= 21°C, G=125 kg/m2 s, Power= 2 W, saw heater
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This direction of the research was chosen becewde scientific literature it is not
possible to find any visualization information abthe incipient nucleation of bubbles
inside small tubes, and so the argument is sti{f epen to discuss.

0,

Fig. 57. Tin= 21°C, G=125 kg/m2 s, Power= 2 W, saw heater

Also from the heat transfer coefficient point oéwi this topic is extremely important,
because at the incipient boiling condition thereaiguick rise in the value of this
parameter, and so being able to control and rdasipoint is a chief key point.

Q,
7] q’
Fig. 58. Tin=21°C, G=70 kg/m2 s, Power= 4 W, saw heater

This information are also very useful from the nuiced point of view. It is very tricky
to simulate the nucleation of bubbles and the cbmeparting rate. With the help of
visualization it will be more easy for the scietttito check the reliability of their codes
and improve them quicker.
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APPENDIX

IMAGE ANALYSIS OF A TWO PHASE FLOW IN A
BUNDLE OF MINI-CHANNELS USING THE
COMMERCIAL CODE IMAGE PRO® PUS R 4.5.1

During the PhD period, | spent four months at theversity of Ljubljana, Slovenja.
My supervisor was Prof. Iztok Zun, and the objecthis part of the work was to find
the fastest and most accurate way to extract tiblbs contour in an air and water
artificially created two-phase flow inside a bundfemini-channels.

I.1. The processed videos

During this work, about 18 videos were processeagusnage-Pro® Plus, and just the
first 50 frames of each were considered due toddhleulation capabilities of the

computer used.

Computing with a more powerful calculator, the cad® easily process all the entire
videos with the same accuracy and with the sameandescribed in the following

pages.

During the analysis, almost every kind of fluid teahs were encountered and
considered: mainly bubbly flow, bubbly-slug flowdaslug flow.

All the videos were recorded by a high speed digi¢enera in RGB mode and then
converted into grey scale 8 bit videos.

As mentioned before, about 18 videos were processach one with a different

volumetric flow rate of the liquid phase and gaag#h

In the following table the complete range considésereported:
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V olumetric flow
rate of the liquid

Volumetric
flow rate of the

Image of the Flow

phase gas phase
I/h I/h
100 80
100 120
100 160
100 400




600

1000

80

120

100

100

120

120

119



160

200

80

120

120

120

140

140

120



160

200

80

140

140

160

121



160 120

160 160

160 200

Tab. 2. Complete range of videos analysed.

[.2. The main steps of bubble contour extraction

To extract the contour of the bubble fraction frahe videos recorded, many
procedures have been tested in order to reachnihé¢hat could achieve the best results
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with the minimum number of operations. This lasamacteristic of the procedure is
very important, because of the speed of the arsiggibviously inversely proportional
to the number of steps required to reach the fesllt.

After many attempts a single procedure suitableafbthe flow regimes and channel
diameter was identified and written as a macro,ctviis an executable that contains
some specialized routines to run before or aftpturang an image or a video.

One of the major advantages of using Image-Pro® Rlthe ability to record and use
macros. Macros are programming scripts that celpttogramming language of Image-
Pro Plus to automatically execute tasks.

To begin with the processing, we have first to ofvemn files: the video to be analyzed
and the background image with the channel fuligitl. This image is very important
and the final result after applying the macro deben the quality of the background
image: it must be recorded exactly in the sametipasand light condition as the video,
otherwise the resulting videos will have a lot oise and the bubble contour will be
less precise.

All the operations are based on the fact that ileos are first converted in a grey scale
8-bit format. With this operation, we know that thigel values of each frame will be
between 0 (completely dark image) and 255 (comigletkite image).

After this conversion, the pixel value absolutefediénce between the background
image and each frame of the video is processedinseges that have an average pixel
value of 3-5 out of the channels and where therthasliquid phase, and an average
value of 120-255 for the gas phase, are obtained.

Now it is important to completely separate the fgas the liquid and the background,
and this is achieved in two steps: first the subiwa of 7 to all the pixel of the images
of the video, and then their power to 1.8.

As a result, with these operations we obtain frameshich the background and the
liquid phase are completely in black (0O pixel v3Juand the gas phase is almost
completely white ( from 150 to 255 pixel value).

Having the two phases completely spitted, it issfae to extract the contour of the gas
phase with other two main steps, the count/sizencand and the application of a
particular filter created for this aim.

There are some intermediate steps in which theesiage cleaned, but they will be just
mentioned later because they are of secondary e,

In the following, an example of the applicationtbé procedure described before is
reported step by step:
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» the background image, with all the channels fuliegpdid:




« absolute difference between the background imadetenprevious frame:

e subtraction of 7 to each pixel of the frame:
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power to 1.8 of the pixel value of the frame:

count/size button: unfortunately this step can’'tdsen alone, but it is just
possible to see the final result;

final result;
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» superposition of the original image and the latestlt:

.-\1

b

This last image is very important to prove the aacy of the program and of the macro
used to perform the analysis, and it will be diseaslater in the results and conclusions
sections.

[.3. Results

As results of the work done, some significant insagee reported below in Fig. 59,
Fig. 60, Fig. 61, Fig. 62, Fig. 63 and Fig.. 64

To understand the accuracy of the macro and afdh@mercial code Image-Pro® Plus,
the processed videos can be analysed. To haveesiuand more objective opinion,
the superimposition between the original video #mel contour video seems to be
necessary.

With this second operation, it comes much more entichow the contours extracted
follow the real contours of the original videos.
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Fig. 60. Image resulting from the processing of #VI100vg120 video.

128



Fig. 61. Image resultlng from the superposition othe original image and the processed
image of the VI100vg120 video.

Fig. 62. Image resultlng from the superposmon othe original image and the processed
image of the VI120vg80 video.
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Fig. 63. Image reuti from the superposition othe original image an the processed
image of the VI140vg80 video.

Fig. 64. Image resulting from the superposition othe original image and the processed

image of the VI160vg80 video.
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[.4. Conclusions

At the end of this part of the work, an easy to pesgcedure to extract gas contours
from videos was created and well tested and optichiz

There are anyway some lacks in the program, instrese that especially when the
bubbles are very small or very close to each dtier are seen as one entire bubble and
it is not possible to divide the them into two con@ contours.

On the other hand, the macro can be easily usedmapved for other setups of
microchannels just by changing some parametersnaatin optimisation procedure.

In the end, it is important to underline once adghat the final results will be as good as

the background image is taken in the same operawvnglitions in which the videos
will be recorded.
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Fluid Physical properties

Properties of Liquid R134a

Temperature | Pressure Density (I, Volume (I, | Internal Energy (I, | Enthalpy | Entropy (|, Cv (I, J/g*K) Cp (l, Viscosity (I, | Therm. Cond. (I, | Surf. Tension (,
© (bar) kg/m3) m3/kg) kJ/kg) (I, kd/kg) J/g*K) J/g*K) uPa*s) W/m*K) N/m)
-20 1,3273 1358,3 0,000736 173,54 173,64 0,9002% 0,85511 1,2P3 347,58 0,10107 0,014513
-19 1,3857 1355,2 0,000738 174,83 174,93 0,90534 0,85627 2,295 342,81 0,10061 0,014362
-18 1,446 1352,1 0,00074 176,12 176,23 0,91042 0,85743 1,2973 338,12 0,10014 0,014212
-17 1,5084 1349 0,000741 177,42 177,53 0,91549 0,8586 1,2995 33,53 0,099684 0,014062
-16 1,5728 1345,9 0,000743 178,72 178,83 0,92054 0,85977 7,301 329 0,099225 0,013912
-15 1,6394 1342,8 0,000745 180,02 180,14 0,92559 0,86095 1,3p4 324,56 0,098767 0,013762
-14 1,7082 1339,7 0,000746 181,32 181,44 0,93062 0,86212 2,306 320,21 0,09831 0,013613
-13 1,7792 1336,6 0,000748 182,62 182,75 0,93564 0,86331 5,308 315,93 0,097854 0,013464
-12 1,8524 13334 0,00075 183,93 184,07 0,9406¢ 0,8645 1,3108 311,73 0,097398 0,013315
-11 1,928 1330,3 0,000752 185,24 185,38 0,94566 0,86569 2,313 307,61 0,096944 0,013167
-10 2,006 1327,1 0,000754 186,55 186,7 0,950641 0,86688 1,3156 303,55 0,096491 0,013019
-9 2,0864 1323,9 0,000755 187,86 188,02 0,955638 0,86809 1,318 299,56 0,096039 0,012872
-8 2,1693 1320,8 0,000757 189,17 189,34 0,9606 0,86929 1,3304 295,65 0,095588 0,012725
-7 2,2548 1317,6 0,000759 190,49 190,66 0,96556 0,8705 1,3329 291,79 0,095138 0,012578
-6 2,3428 13143 0,000761 191,81 191,99 0,97051 0,87171 4,325 288 0,094689 0,012431
-5 2,4334 13111 0,000763 193,13 193,32 0,97544 0,87293 9,327 284,28 0,094241 0,012285
-4 2,5268 1307,9 0,000765 194,45 194,65 0,9803F 0,87415 4,330 280,61 0,093794 0,012139
-3 2,6228 1304,6 0,000767 195,78 195,98 0,98529 0,87538 1,3B3 277,01 0,093347 0,011994
-2 2,7217 1301,4 0,000768 197,11 197,32 0,99021 0,87661 1,335 273,46 0,092902 0,011849
-1 2,8234 1298,1 0,00077 198,44 198,66 0,99511 0,87785 1,3383 269,96 0,092457 0,011704
0 2,928 1294.8 0,000772 199,77 200 1 0,87909 1,341 266,5 ,092013 0,01156
1 3,0356 12915 0,000774 201,11 201,34 1,0049 0,88034 1,3438 263,14 0,09157 0,011416
2 3,1462 1288,1 0,000776 202,45 202,69 1,0098 0,88159 1,3466 259,81 0,091128 0,011272
3 3,2598 1284,8 0,000778 203,79 204,04 1,0146 0,88284 1,3494 256,53 0,090687 0,011129
4 3,3766 12814 0,00078 205,13 205,4 1,0195 0,8841 1,3523 3,295 0,090246 0,010986
5 3,4966 1278,1 0,000782 206,48 206,75 1,0243 0,88537 1,3952 250,11 0,089806 0,010844
6 3,6198 12747 0,000785 207,83 208,11 1,0292 0,88664 1,3981 246,97 0,089367 0,010702
7 3,7463 12713 0,000787 209,18 209,47 1,034 0,88791 1,311 243,88 0,088929 0,01056
8 3,8761 1267,9 0,000789 210,53 210,84 1,0388 0,8892 1,341 240,83 0,088491 0,010419
9 4,0094 1264,4 0,000791 211,89 212,21 1,0437 0,89048 1,372 237,83 0,088054 0,010278
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10 4,1461 1261 0,000793 213,25 213,58 1,0485 0,89177 1,3704 34,82 0,087618 0,010138
11 4,2863 1257,5 0,000795 214,61 214,95 1,0533 0,89307 1,3136 231,95 0,087182 0,0099975
12 4,4301 1254 0,000797 215,98 216,33 1,0581 0,89437 1,3768 29,02 0,086747 0,0098579
13 4,5776 1250,5 0,0008 217,34 217,71 1,0629 0,89568 1,3801 26,22 0,086312 0,0097186
14 4,7288 1246,9 0,000802 218,71 219,09 1,0677 0,897 1,3835 23,42 0,085878 0,0095797
15 4,8837 1243,4 0,000804 220,09 220,48 1,0724 0,89832 1,3869 220,66 0,085444 0,0094413
16 5,0425 1239,8 0,000807 221,46 221,87 1,0772 0,89964 1,3903 217,93 0,085011 0,0093033
17 5,2052 1236,2 0,000809 222,84 223,26 1,082 0,90097 1,3939 215,24 0,084579 0,0091657
18 5,3718 1232,6 0,000811 224,23 224,66 1,0867 0,90231 1,3975 212,58 0,084147 0,0090285
19 5,5424 1229 0,000814 225,61 226,06 1,0915 0,90366 1,411 09,98 0,083715 0,0088918
20 5,7171 1225,3 0,000816 227 227,47 1,0962 0,90501 1,4049 7,320 0,083284 0,0087555
21 5,8959 12217 0,000819 228,39 228,88 1,101 0,90636 1,4087 204,81 0,082854 0,0086196
22 6,0789 1218 0,000821 229,79 230,29 1,1057, 0,90773 1,4125 02,28 0,082423 0,0084841
23 6,2662 1214,2 0,000824 231,19 2317 1,1105 0,9091 1,4165 99,79 0,081993 0,0083492
24 6,4578 1210,5 0,000826 232,59 233,12 1,1152 0,91048 1,4205 197,32 0,081564 0,0082146
25 6,6538 1206,7 0,000829 233,99 234,55 1,1199 0,91186 1,4246 194,89 0,081134 0,0080805
26 6,8543 1202,9 0,000831 2354 235,97 1,1246 0,91326 1,4288 192,48 0,080705 0,0079469
27 7,0592 1199,1 0,000834 236,82 237,4 1,1294 0,91466 1,4331 190,1 0,080277 0,0078137
28 7,2688 1195,2 0,000837 238,23 238,84 1,1341 0,91607 1,4375 187,75 0,079848 0,007681
29 7,483 11914 0,000839 239,65 240,28 1,1388 0,91748 1,4419 185,42 0,07942 0,0075488
30 7,702 1187,5 0,000842 241,07 241,72 1,1435 0,9189 1,4465 183,13 0,078992 0,007417
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Properties of Vapor R134a

Temperature (C) Pressure (bar) Density (v, | Volume (v, | Internal Energy (v, | Enthalpy (v, | Entropy (v, Cv (v, J/Ig*K) Cp (v, J/g*K) | Viscosity (v, | Therm. Cond. (v,
kg/m3) m3/kg) kJ/kg) kJ/kg) J/g*K) uPa*s) W/m*K)
-20 1,3273 6,7845 0,14739 366,99 386,55 1,7413 0,70464 0,8158 9,9995 0,0098164
-19 1,3857 7,0662 0,14152 367,56 387,17 1,7404 0,70735 0,81944 10,036 0,0098996
-18 1,446 7,3571 0,13592 368,13 387,79 1,7396 0,71007 0,8232| 10,072 0,009983
-17 1,5084 7,6574 0,13059 368,7 388,4 1,7387 0,7128 0,82695 ,1080 0,010067
-16 1,5728 7,9673 0,12551 369,28 389,02 1,7379 0,71555 0,8307§ 10,144 0,01015
-15 1,6394 8,287 0,12067 369,85 389,63 1,7371 0,7183 0,83458 0,181 0,010234
-14 1,7082 8,6168 0,11605 370,41 390,24 1,7363 0,72106 0,83845 10,217 0,010318
-13 1,7792 8,9568 0,11165 370,98 390,85 1,7355 0,72384 0,84237 10,253 0,010402
-12 1,8524 9,3074 0,10744 371,55 391,46 1,7348 0,72662 0,84637 10,289 0,010486
-11 1,928 9,6688 0,10343 372,12 392,06 1,7341 0,72941 0,85031 10,325 0,010571
-10 2,006 10,041 0,09959 372,69 392,66 1,7334 0,73222 0,85435 10,362 0,010655
-9 2,0864 10,425 0,095925 373,25 393,27 1,7327 0,73503 08584 10,398 0,01074
-8 2,1693 10,82 0,092422 373,82 393,87 1,732 0,73786 0,86255 10,434 0,010825
-7 2,2548 11,227 0,089072 374,38 394,47 1,7313 0,74069 08667 10,471 0,010911
-6 2,3428 11,646 0,085867 374,95 395,06 1,7307] 0,74354 048709 10,507 0,010996
-5 2,4334 12,077 0,082801 375,51 395,66 1,73 0,74639 0,8752 0,543 0,011082
-4 2,5268 12,521 0,079866 376,07 396,25 1,7294 0,74926 0,8795 10,58 0,011168
-3 2,6228 12,978 0,077055 376,63 396,84 1,7288 0,75214 0838 10,616 0,011254
-2 2,7217 13,448 0,074362 377,19 397,43 1,7282 0,75502 0,/8882 10,653 0,01134
-1 2,8234 13,931 0,071782 377,75 398,02 1,7274 0,75792 08927 10,689 0,011427
0 2,928 14,428 0,069309 378,31 398,6 1,7271 0,76082 0,89723 10,726 0,011514
1 3,0356 14,939 0,066937 378,87 399,19 1,7265 0,76374 09017 10,763 0,011601
2 3,1462 15,465 0,064663 379,42 399,77 1,726 0,76666 0,90641 10,8 0,011689
3 3,2598 16,005 0,06248 379,98 400,34 1,7255] 0,7696 0,91104 10,837 0,011777
4 3,3766 16,56 0,060385 380,53 400,92 1,725 0,77254 0,91581 10,874 0,011865
5 3,4966 17,131 0,058374 381,08 401,49 1,7245 0,7755 0,92059 10,911 0,011954
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6 3,6198 17,717 0,056443 381,63 402,06 1,724 0,77846 0,92544 10,948 0,012043
7 3,7463 18,319 0,054587 382,18 402,63 1,7235 0,78144 03303 10,986 0,012132
8 3,8761 18,938 0,052804 382,73 403,2 1,723 0,78442 0,93534 11,023 0,012221
9 4,0094 19,573 0,05109 383,27 403,76 1,7226 0,78742 0,9403¢ 11,061 0,012312
10 4,1461 20,226 0,049442 383,82 404,32 1,7221 0,79042 0454 11,099 0,012402
11 4,2863 20,896 0,047857 384,36 404,88 1,7217) 0,79344 0P506 11,137 0,012493
12 4,4301 21,584 0,046332 384,9 405,43 1,7212 0,79646 0,9558§ 11,175 0,012584
13 4,5776 22,29 0,044864 385,44 405,98 1,7208 0,7995 0,96119 11,214 0,012676
14 4,7288 23,015 0,043451 385,98 406,53 1,7204 0,80254 09665 11,252 0,012769
15 4,8837 23,758 0,04209 386,52 407,07 1,72 0,8056 0,97206 ,2911 0,012862
16 5,0425 24,522 0,04078 387,05 407,61 1,7196 0,80866 0,9776] 11,33 0,012955
17 5,2052 25,305 0,039517 387,58 408,15 1,7192 0,81174 04832 11,369 0,013049
18 5,3718 26,109 0,038301 388,11 408,69 1,7188 0,81482 0889 11,409 0,013144
19 5,5424 26,934 0,037128 388,64 409,22 1,7184 0,81792 0947 11,448 0,013239
20 5,7171 27,78 0,035997 389,17 409,75 1,718 0,82103 1,0007 1,488 0,013335
21 5,8959 28,648 0,034906 389,69 410,27 1,7177 0,82415 1,0067 11,529 0,013431
22 6,0789 29,539 0,033854 390,21 410,79 1,7173 0,82728 1,0127 11,569 0,013528
23 6,2662 30,452 0,032838 390,73 411,31 1,7169 0,83042 1,0189 11,61 0,013626
24 6,4578 31,389 0,031858 391,25 411,82 1,7166 0,83357 1,0252( 11,651 0,013725
25 6,6538 32,35 0,030912 391,77 412,33 1,7162 0,83673 1,0316] 11,693 0,013825
26 6,8543 33,335 0,029998 392,28 412,84 1,7159 0,83991 1,0382] 11,735 0,013925
27 7,0592 34,346 0,029115 392,79 413,34 1,7155 0,8431 1,0448( 11,777 0,014026
28 7,2688 35,382 0,028263 393,29 413,84 1,7152 0,8463 1,0516 11,82 0,014129
29 7,483 36,445 0,027438 393,8 414,33 1,7148 0,84951 1,0585| 11,863 0,014232
30 7,702 37,535 0,026642 394,3 414,82 1,7145 0,85273 1,0655| 11,907 0,014336
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