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ABSTRACT

This thesis reports the results of many experinteiests conducted to gain a deeper
insight on the two-phase heat transfer inside rhamoels and to characterize the thermal
performance of two refrigerants with low environrte@nimpact: propane (R290) and
R1234ze(E). Furthermore, some considerations onagpication of the minichannel
technology in refrigeration applications and sa@lancentrators are presented.

As pressure drops greatly affect the heat transféwo-phase flow, the experimental
investigation on frictional pressure gradient dgradiabatic flow of R134a, R1234ze(E)
and propane (R290) at different mass velocities anshturation temperatures between
30°C and 50°C has been conducted in two single exoppnichannels with a circular
cross section and hydraulic diameters of 0.96 mthZzamm. The experimental points are
compared with several models available in the dperature.

Heat transfer coefficients have been experimentatasured during the condensation at
40°C and during the vaporization at 31°C of R128&y@&nd propane at different mass
velocities inside a single circular cross sectianiomannel with an internal diameter of
0.96 mm. During the test runs, the refrigerant exges heat with a secondary fluid, that
is distilled water, so the local heat flux is nohstant along the measuring section and its
accurate calculation becomes the main issue. Aesasgent of several predicting
correlations has been presented for predicting Heat transfer coefficient both in
condensation and in vaporization.

The condensation process inside minichannels dependthe relative importance of
shear stress, gravity and surface tension, espeaiapresence of corners in the cross
section shape. Nevertheless, few studies concermeffiect of inclination. In this work,
the effect of the channel orientation has been mxgatally analyzed and discussed
during the condensation of R134a and R32 at 40t@at#on temperature inside a single
square cross section minichannel with a hydraubenéter equal to 1.23 mm. Several
configurations of the test section from verticalvapd flow to vertical downward flow
have been examined.

When considering the application of the minichantedthnology in refrigeration, a
general methodology to evaluate the potential braaisfer performance of refrigerants
during in-tube condensation is a powerful tool pdimize the performance and the design
of heat exchangers. The Performance Evaluatioei@i{PEC) named Penalty Factor for
condensation (PF) and Total Temperature Penalizatiothe refrigerant side (TTP) are
applied to rank several refrigerants starting framexperimental database collected in a
single circular minichannel with internal diametdr0.96 mm at the Two-Phase Heat
Transfer Lab at the University of Padova.

In electronics, the minichannel technology has pdowo be reliable and effective in
removing high heat fluxes through small heat tranafeas. This feature has suggested to
use minichannel-based receivers for solar condsmraystems.

In this work, a parabolic trough linear solar camtcator is described and tested using two
different minichannel-based receivers: a concengahybrid photovoltaic thermal
(CPVT) receiver for the cogeneration of electrieaérgy and heat and a thermal receiver
with a selective coating for the generation of heahe medium temperature range. An
optical modeling has been developed for the twexas order to assess the optical
efficiency and the flux distribution on the receiv@ests with both the receivers have
been performed using water in single-phase flowwasking fluid in order to get a
preliminary characterization of the whole systenheTperformance of the thermal
receiver at medium temperature (up to 150°C) whemghase heat transfer is realized
inside the channels has been evaluated througmanual model.
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RIASSUNTO

In questa tesi sono presentati i risultati di nuyeerprove sperimentali che mirano a
migliorare la conoscenza dello scambio termico deifall’'interno di minicanali e a
caratterizzare le prestazioni di due fluidi a basgpatto ambientale come il propano e |l
refrigerante  R1234ze(E). Inoltre, sono contenuteurs considerazioni relative
all’applicazione della tecnologia dei minicanalillaerefrigerazione e nei concentratori
solari.

Dal momento che le perdite di carico influenzantemolmente lo scambio termico in
regime bifase, e stata condotta un’analisi speriaternsul gradiente di pressione per
attrito in condizioni adiabatiche di deflusso coh3Ra, R1234ze(E) e propano all'interno
di due minicanali non lisci in rame, a sezioneamece e con diametri rispettivamente di
0.96 mm e 2.0 mm a diverse portate specifiche dssmae a in un intervallo di
temperature di saturazione tra 30°C e 50°C. | mpgrimentali sono stati confrontati con
i valori calcolati mediante alcuni modelli dispothiln letteratura.

Sono stati misurati i coefficienti di scambio tecmiin condensazione a 40°C e in
vaporizzazione a 31°C, utilizzando in test sucee$t1234ze(E) e propano all'interno di
un singolo minicanale non liscio a sezione ciralarcon diametro interno di 0.96 mm.
Durante le prove sperimentali, il refrigerante same scambia calore con un fluido
secondario, che nella fattispecie € acqua distjllpertanto il flusso termico locale non e
costante e il suo calcolo accurato rappresentapdias principale della tecnica
sperimentale. E stata valutata la precisione predlidi alcuni modelli disponibili in
letteratura per il calcolo dei coefficienti di sdaim termico in condensazione e
vaporizzazione in base ai dati sperimentali raccolt

Le forze che entrano in gioco durante un processooddensazione all'interno dei
minicanali sono dovute allo sforzo tangenziale irgrfaccia delle due fasi,
all'accelerazione di gravita e alla tensione supeif, specie se la sezione del canale
presenta degli angoli. Pochissimi studi in letteratiguardano 'effetto dell'inclinazione.
In questo lavoro, e stato analizzato l'effetto 'delkéntazione del canale durante la
condensazione di R134a ed R32 all'interno di unicaimale a sezione quadrata con un
diametro idraulico di 1.23 mm e ad una temperatlirsaturazione di 40°C. Sono state
esaminate diverse configurazioni della sezioneag, dal deflusso verticale ascendente
al deflusso verticale discendente.

Quando si esamina l'applicazione della tecnologé wmhinicanali nell’ambito della
refrigerazione, avere a disposizione una metodalpgr valutare le prestazioni potenziali
di scambio termico di un refrigerante durante lademsazione all'interno di un tubo
diventa uno strumento molto utile per ottimizzageplestazioni dell'intero sistema e la
progettazione degli scambiatori di calore. | CritBrValutazione delle Prestazioni (PEC)
indicati come Fattore di Penalizzazione per la eosdzione (PF) e Penalizzazione
Totale in termini di Temperatura nel lato refrigggea(TTP) vengono applicati in questa
tesi per classificare i refrigeranti che sono stasitati in un minicanale circolare con
diametro interno di 0.96 mm nel Laboratorio di SbamTermico Bifase presso
I'Universita degli Studi di Padova.

Nell'industria elettronica, la tecnologia dei miamali ha dimostrato di essere efficiente
ed affidabile nellasportare elevati flussi termatiraverso aree di scambio molto ridotte.
Questa caratteristica ha suggerito la realizzazidnericevitori a minicanali per
concentratori solari. In questo lavoro, un conapte parabolico a fuoco lineare e
descritto e testato utilizzando due ricevitori: tcevitore fotovoltaico termico per la
cogenerazione di energia elettrica e calore edaavitore termico con vernice selettiva
per la produzione di energia termica a media teatpea. Per ognuno dei due dispositivi,
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e stato sviluppato un modello ottico per valutéeffitienza ottica di concentrazione e la
distribuzione del flusso concentrato sul ricevitdre prove sperimentali per entrambi i
ricevitori sono state condotte utilizzando comadibuoperativo acqua in deflusso bifase
per avere una caratterizzazione preliminare dé&dfm sidtema. Le prestazioni a media
temperatura del ricevitore termico considerando wwambio termico bifase in
vaporizzazione all'interno dei minicanali sono etatalutate in modo attraverso un
modello numerico.
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1 INTRODUCTION

In literature, there is no univocal criterion tetiiguish the minichannel geometry from
the microchannel geometry. In the present work,témmn “minichannels” indicates the
channels with an hydraulic diameter less than 3 sumit is associated to a merely
geometrical definition.

Heat transfer inside minichannels has gained are&stng interest both in the scientific
community and in industry as its peculiar charasties lead to the realization of
compact, lightweight and efficient heat exchanders huge variety of applications such
as air conditioning, refrigeration, electronic dagl fuel cell cooling and aerospace
industry. While single-phase flow in minichannekhzeen established to behave similar
to the macroscale flow, many issues related to tthe-phase heat transfer inside
minichannels need further investigation. Furtheemathe awareness of the serious
environmental problems, the climate changes andvtireisome scenarios for the future
have lead to the promulgations of regulations, alives, laws and recommendations
aiming at replacing the commonly used refrigeravith natural fluids or new refrigerants
with lower global warming potential and compatibigth a sustainable development.
Among these refrigerants, the hydrocarbons showd goaterial compatibility and
excellent thermodynamic properties, but they haseoe much considered so far because
of the flammability and the very low ignition comteation. The minichannel heat
exchangers with refrigerant flowing in two-phasgimee allow a great reduction of the
charge and represent a good opportunity to useethesural fluid. More recently,
halogenated olefins (HFOs) have been introducedowas global warming potential
refrigerants and those with fluorinated propenemisrs, in particular R1234yf and
R1234ze(E), have been emerged as possible altersdb replace the commonly used
R134a refrigerant in many applications. In literafua very few number of experimental
data regarding both hydrocarbons and halogenatdth®lare available so far, hence the
predictive accuracy of the correlations for pressimop and heat transfer coefficient in
condensation and flow boiling that have been véddaagainst common refrigerants
should be assessed for these fluids with low enwrental impact.

In condensation, all the researchers agree thdtghetransfer coefficient increases with
decreasing channel hydraulic diameter. In minicle&)nthe condensation heat transfer
results from the relative influences of severakcésr associated to the interfacial shear
stress, the gravity acceleration and the surfansi@an. The action of these forces may
depend on operating conditions and channel orientatVhen the condensation inside
minichannels is shear stress dominated the heaféracoefficient increases with vapor
qguality and mass velocity, just like in macrochdan®ut at low mass velocities, the
shear stress is not the dominant force and furteeearch is required to a deeper
understanding of the characteristics of the cormtems heat transfer. In particular, in
these working conditions, the shape of the crosBmseand the channel orientation may
play an important role. In fact, in presence of eonular cross section, the liquid is
pulled to the corners leading a thinner film on fila¢ sides and therefore a lower thermal
resistance in these parts of the channel. Furthermsome studies performed in
macrochannels showed that the heat transfer cmeffican be strongly affected by the
distribution of the liquid and the vapor phases mharying the channel inclination. On
the other side, the effect of the channel inclovatiuring condensation in minichannels
has been very poorly investigated.

The flow boiling inside minichannels has provedb® a very promising mechanism to
remove high heat fluxes through small heat transtefaces. This feature suggests the
application of the minichannel technology for thetivee cooling systems in densely

11



packed photovoltaic concentrators, where a lowesgrntilal resistance is strictly
recommended to avoid damages of the cells duedesexemperature. In some cases, as
the linear solar concentrator, the implementatiba oninichannel-based active cooling
system enables the heat recovery at temperatute L@O°C if triple junction solar cells
are employed. Nevertheless, some issue connectdtetdlow boiling inside small
channels should be better studied such as the ithstabilities, the development of
reliable models for the prediction of heat transfeefficients and critical heat flux. The
design of such hybrid receivers for solar conceéotsahas to be meticulously conducted
to avoid maldistribution of the fluid. In conclusiothe forced convection boiling in
minichannels is in general one of the most promisinoling systems but it requires
further research.

The analysis of the two-phase heat transfer in chamnels cannot prescind from the
investigation on the two-phase pressure dropsaltiqolar, the frictional pressure drop
affects the temperature profile of the refrigetiara heat exchanger and thus, with respect
to the ideal case, the heat transfer driving pakdiminishes.
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2 EXPERIMENTAL ANALYSIS ON TWO-PHASE FRICTIONAL

PRESSURE DROP INSIDE MINICHANNELS
2.1 Abstract

Pressure drops greatly influence the heat tranbfeth in condensation and in
vaporization. Experimental analysis and reliableredations for the calculation of
pressure drops are necessary to characterizeg¢heahperformance of a refrigerant and
to optimize the design of heat exchangers. Experiahenvestigation on two-phase
frictional pressure drops during the adiabatic flofvthree different refrigerants inside
two horizontal copper minichannels are presenfése minichannels have a circular
cross section and are provided with stainless greslsure port carefully realized without
perturbing the geometry, the fluid flow and thus #xperimental measurements. The first
minichannel has an hydraulic diameter equal to l@®and an average roughness of the
inner surfacRaequal to 1.3 um; the pressure ports are realizaddastance of 0.22 m.
The second channel has a internal diameter of t2nQthe average roughness of the inner
wall Rais 1.7 pm; in this case, the distance betweepibesure port is 0.44 m.

The tested refrigerants includes R134a, R1234zefid) propane. R134a is commonly
employed in refrigeration and air conditioning awdlely studied in literature: many
correlation for the prediction of two-phase frictéd pressure drops have been validated
against databases that include this refrigeran23R4e(E) is a halogenated olefin with a
low global warming potential that is regarded aseamironmentally friendly alternative
for R134a in refrigeration and electronic coolimgpkcations. It is a quite new fluid and
no data of pressure drops during two-phase ad@bktw inside minichannels are
available in the open literature. Propane is a rahtwefrigerant with interesting
thermodynamic and thermophysical properties butises is limited because of the high
flammability. Nevertheless, in minichannel heat hexogers this problem can be
overcome because the total charge amount can Isedeoaibly reduced without affecting
the thermal efficiency. Up to now, few studies ba frictional pressure drop during two-
phase flow of propane in minichannels have beesented in the open literature.

For all the considered refrigerants, two-phaseifmal pressure drop have been measured
in the 0.96 mm circular cross section minichannehass velocities between 800 k& m
s' and 200 kg i s* and at 40°C saturation temperature. Furthermorghé same
minichannel, at 400 kg fs® mass velocity, experimental points are collecteBEC
saturation temperature for R134a and at 30°C dainreemperature for R1234ze(E).
Finally, test runs have been performed with R13dside the 2.0 mm circular
minichannel at 40°C saturation temperature at 5Pk s*, 400 kg n s*, 300 kg nf' s

1 and 200 kg M s* and at 50°C saturation temperature at 400 Kgh

The experimental data collected for each fluid hbgen compared against four models
available in the open literature: the correlatibgsFriedel [1] and by Muller-Steinhagen
and Heck [2] which have been developed specifidaliymacrochannels and the model
by Zhang and Webb [3] and by Del Galal.[4]. which were proposed for minichannels.
These models are easy to implement and many résgai@und that they can predict
quite well experimental frictional pressure dropedalated to minichannels.

This chapter includes the description of the testind the test sections, the explanation
of the experimental technique, the error analysid the results discussion with the
comparisons of data against the selected models.
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2.2 Introduction

Pressure drops have a strong effect on the twoephaat transfer inside tube for three
reasons. First, under saturation conditions, tlessure losses along a channel lead to a
temperature drop, which increases the irrevergibdi the heat transfer due to higher
required driving temperature difference. The sditomatemperature drop is higher when
operating at low working pressure, hence an aceupaessure drop calculation is
recommended in the condenser of a Rankine cycleratind evaporator of a refrigeration
cycle. In this last case, let the compressor pamerthe inlet temperature of the hot fluid
remain constant: the saturation temperature drdpces the heat flux exchanged in the
evaporator.

The second and the third issue concern the twoepheat transfer during a condensation
process. The second issue is related to the hgenrgy consumption on the interface
between the liquid phase and the vapor phase. Whenshear stress becomes
predominant as compared to the gravity forces &medsturface tension, the liquid film
becomes turbulent and gets thinner due to thedigatrainment in the vapor core. The
thinner the liquid film, the lower the thermal r&since and thus higher heat transfer
coefficient is expected. The energy consumptiorthenliquid-vapor interface leads also
to the third issue: higher shear stress impliehdrngrelocity gradient and thus higher
temperature gradient in the thermal boundary |aW#rile the first issue, associated to the
saturation temperature drop, penalizes the totat transfer rate, the other issues are
associated with enhanced condensation heat tractéicient.

In any case, it is crucial to have reliable pressdrop prediction methods for the
modeling and design optimization of the heat exgeanvith refrigerants flowing in two-
phase regime.

Two-phase total pressure drop is the sum of foampmments (equation (2-1)) which are
in order the frictional term, the momentum term ttuehange in vapor fraction along the
channel, the static term related to the gravitycdsrand the local term due to abrupt
geometry variation in the tube.

Aptotal = Apfrictional + Apmomentum + Apstatic + Aplocal (2-|)

With adiabatic flow inside horizontal channels witlh any geometry variation, the total
two-phase pressure drop is expressed by only byrittenal term, as the variation of
vapor quality due to the pressure losses in anthafgic process can be reasonably
neglected in practice. The goal of the present tehap the investigation on frictional
pressure losses inside horizontal minichannels ndutwo-phase flow of different
refrigerants and new test sections has been rdahae this purpose. Two circular
minichannels obtained from a 8 mm thick copper hagde been used for the present
analysis: the first has an inner diameter equd. @ mm and an average inner surface
roughnessRa equal to 1.3um while the second has a 2.0 mm internal diametdram
average wall roughnes$ga of 1.7 um. The peculiarity of these minichannels regards th
pressure ports, which have been soldered directlyhe copper rod without perturbing
the channel geometry, the refrigerant flow andekperimental measurements. Pressure
drop investigations have been performed during bedia two-phase flow of R134a,
R1234ze(E) and propane at different mass velociessaturation temperatures. R134a
is a widely used refrigerant and many research svofticused on its thermal
characterization in minichannels. Hence, R134ale&fh chosen among the tested fluids
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in order to compare the data obtained in the nest sections against the values
calculated using several models available in thendperature and validated against this
hydrofluorocarbon. On the other hand, very few datéhe open literature concern the
investigation of frictional pressure drop insideas for R1234ze(E) and propane.

As the interest on the use if these two refrigeyamigrowing because of their low global
warming potential, the data presented in this waskume a great importance for the
characterization of their thermal performance.

Zhang and Webb [3] performed single-phase and tase pressure drop measurements
during adiabatic flow of R134a, R22 and R404A imaltiport extruded tube with an
hydraulic diameter equal to 2.13 mm and in two leir@ppper channels having internal
diameter of 3.25 mm and 6.25 mm. During the tdasis,mass velocity varied between
200 kg n¥ s* and 1000 kg M s* while the saturation temperature range was between
20°C and 65°C.

Garimellaet al. [5] measured the pressure drop of R134a in sixincudar channels with
hydraulic diameter from 0.42 mm to 0.84 mm andedéht cross section shape: square,
rectangular, triangular, barrel-shaped, W-shapedl ahshaped. The saturation
temperature for all the test runs was around 52&8f€the mass fluxes were between 150
kg m? stand 75(g mi? s*. Considering the experimental points at vapor itjgallower
than 0.25, a model for two-phase pressure drophé ihtermittent flow regime of
condensing R134a has been developed.

In another work by Garimella and coworkers [6], gstge drop experimental
investigation with refrigerant R134a has been dartbree extruded multiport tubes with
parallel circular channels and in two single ciecuiubes ranging in hydraulic diameter
from 0.5 mm and 4.91 mm at mass velocities betwld#hkg n¥ s*and 750kg m? s*
and at a saturation temperature of 52.3°C. Theectall database was employed to
develop a multiple flow-regime model for pressum@pd during the condensation of
R134a.

Cavallini et al.[7]. measured pressure drop during adiabatic flow @&4a&1 R236fa and
R410A at 40°C saturation temperature inside a paitiminichannel having square cross
section with an hydraulic diameter of 1.4 mm. Therage roughness of the internal wall
Rawas 0.08um. During the tests, mass velocity varied from R§On? s* to 1400kg mi

2 st The three refrigerants were chosen because tfesemt a wide range of reduced
pressure at test conditions. In fact, at 40°C réduiced pressure of R236fa is around 0.1;
it is 0.25 for R134a and 0.5 for R410A.

In the work by Revellin and Thome [8], 2210 expegmtal two-phase frictional pressure
drop data were taken in two glass minichannelsndutine adiabatic flow of R134a and
R245fa for a wide range of test conditions. Therhytic diameters were equal to 0.509
mm and 0.790 mm, the mass flux ranged within 210nkgs®* and 2094 kg M s* and
saturation temperatures of 26°C, 30°C and 35°C wereidered. The authors proved
that, similarly to the classic Moody diagram ingdaphase flow, when plotting the two-
phase friction factor versus the two-phase Reynaldsnber, three zones can be
distinguishes: the laminar zone, the transitionezand the turbulent zone.

Pressure drop experimental data for R1234ze(Eepated only for macrochannels.
Hossainet al. [9] performed an experimental study on condensatieat transfer and
pressure drop for R1234ze(E), R32 and R410A in aztwtal smooth copper
macrochannel with an inner diameter of 4.35 mm. ifilass velocity ranged from 150 kg
m? s’ to 400 kg rif s* and the saturation temperature was between 35d@%6C. From
the comparison among the considered refrigerahts, average pressure gradient of
R1234ze(E) resulted to be the highest becausenghigenated olefin is a low pressure
and high viscosity refrigerant as compared to therfluids tested in this work.
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Grausocet al.[10] reported experimental results for heat transéefficients and pressure
drops during evaporation of R1234ze(E) and R134&éna 6 mm internal diameter
channel. Moreover, flow patterns have been invattd) using a high speed camera
arranged on a glass tube located at the exit defftesection. The mass velocity has been
varied from 146 kg M s* to 520 kg nf s* and the saturation temperature from -2.9°C to
12.1°C. The frictional pressure drops of R1234ze@sulted to be higher than those
obtained for R134a. An assessment of predictinghoast both for flow boiling heat
transfer coefficients and frictional pressure drbas also been presented.

With respect to propane, very few studies on twasghpressure drop are available in the
open literature.

A rectangular channel with a hydraulic diameterada 0.148 mm has been tested with
four refrigerants: R134a, R410A, propane and amendwyi Field and Hrnjak [11]. The
authors reported the two-phase frictional presdurp at mass velocity spanning between
300 kg n¥ s* and 700 kg M s* at a saturation temperature around 25°C.

Choi et al [12] examined the two-phase flow boiling presstdirep and heat transfer for
propane in horizontal minichannels with inner digene of 1.5 mm and 3.0 mm. The
pressure drops were obtained for mass fluxes rgrggtween 50 kg ths® and 400 kg
m? s' and saturation temperatures of 10°C, 5°C and %@y also developed new
correlations for pressure drop and boiling heatdfer coefficients.

Magbool et al. [13] investigated the frictional pressure drop dgriwo-phase flow of
propane inside a vertical circular minichannel vathinternal diameter equal to 1.7 mm
and a rough inner surface. Experiments have beeredaut at saturation temperatures
of 23°C, 33°C and 43°C while the mass flux rangetiveen 100 kg fis* and 500 kg

2 5. The results showed that the two-phase frictipnassure drops increased with mass
velocity, vapor qualities and with the decreasthefsaturation temperature.

2.3 Experimental apparatus

The pressure drop test section is located in thieféeility schematized in Figure 2.1. It
includes a primary refrigerant loop which underwsexeral washing cycles to remove all
possible contaminants before filling it with thested refrigerant. A washing cycle
consists of creating a vacuum followed by pressiion with nitrogen and new vacuum.
In the primary loop, after exiting the test sectitme refrigerant is subcooled in a post-
condenser. In the auxiliary loop of the post-corsgenbrine flows at a temperature of
5°C, which is kept constant by a dedicated thelmagth. The refrigerant is then dried up
before entering an independently controlled gearropump magnetically coupled to a
variable speed electric motor. The micropump isluseset the mass flow rate measured
by a Coriolis effect mass flow meter. Hence, trstae fluid passes through a mechanical
filler and then it can be sent directly to the testtion or to the evaporator. The
refrigerant passes through the evaporator and<etiiertest section as superheated vapor
to get experimental data in the vapor quality raBdel while it enters as subcooled
liquid to collect points at vapor quality below 0Bhe evaporator consists of a tube-in-
tube heat exchanger where the tested fluid is Heatel vaporized using hot water
flowing in a closed auxiliary loop with PID-conttetl electrical heaters used to set the
inlet temperature.

The test section for frictional pressure drop measents in two-phase adiabatic regime
is placed in horizontal and includes two sectors:irdet condition setter where the
desired thermodynamic inlet conditions of the gerant are achieved before entering the
actual measuring section. The inlet condition sesteonnected to the rest of the test rig
and to the measuring section through stainless tstiees. On the capillary stainless steel
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tube at the intake of the inlet condition setteprassure port and a temperature sensor
pocket are located: the state variables there meagive the thermodynamic state of the
refrigerant at the inlet of the test section.

The inlet condition setter is a mini shell-and-tudmeinter-current heat exchanger and its
purpose is to achieve the desired saturated the/maogic state of the refrigerant at the
inlet of the measuring section by setting the itd@tperature and the mass flow rate of a
secondary flow of distilled water. The secondatydlis supplied by a dedicated thermal
bath through an hydraulic loop provided with a fleegulating valve and a Coriolis effect
mass flow meter. The water outlet temperature @ thlet condition setter is measured
by a thermocouple and the water temperature difterebetween inlet and outlet is
measured by a copper constantan triple-junctiomntbpile. Static mixers have been
positioned upstream of the water temperature senaod therefore the measured
temperatures can be considered as the mean efféetiyperatures. The refrigerant vapor
quality at the inlet of the measuring section isaoted from the energy balance in the
inlet condition setter.

The measuring section is made from a 8 mm coppmkwith a circular internal bore and
it connected to the rest of the test rig throughalaatic stainless steel capillary tubes.
Furthermore, it includes two pressure ports diyestlidered on the copper channel. The
design of the stainless steel pressure ports haers terefully realized in order to avoid
any geometry change in the cross section of thechannel and any variation of the
refrigerant flow. Thus, the copper channel was pited with holes of 0.5 mm for the
pressure ports accommodation. To avoid melted matBom obstructing the flow
passage and to reduce oxidation of the tube, solgleras performed at constant nitrogen
flow within the minichannel and on the externalesiBurthermore, the two pressure ports
have been located at a distance equal to 50 timeelsyidraulic diameter from the inlet and
the outlet of the minichannel, in order to be otithe developing flow length. Other
details on the realization of the measuring sectian be found in [14]. The distance
between the pressure ports represent the actugthlehthe measuring sector.

The pressure port close to the inlet of the meagugection is connected to a digital strain
gauge relative pressure transducer, whereas adfiffal pressure transducer is employed
to measure pressure drop along the measuring sediwo thermocouples are placed
upstream and downstream of the measuring sectionthe external surface of the
stainless steel capillary tubes and the recordéaesaare checked against the gauged
pressure to verify the agreement with the satunaBoaperature.

Two different measuring sections have been emplalethg the test campaign: in the
first one, the internal diameter is equal to 0.9%,nthe inner surface roughneRs is
equal to 1.3 pm and the distance between the peegmrts is 220 mm. The second
measuring section has an internal diameter of 2 theninner surface roughneRais 1.7
pum and the pressure ports have been realized astanck equal to 440 mm. The
roughness measurement has been performed follotedgN 1ISO 4287 standard [15]
with the digital surface roughness machine ZEIS&-Barfcom 1400A.

The entire test section has been insulated toxtesral environment in order to minimize
the heat losses.

All the temperatures are detected using T-typentlbepuples. In every test run, when the
apparatus is working in steady state conditionsasueements of thermo-fluid-dynamic
parameters are recorded for 50 s with a time stdpso Each recording is averaged and
then reduced by calculating the fluid propertieWNIST Refprop Version 9.0 [16].
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Figure 2.1. Experimental test rig: I.C.S. (inlet cadition setter); FD (filter drier); PV (pressure
vessel); CFM (Coriolis-effect mass flow meter); T\throttling valve); MF (mechanical filter); BV
(ball valve); P (relative pressure transducer); DP (differential pressure transducer); T
(thermocouple).

2.4 Data reduction and experimental uncertainty

The pressure drop along the test section is dyrectéasured. The results will be
presented in terms of pressure drop gradientjgdhatsay that the measured pressure drop
is divided by the length of the minichannel betwésspressure ports. The uncertainty of
the measured length of the test section has begleated. For each experimental point,
the thermodynamic vapor quality is calculated usqgation (2-11)

_ hinms —hu (2-)

hLV

whereh, andh,y are respectively the specific enthalpy of satutdiguid and the latent
heat of vaporization at the mean pressure in thasmeng section andhj, vs is the
specific enthalpy of the refrigerant at the inletree measuring section and it results from
the energy balance in the inlet condition settecpeding to Equation (2-111):

Myat Cpwat Atwatics (2-111)

hin,MS = hin,ICS - .
mref

The specific enthalpy of the refrigerant enterifg tinlet condition settehiy cs is
calculated from the local measurements of temperatnd pressure; the isobaric specific
heatc, watis referred to the mean water temperature ingidériet condition setter.

It has been estimated that, considering a perfedigbatic flow and the present working
conditions, the pressure drop along the measugotjon leads to a maximum variation
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of the vapor quality lower than 0.02. Thus, vapaaldy can be reasonably considered as
a constant.

When performing test runs with vapor quality lowkean 0.5, the refrigerant enters the
inlet condition setter with a subcooling of 17°@5°C, therefore in the little tube-and-
shell heat exchanger a partial vaporization ocdirsthe other hand, to get experimental
points with vapor quality higher than 0.5, the di@nters the inlet condition setter with a
superheating of 5°C - 20°C and a partial condeosatccurs. As a consequence of the
present experimental technique, the difference éetvthe mean water temperature in the
inlet condition setter and the saturation tempeeasu the inlet of the measuring section
ranges from -15°C to +15°C.

The experimental uncertainty of a measured parametes the frictional pressure drop,
is made up of two terms (equation (2-1V)): the Tyfpeuncertainty that arises from
repeated observations and the Type B uncertaindy tbsults from calibration of
instruments and manufacturers’ specifications.

ue = ua(0) + up (6)? )

Type B experimental uncertainties of the measuegdmeters are reported in Table 2-a,
considering a level of confidence equal to 95.45%at otherwise specified. In the
present work, each experimental measurement istakethe mean value of = 50
readings with a step time of 1 s. In the case mieasured parameter, Type A uncertainty
is given according to the ISO Guide to the Expasf Uncertainty in Measurement
[17] as the experimental standard deviation ofntiean:

w, () = s(6) (2-V)

Vn

where n is the number of readings argdis the standard deviation of the measured
parameter.

The vapor quality is not directly measured instééthen a searched paramefeis not
directly measured but it can be expressed as didmri€ of uncorrelated measured input
quantitiesdy, 6, ..., 0y, its combined standard uncertainty is determimechfequation
(2-VI).

uc(®) = &V

N 2
oF 5
., (6_491) uc(6;)

i

According to equations (2-1) and (2-II), the stiand combined uncertainty of the vapor
quality is :

ax \2 ax \* 2 0x 2 2
Uc (x) = (amwat) Uc (77‘1wat)2 + <amref> Uc (mref) + <m> Uc (A twat,ICS)
(2-v)

The uncertainties associated to the specific epyhal the inlet of test sectidm, cs, the
specific enthalpy of the saturated ligindand of the latent heat of vaporizatiar at the
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mean pressure in the measuring sectiam be neglected as a consequence of the overall
uncertainties of temperature and pressure transsludée expanded uncertainty on
pressure drop and vapor quality are obtained bytiphyihg the related combined
standard uncertaintyc by a coverage factor equal to 2, which correspond level of
confidence of about 95.45%.

Table 2-a. Type B uncertainty of measured parametet

Temperature +0.05°C

Temperature difference (with thermopile) + 0.03 °C

Water mass flow rate +0.2 % at 10 kg fh

Refrigerant mass flow rate +0.2% at 2 kg i

Absolute pressure + 5 kPa (level of confidence: 99.7%)
Pressure difference (greater than 1 kPa) + 0.12 kPa (level of confidence: 99.7%)
Pressure difference (below 1 kPa) + 0.1% (level con confidence 99.7%)

2.5 Calibration procedure and preliminary tests

The accuracy of the experimental measurementsiaiofial pressure drop during two-
phase flow under adiabatic conditions has beenmreddwy the calibration of the thermal
sensors and the pressure transducers and by sefimeipary tests.

Before the installation on the test section, eadlipE thermocouple has been calibrated
by using a water filled Dewar vessel where two higécision four wire thermistors are
arranged The thermistors are connected to a Hadn®tc Super Thermometer |l
forming a measure chain with a global accuracy@0@&2 °C (as from the check against
the water triple point). A correction function feach thermocouple has been defined by
comparing the temperature measured by the condiddrermocouple against the
reference temperature gauged by the thermistorsegehting the test at different values
of the water temperature.

The triple junctions thermopile has been checkethguswo Dewar vessels and
considering the disagreement between its readind) the temperature difference
measured between the two vessels by the high pmedisermistors. The calibration test
of the thermopile has been repeated several tinaeyjng the temperature difference
between the fluids in the two Dewar vessels.

After the calibration, the Type B experimental utamty of the thermocouples is £0.05
°C and that of the thermopile is £0.02 °C. witleadl of confidence of 95.45%.

The thermocouples and the thermopile have beealledtin the test section without
perturbing their physical, electrical and thermagerties.

The calibration of the relative pressure transduiders been done by connecting them
with a pressure calibrator and comparing the statessure reading of the calibrator
against the readings obtained by the measure cloanposed by the pressure transducer
and the acquisition data system. The disagreemastfaund within the experimental
range of the instruments. With respect to the difital pressure transducer with a full
scale of 100 kPa, the calibration has been perfdrnyeconnecting the high pressure port
to the calibrator and the low pressure port toaheient air. The ambient air pressure
was gauged by a mercury barometer. Even in thig, céhe difference between the
readings of the calibrator and those of the meashen formed by the differential
pressure transducer and the acquisition systenwitiam the experimental uncertainty of
the instrument. The calibrator has a full scaleigaif 20 bar and an accuracy of £0.025%
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of the reading between 3% and 100% of full scalé aithin +0.15 mbar below 3% of
full scale.

The teat apparatus has also been checked by comphe temperature reading of the
thermocouple at the inlet of the measuring sectioming two-phase flow and the
saturation temperature calculated by the presswasamrement at practically the same
position. The disagreement between the two valasslted lower than 0.2°C and it is
ascribable to the uncertainty of the two instruraent

Since the present experimental technique requoesssure the accuracy of the energy
balance in the inlet condition setter and the aatialp of the measuring section, prior to
any two-phase pressure drop measurements, soraentas been performed to evaluate
the heat losses in the test section. Before filling test rig with refrigerant, the heat
losses of the inlet condition setter towards theermal environment have been assessed
making a vacuum on the refrigerant side and sendiai@r in the shell at an average
temperature of 25°C, 40°C and 55°C. Independeritth® water mean temperature, the
reading of the thermopile has found to be withif.83°C and the heat dissipation rate
has been found to be repeatably around 0.5 W iretsterange of the water mass flow
rate. Hence, the measured heat losses in thecoitition setter could result from the
experimental uncertainty of the thermopile and lbameglected.

Moreover, the energy balance in inlet conditiortesetvas checked by comparing the
water side heat transfer rate to the one determmedhe refrigerant side during
condensation from superheated vapor to subcoodeadliand during vaporization from
subcooled liquid to superheated vapor. The ovedhaimal balance was found to be
within 3%.

Since the minimum heat flow rate exchanged indirgeinlet condition setter is around 4
W, some additional preliminary tests under sindlage flow have been performed to
assess the energy balance at low heat flow rdtésslbeen noted that under 15 W, the
disagreement between the heat flow rate on therwate and the heat flow rate on the
refrigerant side is within 0.5 W. This can be piolgadue to the experimental
uncertainties of the measured parameters. Neves$eht the lowest refrigerant mass
flow rate considered during the test runs, suchgisement can cause a variation of the
vapor quality within £0.02, that is within the exjpeental uncertainty.

Finally, in the temperature and mass velocity rarafahe present pressure drop test runs,
heat losses between the measuring section and xteena& environment have been
examined in both the tested minichannels duringlsiphase flow of the refrigerant. It
was found that this dissipation affects the vapaality within £0.007, so can be
reasonably neglected.

Furthermore, in order to validate the data acqarsiand to gain a critical insight into the
test section hydraulic performance, the frictioctéa has been experimentally determined
from pressure drop, temperature and mass flow measnts during adiabatic single-
phase flow of each tested refrigerant in the bdthhe circular minichannels under
investigation, according to equation (2-VIII).

e pdn 4dp (2-VII)
2 G? Lys

In Figure 2.2, plots of the friction factor agairike Reynolds number obtained during
single-phase flow of all the tested refrigerante @aresented for both the circular
minichannel with 0.96 mm internal diameter and ¢ireular minichannel with 2.0 mm
internal diameter.
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Figure 2.2. Experimental and predicted friction fador versus Reynolds number (Re) during single-
phase flow. Top: Left) R134a inside the circular rmiichannel with 0.96 mm internal diameter; Right)

R134a inside the circular minichannel with 2.0 mm nternal diameter; Bottom: Left) R1234ze(E)

inside the circular minichannel with 0.96 mm interral diameter; Right) Propane (R290) inside the
circular minichannel with 0.96 mm internal diameter

In each plot, different symbols are used to distisly the experimental friction factor
obtained during liquid only flow and during vaparly flow. The collected experimental
data are compared against the Churchill [18] cati@h, which accounts for the
minichannel roughness and the agreement comesoobe tvery good. The relative
roughness of the tubgdy, in the correlation by Churchill [18] is consideredual to
2Ra/d,. Blasius [19] equation for turbulent flow is alptwtted: it refers to smooth tubes
thus it remains below the experimental points.

2.6 Experimental results and discussion

Frictional pressure drop experimental measuremieat® been performed during two-
phase flow of R134a, R1234ze(E) and propane undi@batic conditions at different
saturation temperatures and mass velocities insiae circular minichannels having
internal diameters of 0.96 mm and 2.0 mm, respelgtivi he experimental conditions
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adopted during pressure drop tests for each testederant have been summed up in
Table 2-b.

It may be interesting to mention that at vapor gyaround 0.5, the experimental data
taken following the two methods (condensation freaperheated vapor in the inlet
condition setter or vaporization from subcoolediidt) are in good agreement in all the
presented data sets, whatever the tested minichahedluid, the mass velocity and the
saturation temperature.

Table 2-b. Pressure drop test conditions matrix.

Refrigerant d Ra Lus ton Glkg m* s7]
R134a 0.96 mm 1.8m 0.22m 40°C 800, 600, 500, 400,
300, 200
50°C 400
2.0 mm 1.7um 0.44 m 40°C 500, 400, 300, 200
50°C 400
R1234ze(E) _ 0.96 mm 1,8n 0.22m 30°C 400
40°C 800, 600, 400, 200
Propane 0.96 mm 1@8n 0.22m 40°C 800, 600, 400, 200

The experimental data collected for every singlédfhave been compared against four
two-phase frictional pressure drop models availablbe open literature and listed below
in chronological order.

The first model has been proposed by Friedel [Tphiporating the most important
parameters of the two-phase flow as well as therétigal boundaries of single-phase
liquid and gas-vapor flow and critical pressureditans in pure fluids. The model has
been developed starting from a huge database d(28R@perimental points collected
during the two-phase adiabatic flow of several dluiel and two component mixtures in
straight tubes with circular, rectangular and aanudross sections. Horizontal flow,
vertical upward flow and vertical downflow pointsere included in the database. The
smallest tube hydraulic diameter in Friedel's datsbis equal to 1 mm, but most of the
data have been taken in macrochannels.

The second model considered for the comparisomsigéie experimental data is by
Muller-Steinhagen and Heck [2]. It was developedngisa database of 9300
measurements of frictional pressure drop for mdoids$ in horizontal flow, vertical
upflow and vertical downflow. The range of the ddesed hydraulic diameters is from 4
mm to 392 mm. The proposed correlation is very &mp fact, it is a combination of the
single-phase liquid and vapor pressure drops affiereintly from the Friedel model, no
two-phase multiplier is defined.

The third correlation has been advanced by Zhawgvdabb [3] considering a database
of two-phase pressure drop measured for R134a,dRa2R404A flowing in channels
with hydraulic diameters from 0.96 mm to 6.20 mmnhey found that the Friedel
correlation was not able to predict the experimed#ta accurately so they proposed a
modified Friedel correlation to evaluate specificdhe refrigerant two-phase pressure
drop in minichannels. In particular, they suggestedeplace the dimensionless group of
density and viscosity with the reduced pressuretamiglect the Froude number and the
Weber number.

Finally, the present pressure drop data have bieecked against the model by Del @ol
al. [4]. It is an updating of the Cavallieit al.[20] correlation, which in turn is based on
the Friedel model and accounts for mass velocapoy quality, fluid properties, reduced
pressure, hydraulic diameter, entrainment ratio andace roughness. Del Col and
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coworkers [4] observed that the Cavallkatial. [20] correlation tends to overestimate the
experimental data at low liquid-only Reynolds numbwth an error increasing as this
dimensionless number decreases. This could beieggdl@onsidering that the model by
Cavallini et al.[20] assumes that the wall roughness has an amiéfect on the friction
drop, whatever the flow characteristics.

From the theory, one would expect that the effédhe inner surface roughness on the
frictional pressure drop would also depend on tleekimg conditions: in particular it
would be smaller at lower mass velocity and hidlggrid phase viscosity, that is to say at
lower liquid-only Reynolds number. Estimation oétiquid film thickness as provided in
[4], shows that at low mass fluxes, the liquid fimay completely flood the peaks of the
inner surface of the channel, making the effecttlod wall roughness absolutely
negligible.

Thus, Del Colet al. [4] proposed a correlation that links the effect of it@er surface
roughness on the liquid only friction factor to thass velocity and to the properties of
the refrigerant. The model has been validated agaxperimental pressure gradient data
collected by the authors in minichannels with diacusquare and irregular cross sections
and with a hydraulic diameter ranging from 0.762 ton2 mm during the adiabatic two-
phase flow of R134a, R32, R1234yf and R245fa atratbn temperature between 26°C
and 50°C. Furthermore, the new correlation has balso checked against the
experimental pressure gradient data for R134a byr@Ha et al. [5] and by Zhang [21]
and against the experimental points collected usarhon dioxide byleonget al. [22],
Park and Hrnjak [23] [24], Kinet al.[25] and Ducoulombieet al.[26].

It is worth noting that only the model by Del Galal. [4] accounts for the effect of the
internal roughness of the channel.

The absolute mean deviatifey|, the average deviaticak and the standard deviatien
are reported for each model to assess the pregliatiguracy.

For the sake of comparison and analysis, the théymamic and thermophysical
properties of the saturated refrigerant R134a, Ri@@®) and propane are calculated
using NIST Refprop Version 9.0 [16] and reportedTiable 2-c at the corresponding
operating conditions.

Table 2-c. Properties of saturated R134a, R1234zé(End propane from NIST Refprop Version 9.0
[16].

Refrigerant  tsax  Peat Pr pL pv i v o
[°C] [bar] [/] kgm®] [kgm® [uPas] [uPas] [mNm’]
R134a 40 10.1660.25 1146.7 50.085 161.45 12.373 6.1268
50 13.179 0.32  1102.3 66.272  141.77 12.917 4.8906
R1234ze(E) 30 5.78480.16  1146.3 30.564  188.00 12.458 8.2099
40 7.6663 0.21  1111.3  40.687  167.00 12.930 6.9567
Propane 40 13.3940.315 467.46 30.165 82.844 8.8918 5.2128

2.6.1 Frictional pressure drop of R134a and comparisoaiagt correlations

The investigation on the frictional pressure draping two-phase adiabatic flow of
R134a has been performed in two different minicleésxm order to consider the effect of
the hydraulic diameter.

In the circular minichannel with an inner diametgual to 0.96 mm and with an average
roughnesfRaequal to 1.3um, the tests are performed at mass velocities mgrfgpm

800 kg n¥ s to 200 kg it s* at 40°C saturation temperature. Furthermore, dieroto
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study the effect of the reduced pressure on toédrial pressure losses, at 400 K st

the test runs have been done at 40°C and 50°Caiatutemperatures. The experimental
results are presented in order, in terms of presgtadient against vapor quality in
Figure 2.3.
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Figure 2.3. Left) Experimental frictional pressure gradient versus vapor quality during two-phase
adiabatic flow of R134a inside a circular minichanel with an inner diameter equal to 0.96 mm at
40°C saturation temperature and at different mass elocitiesG [kg m? s].

Right) Experimental frictional pressure gradient versus vapor quality during two-phase adiabatic
flow of R134a inside a circular minichannel with aninner diameter equal to 0.96 mm aiG = 400 kg
m?s* and at saturation temperature of 40°C and 50°C.

Moreover, in the circular minichannel with an ingameter of 2 mm and an average
roughness of the wall surfaBaequal to 1.7um, the pressure gradient has been studied
at 40°C saturation temperature and at mass vedsaifi500 kg i s*, 400 kg n s?,

300 kg n¥ s and 200 kg i s*. At 400 kg n¥ s* mass velocity, tests have been also run
at a saturation temperature equal to 50°C. Theranpatal pressure gradient are plotted
against vapor quality in

Figure 2.4.

At the same mass velocity, in the same minicharthelpressure gradient decreases with
increasing saturation temperature and thus witreasing reduced pressure.

On the other hand, at the same reduced pressurenassl velocity, the pressure losses
strongly decreases with increasing hydraulic di@met

The expanded experimental uncertainties for medspaeameters are reported in Table
2-dTable 2-e at all the test conditions. The expental uncertainty of the frictional
pressure gradient in percentage terms increasésdetreasing mass velocity and with
increasing hydraulic diameter, because of the lomveasured value. The experimental
uncertainty on the vapor quality increases withrel@sing mass velocity and it is slightly
lower when performing tests in the circular minichal with 2.0 mm inner diameter.
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Figure 2.4. Left) Experimental frictional pressure gradient versus vapor quality during two-phase
adiabatic flow of R134a inside a circular minichanel with an inner diameter equal to 2.0 mm at
40°C saturation temperature and at different mass elocitiesG [kg m? s7].

Right) Experimental frictional pressure gradient versus vapor quality during two-phase adiabatic
flow of R134a inside a circular minichannel with aninner diameter of 2.0 mm atG = 400 kg n¥ s*

and at saturation temperature of 40°C and 50°C.

Table 2-d. Experimental expanded uncertainty of vapr quality and two-phase pressure gradient
during adiabatic flow of R134a inside the considem circular minichannels.

Hydraulic Mass velocity Saturation Pressure gradient  Vapor quality
diameter [kg m?s"] temperature [°C] experimental experimental
uncertainty uncertainty [ /]

0.96 mm 800 40 < 1.0 kPa’m 0.01

600 40 < 0.6 kPat 0.01

500 40 <0.5kPat 0.01

400 40 <0.5kPat 0.02

400 50 <0.4kPat 0.02

300 40 <0.4kPat 0.02

200 40 <0.3kPath 0.03

2.0 mm 500 40 < 0.4 kPa'm 0.01

400 40 <0.4kPat 0.01

400 50 < 0.4 kPat 0.01

300 40 < 0.4 kPat 0.01

200 40 <0.3kPat 0.01

The comparison between the experimental data aedv#tues calculated using the
considered models available in the open literatuas been performed considering
separately the points collected in the two meagusgactions in order to assess the
predictive accuracy of the correlation when varyiing hydraulic diameter. On the whole,
106 experimental points have been collected irOtBé mm circular minichannel and 71
points have been obtained during tests in the 2r0cimcular minichannel.
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The calculated trends and the calculated valuestHer pressure gradient using the
correlation by Friedel [1] are depicted with thgpesmental points obtained in the 0.96
mm minichannel in Figure 2.5. The model predict88of the data within £ 20% band,
and in particular it tends to underestimate tha @tmass velocities between 500 k§ m
st and 800 kg i s* and to overrate the points at 200 kg &T. The standard deviation
is equal to 14%, the absolute mean deviation 4%2and the average deviation is -6.0%.
When considering the minichannel with 2.0 mm iné&rdiameter (Figure 2.6), the
Friedel correlation seems to work slightly bettaren if the data at 500 kg s and 400
kg m? s* are underpredicted, 93% of the data are predieitidn + 20% band gy =
11.5% |er| = 9.8% er = -1.7%).

As shown in Figure 2.7 and Figure 2.8, the conaaby Muller-Steinhagen and Heck
[2] underestimates most of the experimental poietdhibiting the same predicting
performance, whatever the hydraulic diameter of theichannel. In particular, in the
0.96 mm inner diameter channel, it predicts 72.G%he data within + 20% band and
93.4% within £ 30% banddy = 10.0% |er| = 14.5% er = -13.7%).

As regard the comparison with the experimental datained for the 2.0 mm diameter
tube, the correlation by Muller-Steinhagen and H@glcatches 64.8% of the data within
+ 20% band and 84.5% of points in = 30% bangh = 12.5% |er| = 14.8% er = -
13.5%).

The two-phase frictional pressure drop model bynghand Webb [3] underrates the
most of the experimental data and present the bigherage deviations (Figure 2.9 and
Figure 2.10). In particular, in the minichannel lwthe hydraulic diameter equal to 0.96
mm, only 53.8% of the data are predicted within0%@2band and 78.3% of the points are
predicted within + 30% banddy = 11.3% |eg| = 20.7% er = -20.3%). On the other
hand, with respect to the minichannel with the aylic diameter equal to 2.0 mm, the
model predicts 56.3% of the data within £ 20% band 87.3%within £ 30% band and
gives a standard deviation of 10.9%, an absolu@ndeviation of 17.4% and an average
deviation of -17.0%.

Finally, the R134a experimental pressure gradiesitp are compared against the
correlation by Del Coét al [4]: the agreement is satisfactory, in fact laél tata collected
in the two minichannels are predicted within + 208&nd (Figure 2.11 and Figure 2.12).
Nevertheless, the model tends to slightly undeevéthe data at 800 kgfrs* and 600 kg
m? st in the 0.96 mm channel and the data at 500 Kgsfrand 400 kg i3 s in the 2.0
mm tube. In the smaller diameter minichannel, tlegeh gives a standard deviation of
9.2%, an absolute mean deviation of 9.4% and amageedeviation of -6.9%. In the
bigger minichannel, the standard deviation is equal.4%, the absolute mean deviation
is 6.4% and the average deviation is -1.7%.

The saturation temperature does not affect theigireel accuracy of the models. The
considered correlations predict very well the maximof the pressure gradient in the
0.96 mm but they are not able to catch the trertder2.0 mm minichannel.
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Figure 2.5. Two-phase frictional pressure gradientata during adiabatic flow of R134a inside the
circular minichannel with an inner diameter of 0.96mm at different mass velocitiess [kg m™? s'] and

saturation temperatures compared against the modeby Friedel [1]. Left) Experimental pressure

gradient and calculated trends (solid lines) by Fedel model [1]. Right) Comparison between
measured frictional pressure gradient and calculate values using the Friedel model [1].
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Figure 2.6. Two-phase frictional pressure gradientata during adiabatic flow of R134a inside the
circular minichannel with an inner diameter of 2.0mm at different mass velocitiesG [kg m™? s*] and

saturation temperatures compared against the modeby Friedel [1]. Left) Experimental pressure

gradient and calculated trends (solid lines) by Fedel model [1]. Right) Comparison between
measured frictional pressure gradient and calculaté values using the Friedel model [1].
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Figure 2.7. Two-phase frictional pressure gradientata during adiabatic flow of R134a inside the
circular minichannel with an inner diameter of 0.96mm at different mass velocitiess [kg m™ s'] and

saturation temperatures compared against the modddy Muller-Steinhagen and Heck correlation [2].
Left) Experimental pressure gradient and calculatedtrends (solid lines) by Muller-Steinhagen and
Heck model [2]. Right) Comparison between measureftictional pressure gradient and calculated
values using the Muller-Steinhagen and Heck modeP2].
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Figure 2.8. Two-phase frictional pressure gradientata during adiabatic flow of R134a inside the
circular minichannel with an inner diameter of 2.0mm at different mass velocitiesG [kg m™? s*] and

saturation temperatures compared against the modddy Muller-Steinhagen and Heck correlation [2].
Left) Experimental pressure gradient and calculatedtrends (solid lines) by Muller-Steinhagen and
Heck model [2]. Right) Comparison between measureftictional pressure gradient and calculated
values using the Muller-Steinhagen and Heck mode2].
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Figure 2.9. Two-phase frictional pressure gradientata during adiabatic flow of R134a inside the
circular minichannel with an inner diameter of 0.96mm at different mass velocitiess [kg m™ s'] and
saturation temperatures compared against the moddby Zhang and Webb [3]. Left) Experimental
pressure gradient and calculated trends (solid lin§ by Zhang and Webb correlation [3]. Right)
Comparison between measured frictional pressure gdient and calculated values using the Zhang
and Webb model [3].

45 N 45 | ‘ |
- | G500 (40°C)
_ © G500 (40°C)
40 | . 40
- | A G400 (40°C)
- L > 090 o A G400 (40°C) I
' L aG400 (50°C €35 +20 %
E 31 (0°€) 3 = 535 AGA400 (50°C) 4
o L
° o k™ %
|‘_i a0 | *C30010C) =30 | ®G300 (40°C) 2
Z i D 0, Z
g |pe200@oc)| (o | 0 06200 (40°C) 20% |
é 2 r ° s AA‘ ézs o
0] 3 Ny 7 o 5
w 20 | o e Woo
L 7 @
% F / AAM liA S / [¢)
B 15 : > e v a 15 L9
B I PR = g
SR aydE & a
10 / 810
g e _— x ‘,A/“
s L apa BT s | i
- A= |
L Z///
0+~ : — R R T
0 01 02 03 04 05 06 07 08 09 1 0 5 10 15 20 25 30 35 40 45
VAPOR QUALITY [/] EXPERIM. PRESSURE GRADIENT [kPam 1]

Figure 2.10. Two-phase frictional pressure gradientlata during adiabatic flow of R134a inside the
circular minichannel with an inner diameter of 2.0mm at different mass velocitiesG [kg m™? s*] and
saturation temperatures compared against the moddby Zhang and Webb [3]. Left) Experimental
pressure gradient and calculated trends (solid lin® by Zhang and Webb correlation [3]. Right)
Comparison between measured frictional pressure gdient and calculated values using the Zhang
and Webb model [3].
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Figure 2.11. Two-phase frictional pressure gradientlata during adiabatic flow of R134a inside the
circular minichannel with an inner diameter of 0.96mm at different mass velocitiess [kg m™ s'] and
saturation temperatures compared against the modeby Del Col et al. [4]. Left) Experimental
pressure gradient and calculated trends (solid lir® by Del Col et al. correlation [4]. Right)
Comparison between measured frictional pressure gdient and calculated values using the Del Ceit
al. model [4].
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Figure 2.12. Two-phase frictional pressure gradientlata during adiabatic flow of R134a inside the
circular minichannel with an inner diameter of 2.0mm at different mass velocitiesG [kg m? s*] and
saturation temperatures compared against the modeby Del Col et al. [4]. Left) Experimental
pressure gradient and calculated trends (solid lin® by Del Col et al. correlation [4]. Right)
Comparison between measured frictional pressure gdient and calculated values using the Del Ceit
al. model [4].
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2.6.2 Frictional pressure drop of R1234ze(E) and compariagainst correlations

Two-phase frictional pressure drop tests have loaemned out during adiabatic flow of
R1234ze(E) inside the 0.96 mm circular cross sectivnichannel at mass velocities
ranging from 200 kg fhis® to 800 kg rif s* at saturation temperature between 39°C and
41°C. Furthermore, in order to investigate the affef saturation temperature, pressure
drop have been measured in the same test sect#®Datg n¥ s* at around 30°C and
40°C.

In Figure 2.13, the experimental pressure drop igridmeasured at 40°C saturation
temperature is plotted against vapor quality ded#nt mass velocities.

In Figure 2.14, the comparison between the presgaient measured inside the circular
minichannel at 400 kg ts* mass velocity and at different saturation tempeest of
30°C and 40°C is shown. The pressure gradient deesewith increasing reduced
pressure, all other working conditions being equal.

On the whole, 67 experimental points have beerec@tl during the tests performed with
R1234ze(E).

The expanded experimental uncertainties for medspaeameters are reported in Table
2-e at all the test conditions: at lower mass \igkx; the experimental uncertainty of the
pressure gradient is higher in percentage ternsilé8ly, the experimental uncertainty of
the vapor quality increases with decreasing madsciye Finally, the saturation
temperature does not affect the experimental uaicgytof the considered parameters.
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Figure 2.13. Experimental frictional pressure gradent versus vapor quality during two-phase
adiabatic flow of R1234ze(E) inside a circular minthannel with an inner diameter equal to 0.96 mm
at 40°C saturation temperature and at different mas velocityG [kg m? sY].

32



120 7717 17 7
110 _ A G400 t sat=30°C

100 _ A G400 t sat=40°C A I

©
o

o

o
>

»

~
o

3
»

a1
o

N
o
>

w
o
>

PRESSURE GRADIENT [kPam -]
>

N
o

[N
o

o

0 01 02 03 04 05 06 07 08 09 1
VAPOR QUALITY [/]

Figure 2.14. Experimental frictional pressure gradent versus vapor quality during two-phase
adiabatic flow of R1234ze(E) inside a circular minthannel with an inner diameter equal to 0.96 mm
at G =400 kg m? s* and at saturation temperature of 30°C and 40°C.

Table 2-e. Experimental expanded uncertainty of vapr quality and two-phase pressure gradient
during adiabatic flow of R1234ze(E) inside the 0.96m circular minichannel.

Mass velocity Saturation Pressure gradient Vapor quality
[kg m? s7] temperature [°C] experimental experimental
uncertainty uncertainty [/ ]
800 40 <1.3kPath 0.01
600 40 <1.1kPath 0.01
400 30 < 0.7 kPaih 0.01
400 40 < 0.7 kPaih 0.01
200 40 <0.3kPath 0.03

The frictional pressure drop gradient predictechgghe Friedel correlation [1] is plotted
against the experimental data for R1234ze(E) iuf@d.15. The model does not catch
well the experimental trend as indicated by thexddiad deviatiorsy equal to 15.5%.
Furthermore, it underestimates the data at 800 kg 600 kg rnf s* and 400 kg i s

! in particular at vapor quality below 0.5 whileokterestimates the data at 200 kg sit

in the entire range of quality. The saturation temapure has no effect on the predictive
accuracy. Overall, 71.6% of the experimental poamts predicted within the + 20% band
and 98.5% of the data lie within £30% band; theohlis mean deviatioreq| is 16.5%
and the average deviatieqis -10.1%.

In Figure 2.16, the experimental data are compé#oethe values calculated using the
model by Muller-Steinhagen and Heck [2]. This modetierpredicts all the data except
those at 200 kg ins* and vapor quality higher than 0.80. The higherenastimation is
found at the higher mass velocity and at low vapaalities. The standard deviatief
amounts to 12%. The absolute mean deviation is%4&ABd the average deviation is -
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17.5%: only 55.2% of the experimental points for2B4ze(E) lie within the £20% band
while the £30% band includes 83.6% of the presgireslient data. No effect of the
saturation temperature on the predictive perforradras been noticed.

The R1234ze(E) data are compared against the nhgdéhang and Webb [3] in Figure
2.17: this correlation undervalues the pressurdigna at mass velocities down to 400 kg
m? s™ the higher percentage deviations are found abvapality lower than 0.5. On the
other hand, the Zhang and Webb model tends to ateetine pressure drop at 200 kj m
s'. The deviations at 400 kg ms'! do not depend on the operating saturation
temperature. On the whole, 73.1% of the data adigted within £20% while 98.5% of
the points are included within the £30% bandg.& 11.6% |eg| = 14.2% er=-11.6%).
Finally, the comparison against the model by Ddl €al. [4] is reported in Figure 2.18.
The model best predicts the data and best repredtiee experimental trend but it
underestimates the data at 800 kg sn. On the other hand, the data at 600 kgshand
400 kg n? s are slightly undervalued while the points at 2@prk? s* are a little
underrated. Nevertheless, all the data are withentt 20% bandaty = 7.7%|er| = 8.6%
ander = -6.1%). The model works well at different reddigeessure values.
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Figure 2.15. Two-phase frictional pressure gradientata during adiabatic flow of R1234ze(E) inside
the circular minichannel with an inner diameter of 0.96 mm at different mass velocitie§ [kg m? s7]
and saturation temperatures compared against the mael by Friedel [1]. Left) Experimental pressure
gradient and calculated trends (solid lines) by Fedel model [1]. Right) Comparison between
measured frictional pressure gradient and calculate values using the Friedel model [1].
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Figure 2.16. Two-phase frictional pressure gradientata during adiabatic flow of R1234ze(E) inside
the circular minichannel with an inner diameter of 0.96 mm at different mass velocitie§ [kg m? s7]
and saturation temperatures compared against the nuel by Muller-Steinhagen and Heck
correlation [2]. Left) Experimental pressure gradient and calculated trends (solid lines) by Muller-
Steinhagen and Heck model [2]. Right) Comparison heeen measured frictional pressure gradient
and calculated values using the Muller-Steinhagennal Heck model [2].
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Figure 2.17. Two-phase frictional pressure gradientlata during adiabatic flow of R1234ze(E) inside
the circular minichannel with an inner diameter of 0.96 mm at different mass velocitie§ [kg m? s%]
and saturation temperatures compared against the mdel by Zhang and Webb [3]. Left)
Experimental pressure gradient and calculated trend (solid lines) by Zhang and Webb correlation
[3]. Right) Comparison between measured frictionalpressure gradient and calculated values using
the Zhang and Webb model [3].
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Figure 2.18. Two-phase frictional pressure gradientata during adiabatic flow of R1234ze(E) inside
the circular minichannel with an inner diameter of 0.96 mm at different mass velocitie§ [kg m? s7]
and saturation temperatures compared against the miel by Del Colet al. [4]. Left) Experimental
pressure gradient and calculated trends (solid linr® by Del Col et al. correlation [4]. Right)
Comparison between measured frictional pressure gdient and calculated values using the Del Ceit
al. model [4].

2.6.3 Frictional pressure drop of propane and comparisgainst correlations

Two-phase frictional pressure drop tests have lpegformed during adiabatic flow of
propane at a mean saturation temperature betwe&AC3and 42°C inside the circular
cross section minichannel with an inner diameteraét¢p 0.96 and mm and an average
roughness equal to 1,@n, at mass velocities between 200 k4 sit and 800 kg i s™.

The experimental pressure gradient is plotted atj&spor quality in Figure 2.19.
Differently from what has been observed with thieeottested refrigerants, at high mass
velocities of 600 kg M s* and 800 kg i s?, at vapor quality between 0.5 and 0.6, the
pressure gradient trend for propane shows an trdlegoint and the slope becomes
steeper at high vapor qualities. This may be dutdcstrondiquid entrainment in these
particular working conditions. The liquid entrainmeappears during shear dominated
flow regime, where the shear stress strips liquidpg away from the liquid-vapor
interface. Since the entrained liquid in the gaseoartually increases the vapor phase
density, its effect is similar to the increase éauced pressure. Furthermore, Hewitt and
Hall-Taylor [27] showed that as the liquid film gethinner, the liquid-vapor interface
roughness decreases. As a consequence, in a ttiba given gas flow rate, the pressure
gradient is decreased when the liquid entrainmesreases.

The expanded experimental uncertainties for medspaeameters are reported in Table
2-f, at all the test conditions. The experimentatertainty of the pressure gradient in
percentage terms and the experimental uncertainttyeovapor quality slightly increase
with decreasing mass velocity.
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Figure 2.19. Experimental frictional pressure gradent versus vapor quality during two-phase
adiabatic flow of propane inside a circular minichainel with an inner diameter equal to 0.96 mm at
40°C saturation temperature and at different mass &locity G [kg m? sY.

Table 2-f. Experimental expanded uncertainty of vapr quality and two-phase pressure gradient
during adiabatic flow of propane inside the 0.96 mntircular minichannel.

Mass velocity Saturation Pressure gradient Vapor quality
[kg m? s7] temperature [°C] experimental experimental
uncertainty uncertainty ( -)
800 40 <1.0kPath <0.01
600 40 <1.2kPath <0.01
400 40 < 1.0 kPah <0.01
200 40 < 0.4 kPa i <0.02

As regard the comparison of the 49 experimentatqune gradient data for propane
against the correlations chosen form literature, Fnedel model [1] gives satisfactory
predictions (Figure 2.20). Almost all the data @88) are predicted with a percentage
deviations below 20% in absolute value. The fewepxions concern points collected at
200 kg ¥ st and at vapor qualities lower than 0.2. The motigh8y underestimates
the data at 800 kg fns?, 600 kg nif s* and 400 kg i s?, while it slightly overrates the
experimental points at 200 kg7is*. On the whole, the standard deviation amounts to
12.1%, the absolute mean deviation is 9.6% andvkeage deviation is -4.0%.

The correlation by Muller-Steinhagen and Heck [alcbes 71.4% of the experimental
point within +20% band and 98% within +30% band.s@tving the calculated trend
(Figure 2.21), the model tends to underpredictdat in the entire working condition
range, giving the highest deviations at low vapaalgies gy = 10.5%, dg| = 12.7% ,er
=-12.0%).
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The calculated trends and predictions obtained hgng and Webb correlation [3] for
two-phase pressure drop on small diameter chaanelplotted against the experimental
data in Figure 2.22. This model predicts 69.4%hefdata within £20% band and 85.7%
of the experimental points within +30% band. ltogkther underestimates the present
data for all the investigated mass velocities, mgvihe highest deviations at low vapor
qualities oy = 10.0%, dx| = 16.7% ,er = - 16.5%).

The correlation by Del Cddt al.[4] best predicts the experimental database (

Figure 2.23). Deviations between experimental \@ed predictions are altogether very
low (within £ 20% band). The standard deviatmnis 8.2%, the absolute mean deviation
ler] is equal to 9.1% and the average deviaggrs -6.7%. The highest deviations are
found at vapor quality lower than 0.3. The pressin@p gradient at 800 kg fns? is
slightly underestimated.

Finally, at 800 kg i3 s* and 600 kg i s* mass velocities, the predicted trends of all the
models do not exhibit any change of slope.
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Figure 2.20. Two-phase frictional pressure gradientlata during adiabatic flow of propane inside the
circular minichannel with an inner diameter of 0.96 mm at 40°C saturation temperature and at
different mass velocitiesG [kg m? s’] compared against the model by Friedel [1]. LeftExperimental
pressure gradient and calculated trends (solid lir® by Friedel model [1]. Right) Comparison
between measured frictional pressure gradient andatculated values using the Friedel model [1].

38



PRESSURE GRADIENT [kPam-1]

Figure 2.21. Two-phase frictional pressure gradientlata during adiabatic flow of propane inside the
circular minichannel with an inner diameter of 0.96 mm at 40°C saturation temperature and at
different mass velocitiesG [kg m™ s] compared against the model by Muller-Steinhagenral Heck
correlation [2]. Left) Experimental pressure gradient and calculated trends (solid lines) by Muller-
Steinhagen and Heck model [2]. Right) Comparison beeen measured frictional pressure gradient
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and calculated values using the Muller-Steinhagenral Heck model [2].
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Figure 2.22. Two-phase frictional pressure gradientlata during adiabatic flow of propane inside the
circular minichannel with an inner diameter of 0.96 mm at 40°C saturation temperature and at
different mass velocitiesG [kg m? s] compared against the model by Zhang and Webb [3]Left)

Experimental pressure gradient and calculated trend (solid lines) by Zhang and Webb correlation
[3]. Right) Comparison between measured frictionalpressure gradient and calculated values using
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Figure 2.23. Two-phase frictional pressure gradientlata during adiabatic flow of propane inside the
circular minichannel with an inner diameter of 0.96 mm at 40°C saturation temperature different
mass velocitiesG [kg m? s?] compared against the model by Del Coét al. [4]. Left) Experimental

pressure gradient and calculated trends (solid linr® by Del Col et al. correlation [4]. Right)

Comparison between measured frictional pressure gdient and calculated values using the Del Ceit
al. model [4].

2.6.4 Comparison among the investigated refrigerants

Considering the circular minichannel with interdémeter of 0.96 mm, the results show
that, at the same hydraulic diameter, mass vel@nty saturation temperature, the two-
phase frictional pressure drop for R134a are alwlagdowest. On the other hand, at 200
kg m? s* and 400 kg M s the pressure gradient for propane is clearly tighdst
(Figure 2.24 left). This is probably due to the leapor density of propane, as compared
to the other tested refrigerants.

Differently from what has been observed with R124@l R1234ze(E), at high mass
velocities of 600 kg M s* and 800 kg M s, at vapor quality between 0.5 and 0.6, the
pressure gradient trend for propane shows an tidlegoint and the slope becomes
steeper at high vapor qualities. This may be a egumnce of the stronlyquid
entrainment due to the low liquid density of propam these particular working
conditions.

Hence, when comparing the experimental points nbthfor the considered fluids at 800
kg m? s* and 40°C inside the minichannel with internal dé&en of 0.96 mm, it is found
that the data for propane are lower than those&rfii234ze(E) up to 0.85 vapor quality
(Figure 2.24 right).
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Figure 2.24. Comparison between the experimental ¢k collected during adiabatic flow of the three
tested refrigerants in the circular minichannel with internal diameter of 0.96 mm at 40°C saturation
temperature at different mass velocityG [kg m? s*]. Left) 200 kg m? s* and 400 kg n¥ s* mass
velocities. Right) 800 kg rif s* mass velocity.
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3 CONDENSATION AND FLOW BOILING OF LOW GLOBAL
WARMING POTENTIAL REFRIGERANTS INSIDE A

HORIZONTAL SINGLE CIRCULAR MINICHANNEL
3.1 Abstract

Measurements of the local heat transfer coefficidating condensation at 40°C
saturation temperature of and during flow boilin@&°C saturation temperature inside a
single minichannel are reported in the present temaghe test section is horizontally
arranged and consists of a circular tube havingtannal diameter equal to 0.96 mm and
a rough inner surface. During the tests, the retrtinsferred between the refrigerant and
a secondary fluid, that is cold distilled water. #&Asonsequence, the local heat flux results
as a variable parameter depending on the testindittans and its accurate measurement
becomes the main issue. While in condensationaited heat flux is calculated only from
the slope of the water temperature gradient, dutow boiling tests, it is also calculated
using a method based on the estimation of the wedat transfer coefficient in single-
phase regime. Finally, the local heat transfer fameht is obtained from the ratio of the
local heat flux and the wall to saturation tempanatdifference. In agreement with the
increased attention in anthropogenic global warmihg tested refrigerants are attractive
alternatives to develop environmentally friendlermo-fluid-dynamic equipments: the
propane (R290), which is a natural hydrocarbontardR1234ze(E) refrigerant, which is
a halogenated olefin and seems to be suitable listitute R134a in refrigeration and
electronic cooling applications. Furthermore, viw studies of two-phase heat transfer
data for the both of these refrigerants are aviglabthe open literature.

The condensation tests are carried at mass velauitying between 100 kg hs* and
1000 kg nif s* for R290 and between 100 kg“s® and 800 kg M s* for R1234ze(E).
On the other hand, the flow boiling tests are penfd at mass velocities between 100 kg
m? s* and 600 kg M s for R290 and between 100 kg°ns* and 500 kg i s* for
R1234ze(E). The experimental uncertainty of thdectéd data is defined through an
accurate error analysis.

The experimental condensation heat transfer coefis are compared against those
calculated using three correlations: the first lav&llini et al. [28], the second by Moser
et al. [29] with the pressure drop correlation by Zhamg &/ebb [3] and the third by
Shah [30].

The results obtained during flow boiling tests mported with the aim of investigate the
effect of heat flux, vapor quality and mass velain heat transfer coefficient. The
experimental database presented in this work has bempared against some models
available in the open literature. This chapterudels the description of the test rig and the
test section, the explanation of the experimermtethique for and the results discussion
first for the condensation tests and then for kb boiling tests.

3.2 Introduction

Nowadays, there is an increasing interest in refeagt possessing low global warming
potential (GWP) because of a higher attention tarenmental problems and climatic
changes and a growing number of regulations and lpvomulgated by the main
international organizations. The Montreal ProtamolSubstances that Deplete the Ozone
Layer [31] and its subsequent amendments imposech @n the use of CFCs refrigerants
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and the progressive phase-out of the HCFCs refiger These restrictions led to the
choice of hydrofluorocarbons (HCFs) as refrigeramtsiost applications. Afterwards, the
Kyoto Protocol [32] placed these substances ambegsix categories of greenhouse
gases because of their large values of global waymotential and called for their phase-
out. Furthermore, the European Parliament and then€ll has faced the climate change
issue by redacting the mobile air conditioning (MAQrective 2006/40/EC [33] and the
Regulation 842/2006 [34]. The former states that tise of the fluorinated gases (F-
gases) with a global warming potential higher th&0 is forbidden in all new vehicles
from 1 January 2011 and for all vehicles from Japu2017. The latter establishes
regulations for the containment, use, recovery dastruction of certain fluorinated
greenhouse gases. Finally, in 2012, the Europeann@ission proposed to cut F-gases
emission by two third by 2030 [35].

The search for alternatives primarily focuses om tise of natural refrigerants in heat
pump and air conditioning equipment or in industpiecesses, because the direct effect
on the anthropogenic emissions due to atmosphenisseons is almost completely
avoided. In particular, hydrocarbons show good nadteeompatibility and desirable
thermodynamic and transport properties, which caduce the indirect effect on
anthropogenic global warming. Because of flammibiland very low ignition
concentration, charge minimization is a major desigjective for the equipment when
using hydrocarbons as refrigerants. From previoxgem/ence, it appears that the
estimated charge of unitary air conditioners iseetgd to be mainly trapped in the heat
exchangers. In particular, Harne$ al. [36] estimated the charge in three unitary air
conditioners from 9 kW up to 26 kW and using R22| &407C; they found that the
computed charge in the condenser may vary from 8p%0 70% of the total amount,
while the charge in the evaporator is lower (aro@@86). Similar results have been
obtained by Corberan and Martinez [37] for a wébenater propane heat pump using
plate heat exchangers: 50% of the total chargepsated to be found in the condenser,
while about 20% should be trapped in the evaparator

In this regard, minichannel technology appearseta very good opportunity to minimize
the charge without energy performance loss. Cawakit al. [38] presented the
experimental performance of a 100 kW heat pumpgupropane. Shell-and-tube heat
exchangers using minichannels and providing lowgddave been installed in the unit
along with conventional brazed plate heat exchandeins shown that a 100 kW heat
pump without a liquid receiver could be run wittoand 3 kg of propane using a plate
condenser; but when using the minichannel condeaseund 0.8 kg reduction can be
obtained with a negligible performance loss.

Among natural refrigerants, propane is usually régd as a long term alternative
refrigerant and its employment in the refrigeratapplications delineates an interesting
opportunity as the physical properties are closhase of R22. Nevertheless, in the open
literature, a very limited number of experimentatal of propane in small diameter
channels is available so far.

Lee and Son [39] presented an experimental congrarig pressure drop and heat
transfer coefficient during condensation at 40°dsobutene (R600a), propane (R290),
R134a and R22 inside a horizontal tube-in-tube lee@hanger with inner diameters
ranging from 5.8 mm to 10.07 mm. In the investidateass flux range (35.5 kgTs™ -
210.4 kg it s%), the authors found that the average condenshéantransfer coefficient
and the pressure drops of the hydrocarbons wetgehitpan those of the halogenated
refrigerants.

Shaoet al [40] developed a distributed-parameter model erfpentine minichannel
condensers; the Cavalliret al. [41] correlation has been selected to calculae th
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refrigerant condensation heat transfer coefficiehhe model was experimentally
validated with a serpentine minichannel condensargupropane as working fluid; the
predictions on the heat capacity and the pressogefdll into £10% error band.
Fernandoet al. [42] studied heat transfer during propane condensainside a
minichannel aluminum heat exchanger vertically ntedn The condenser was
constructed of 36 multiport tubes; each multipatie contained six rectangular parallel
channels having a 1.42 mm hydraulic diameter. Erpants were performed at constant
condensation temperatures of 30°C, 40°C and 508Qrass flux ranging between 20 kg
m? s’and 50 kg nf s'. The authors showed that the experimental heaisfea
coefficients were higher than those predicted kajlakle correlations.

In the same test section, Fernando and cowork@&isaldo investigated the evaporation
process with propane flowing upward inside minictela heated by a temperature
controlled glycol solution flowing downward on tkiell side at a fixed mass flow rate.
Tests were conducted for a range of mass velodigéseen 13 and 66 kghs?, heat
flux between 2 kW i and 9 kW nif and saturation temperature from -15°C to 10°C. The
experimental heat transfer coefficients were coegbagainst several correlations from
the literature and resulted to be higher than tippedicted by many models.

Choi et al [12] examined the two-phase flow boiling presstdirep and heat transfer for
propane in horizontal minichannels with inner digene of 1.5 mm and 3.0 mm. The
pressure drop and local heat transfer coefficiamse obtained for heat fluxes ranging
between 5 and 20 kW fmass fluxes ranging between 50 kg &1 and 400 kg i s
'and saturation temperatures of 10 °C, 5°C and OPfiey also developed new
correlations for pressure drop and boiling heatdfer coefficients.

Magboolet al.[13] investigated the flow boiling of propane undgectrically imposed
heat flux inside a vertical circular minichannethvan internal diameter equal to 1.7 mm
and a rough inner surface. Experiments have beeredaut at saturation temperatures
of 23°C, 33 °C and 43°C while the heat flux is edrirom 5 to 280 kW? and the mass
flux ranged between 100 kg s’ and 500 kg i s'. The heat transfer coefficients
increased with heat flux and saturation temperatwitele the effect of mass flux and
vapor quality resulted to be negligible. The expemtal database has been compared
against available correlations from literature. Faene authors [44] presented a study on
the dryout characteristics of propane in singldigalr circular minichannels with internal
diameters of 1.224 mm and 1.70 mm and a uniforimelgted length of 245 mm. With
regard to the test conditions, the mass flux vafieth 100 kg nf s* to 500 kg nf s*,

the heat flux from 5 kW ffito 276 kW n¥ at saturation temperatures of 23°C, 33 °C and
43°C. The experimental dryout heat flux increaseith wincreasing mass flux and
decreasing vapor quality, while the effect of satiion temperature was negligible. It was
found that the heat flux was higher for the langeernal diameter at the same mass flux.
The collected data has been compared against atored from the literature.

More recently, halogenated olefins (HFOs) have baerestigated as low GWP
refrigerants and those with fluorinated propenemiss have emerged as possible
solutions. In particular, R1234yf, which has a }@@r horizon global warming potential
of 4 has been regarded as the R134a replacemarderaht in future mobile air
conditioning systems while R1234ze(E), which haf@a-years horizon global warming
potential of 6 seems to be suitable to substitut84R in refrigeration and electronic
cooling applications.

Some works available in the open literature condbenstudy and the definition of the
thermodynamic properties of the HFOs and their iptssapplications while only few
data on two-phase heat transfer have been publshéat.
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To the present author’'s knowledge, the work by Rdrlal. [45] is the only one that
reports experimental data on condensation for RAQ®) in minichannels. The tests
therein described were performed in a vertical awm multiport tube with rectangular
channels having a hydraulic diameter of 1.45 mm #m experimental data were
compared versus the data for R134a and R236fanalotam the same test section. A wide
range of test conditions has been covered, withsnacity ranging between 50 kg’m
s'and 260 kg i s*and saturation temperature from 25°C to 70°C. Tioeyd that the
heat flux and the inlet conditions of the refrigdraegligibly affect the heat transfer
during condensation. Moreover, the authors poirdat that at 150 kg i s mass
velocity and at 40°C saturation temperature, the transfer coefficients of R1234ze(E)
were 15-25% lower than those for R134a and 5% l|diven those for R236fa. Finally,
the authors proposed a new correlation for theigtied of the heat transfer coefficient in
a vertical multi-minichannel tube which has beeldated against the collected database.
Hossainet al. [9] performed an experimental study on condensatieat transfer and
pressure drop for R1234ze(E), R32 and R410A in aiztwtal smooth copper
macrochannel with an inner diameter of 4.35 mm. ifilass velocity ranged from 150 kg
m? s* to 400 kg rif s* and the saturation temperature was between 35d@5¢C. The
experimental results obtained both in condensatiests and in pressure drop
investigation were compared against models avalablthe open literature. From the
comparison among the considered refrigerants, & fwand that the condensation heat
transfer coefficient of R1234ze(E) is intermediateong the values of the tested fluids.
With regard to the pressure drop, the average preggadient of R1234ze(E) resulted
the highest because R1234ze(E) is a low pressutehagh viscosity refrigerant as
compared to the other fluids tested in this work.

In the same test section, Hossain and coworkersn&sured and compared the quasi
local heat transfer coefficients during flow bogiof R1234ze(E), R32, R410A and a
mixture of R1234ze(E) and R32 (55/45 % mass) insideater heated double heat
exchanger. Experimental data were reported at nelssity between 150 kg s and
445 kg n? s* and at saturation temperature equal to 5°C an@ b@r the entire range
of vapor quality. It was found that the heat transfoefficient increases with the heat flux
for the pure fluids and the R410A mixture, while @ffect of heat flux is not clear for the
mixture of R1234ze(E) and R32. Furthermore, thet hemsfer coefficient slightly
increases with the saturation temperature fohalltéested refrigerants and mixtures. With
regard to the comparisons, it was shown that anta®& vapor quality and at 300 kg’m
s mass velocity, the heat transfer coefficients @RB4ze(E) were lower than those of
the R1234ze(E)/R32 mixture, R410A and R32 by 1168%p and 83% respectively.
Grausocet al.[10] reported experimental results for heat transéefficients and pressure
drops during evaporation of R1234ze(E) and R134&éna 6 mm internal diameter
channel. Moreover, flow patterns have been invatti) using a high speed camera
arranged on a glass tube located at the exit ofetstesection. In the test runs operating
conditions, R1234ze(E) is generally preferred tiRR34yf to substitute R134a: in
particular, the mass velocity has been varied fiaté kg n¥ s* to 520 kg rif s, the
saturation temperature from -2.9°C to 12.1°C amchibat flux from 5 kW mto 20.4 kW
m. Local heat transfer coefficients of the two mérants resulted very similar in the test
conditions, showing the same trends with vapor itgjainass flux and heat flux. The
most important differences were found to be thdiexadry-out inception for the
halogenated olefin and the higher heat transfefficmnts of R134a at vapor quality
below 0.2. On the other hand, the frictional pressirops of R1234ze(E) resulted to be
higher than those obtained for R134a. An assessofigmedicting methods both for flow
boiling heat transfer coefficients and frictionaggsure drops is also presented.
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In the work by Tibiricaet al.[47],the flow boiling heat transfer of R1234ze({&3ide two
stainless steel circular minichannels with interd@meter of 1.0 mm and 2.2 mm has
been investigated. In test runs, the mass veloaitged between 50 kgs* and 1500
kg m? s and the imposed heat flux ranged from 10 kW ta 300 kW n¥ at exit
saturation temperature of 25°C, 31°C and 35°C. fMiesults included the heat transfer
coefficient under saturated conditions, the criticaat flux and the flow pattern map,
moreover a comparison with an experimental databbsgned using R134a in the same
test section has been performed. In particular,viiees of heat transfer coefficient of
R1234ze(E) increased with mass velocity and they skghtly lower than those referred
to R134a. The critical heat flux for R1234ze(E)reased with mass velocity and it was
independent on subcooling; it was actually slighdwer as compared to the one of
R134a. The authors concluded that the two fluide lsamilar thermal performance.
Vakili-Farahaniet al. [48] performed upward flow boiling tests considgriR245fa and
R1234ze(E) refrigerants inside a flat aluminum w&d multiport with 7 parallel
minichannels having a hydraulic diameter equal .é45Inm. During the tests, the heat
was transferred from water flowing at a constanssritow rate in a jacket encircling the
flat tube to the evaporating refrigerant, so thealdheat flux is not uniform. The water
temperature profile and the heat flux distributaomthe water side have been computed
by a numerical method from the preliminary detemion of the water Nusselt numbers
and the energy balance. The local heat flux digtidim on the refrigerant side has been
then calculated accounting for the heat losseshéo external ambient and the heat
conduction along the tube wall. The local heatgfancoefficient during flow boiling has
been finally obtained as the ratio of heat flux asaturation to wall temperature
difference, where the refrigerant saturation terapee was derived taking into account
the pressure drop. A large variety of test condgias considered, with saturation
temperature varying between 30 °C and 70 °C and welscity ranging between 50 and
400 kg n¥ s*. The heat transfer coefficient increased with éasing heat flux, mass
velocity and saturation temperature, while the aftd the vapor quality was dependent
on the occurrence of either annular flow regimentermittence dryout condition. The
comparison of the collected database against thdelm@vailable in the open literature
showed that the three zone model for slug flowskedrwell in the presented test
conditions.

3.3 Experimental apparatus
3.3.1 General description of the test facility

The test sections for pressure drop investigatsae (Chapter 2) and for two-phase heat
transfer analysis are accommodated in the sameigeptesented in chapter 2. For the
sake of clarity, a description of the test faciigyreported also in this section in order to
better present the operative conditions during easdtion and flow boiling test runs.

As reported in Figure 3.1 the test facility inclsda primary refrigerant loop which
underwent several washing cycles to remove allipessontaminants before filling it
with the fluid under consideration. A washing cydensists of creating a vacuum
followed by pressurization with nitrogen and newcwam. In the primary loop, after
exiting the test section, the refrigerant is sulbeddn a post condenser and dried up
before entering an independently controlled oiefgear micro pump which is used to set
the mass flow rate measured by a Coriolis effedsilow meter. Hence, the tested fluid
passes through a mechanical filter and enters eritubube heat exchanger where the
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primary fluid can be either heated up or superlteateng hot water flowing in a closed
auxiliary loop equipped with PID-controlled electi heaters to fix the inlet temperature.
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When operating in condensation mode, the refrigeamers the test section as
superheated vapor, while when performing flow Ingjlitests the refrigerant in only
slightly heated up in the tube-in-tube heat excleangevertheless it enters the test section
as subcooled liquid. The test section for two-pHaesat transfer investigation is placed in
horizontal and includes two counter flow heat exgws where heat is exchanged
between the working refrigerant and a secondarg,fthat is distilled water. In detail, the
first heat exchanger works as an inlet conditiotieseas the desired thermodynamic
conditions of the refrigerant at the inlet of thexhheat exchanger are here achieved. In
condensation mode, the first part of the test sedcts as desuperheater and sometimes
as pre-condenser with the refrigerant exiting vathiapor quality lower than 1. In flow
boiling experiments, the inlet conditions setteus®ed to achieve the desired subcooling
of the refrigerant before entering the second pérthe test section. The second heat
exchanger has been designed in order to measurgately the local heat transfer
coefficient and it is referred as measuring sectidinthe inlet of each part of the test
section, the pressure is gauged by means of twitaldgjrain gauges relative pressure
transducers, whereas a differential pressure tten@sds employed to measure pressure
drop along the measuring section. All the presdtamasducers are connected to the
pressure ports of the test section by pressures love whose external surface wire
electrical heaters are applied.

Two thermal baths are employed: the first serveselat 5°C to the auxiliary loop of the
post condenser, while the second controls the teatye of the distilled water which is
used as secondary fluid for the heat transfereno heat exchangers of the test section.
Thus, the distilled water flows in two differentoles served by the same thermal bath.
Each loop is provided with a flow regulating valvehich allows to set the water mass
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flow rate measured by a Coriolis-effect mass floeten. When necessary the inlet water
temperature in the inlet condition setter and tleasnring section can be maintained at
different values by using electrical heaters insthdownstream of the thermal bath in
each loop. In every test run, when the apparatwgoiking in steady state conditions,
measurements of thermo-fluid-dynamic parametersesr@rded for 50 s with a time step
of 1 s. Each recording is averaged and then redbgechlculating the fluid properties
with NIST Refprop Version 9.0 [16].The test sectamd the experimental technique are
described below.

3.3.2 Test section for heat transfer coefficient measeardm

The two-phase heat transfer test section (Figei8.connected to the rest of the test rig
by stainless steel tubes. The test section consisigo parts that work as counter-current
heat exchangers: the inlet condition setter whelb% mm long and the measuring
section, that is 227.5 mm long. They both are miaden a 8 mm external diameter
copper rod having a 0.96 mm internal bore and d@hnaetic mean roughness of the inner
surface Ra) of 1.3 um. The uncertainty associated to the diamis determined from an
enlarged image of the minichannel obtained by agsmpe and it is equal to £ 0.02 mm
including dimensional and geometric tolerancesth&tintake of the inlet condition setter,
on the outer surface of the stainless steel commetibe, a pressure port was realized and
a T-type thermocouple was placed, so the thermadinstate of the entering refrigerant
in single-phase flow regime is determined by meahspressure and temperature
measurements. The measuring section is thermafigraeed from the inlet condition
setter and from the rest of the test rig througb stainless steel adiabatic sector, having
an inner diameter of 0.762 mm and an arithmeticmreaghness of the inner surface
(Ra of 2 um. Because of the low thermal conductivibe adiabatic sectors can be use
for the measurement of the refrigerant temperadtirdne inlet of the measuring section
and of the refrigerant saturation temperature @dlopg the measuring section by means
of a T-type thermocouple (located 12 mm far frone thlet) and a three junctions
thermopile soldered on the outer surface of thanlstss steel segments. Moreover, the
adiabatic sectors are the accommodations of thespre ports, which are placed 23 mm
far from the measuring section ends and conneotétktrelative and differential pressure
transducers. The presence of both temperature r@sdyse transducers at the inlet of the
measuring section allows a check of the saturagomperature during two-phase heat
transfer tests.

The roughness measurement has been performed ifajalve EN ISO 4287 standard
[15] with the digital surface roughness machineZE&ITSK Surfcom 1400A.
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Figure 3.2. Circular minichannel test section for wo-phase heat transfer experimental analysis.
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The external surface of each part of the test@eatias machined in order to obtain the
complex geometry of the distilled water externammel schematically reported in
Figure 3.3, which refers to a segment of the ma&agsection.

de

External cylindrical
plastic sheath

Figure 3.3. Detailed sketch of the test section slving geometry and temperature instrumentation of
the water channel along the measuring section.

The inlet and outlet water temperatures are meddoyethermocouples at the ends of
each part of the test section, while the water txatpre differences across both parts are
measured by multi-junction copper-constantan therles. Moreover, in the measuring
section, the local water temperature profile i€gkted from the measurements of fifteen
thermocouples placed in the secondary fluid chanfieé local wall temperatures are
gauged by thirteen thermocouples embedded intardr6diameter cylindrical holes in
the wall thickness, which were realized 0.5 mmffam the internal tube surface along
the measuring section (Figure 3.3.4). The accomtmdaf the wall thermocouples is
made in such a way as the thermocouple wires doroes the coolant path, therefore the
error of the temperature measurements due to amiauction along the thermocouple
wire and the spurious electromotive force buildfopthe presence of high temperature
gradients is minimized.

Figure 3.3.4. Enlarged image of the cross sectiori the fin sample showing the accommodation of a
wall thermocouple.

Finally, the water channel is externally closed gdgstic sheath. The tortuous path
geometry enables good water mixing for precisellogalant temperature measurements,
which is essential to obtain a reliable water terapge profile. Furthermore, in such a
geometry, the external heat transfer resistannetishe dominant one in the heat transfer
process and this point leads to a low uncertaifitiieat transfer coefficient. After the
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construction, the test section was accurately atedlto minimize heat dissipation. More
details on the test section design and buildinggaren in [49].

3.3.3 Calibration and preliminary tests

The pressure transducers are calibrated using ssyree calibrator, as described in
Chapter 2. All the temperatures are detected uBitygpe thermocouples which have been
calibrated as well as the thermopiles following teehnique illustrated in Del Cett al.
[50]. During the periodical calibration, water aitates under adiabatic conditions at a
temperature close to that of the surrounding antbrethe channel along the measuring
section where two high precision four wire thermistare arranged at the inlet and at the
outlet respecively. The thermistors are conneatedl lHart Scientific Super Thermometer
Il forming a measure chain with a global accura¢yt0.002 °C (as from the check
against the water triple point). A correction fuootfor each thermocouple is defined by
comparing the temperature measure by the considleeeshocouple against the reference
temperature gauged by the thermistors. The thetmape checked considering the
disagreement between their readings and a temperdtfierence of 0 °C. After the
calibration, the water and wall thermocouple aretrtiopiles readings are within = 0.02
°C as compared to the reference temperature, atpta state conservatively a Type B
experimental uncertainty of the measured tempezataf £0.05 °C and of the measured
temperature difference of £0.02 °C.

In Figure 3.5, the wall and water thermocouplesidings are reported against the
thermistors’ reading before and after a periodoedibration. The periodical calibration is
repeated at the beginning of every test campaigdrtl@correction on the thermocouples’
readings is done only if the disagreements withréference temperature are not within
+0.05 °C.
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Figure 3.5. Water and wall temperature in the measting section against the thermistors reading: a)
before on-site calibration; b) after on-site calibation.

In addition to the on-site calibration of thermoptas, thermopiles and pressure
transducers, some preparatory tests have been aeddun order to assure the accuracy
and the repeatability of the measurements. Fhistréfrigerant temperature at the inlet of
the measuring section is detected by the thermdealying two-phase adiabatic flow at
an inlet vapor quality in the range from 0.75 t® @nd it has been checked against the
saturation temperature derived from the measurenfelocal pressure. In the test range
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of saturation temperature between 30 °C and 40¥C, afl the tested fluids, the
disagreement is found to be lower than 0.25 °C,clwhs within the experimental
uncertainty range of the two instruments. Whenwire heaters placed on the pressure
lines are working, no relevant effects are noticed the check of temperature and
pressure under saturated conditions.

Secondly, the energy balance in the test sectiaomgrolled by comparing water side
heat transfer rate to refrigerant side heat tramsfie when the refrigerant enters the test
section as superheated vapor and exits as subdaplédi The agreement is found to be
within 3.3% for all the considered refrigerants endxamination. Finally, as reported in
previous works in the same section [51], prelimynasts on the influence of the ambient
temperature on the measurements have been perfoithedheat losses towards the
ambient air were found to be negligible over theremange of test conditions.

3.4 Condensation tests
3.4.1 Data reduction

During the present condensation tests, the refigeenters with 10 °C — 20° C
superheating, so the thermodynamic state at tla&entf first part of the test section is
determined from local pressure and temperature une@ents. The inlet condition setter
works as a desuperheater and pre-condenser, &g itcohdensation tests for R290 and
R1234ze(E) the refrigerant enters the measuringoseander saturated condition, at a
vapor quality within 0.75 and 0.9. In Matkowt al. [51], it has been shown that the heat
transfer coefficient obtained during condensationthe present test section does not
depend on the refrigerant conditions. In other wprtdhas been stated that the present
test apparatus provides exactly the same valuleeohéat transfer coefficient at the same
refrigerant conditions, no matter at which posittbrs coefficient is measured at along
the channel. The vapor quality at the inlet of theasuring section is calculated from the
energy balance in the inlet condition setter, adiogyto equation (3-1).

1 Myat,ics
Xinms = no Khin,lcs - m—fcp,wat Atyatics | — he (3-)
LV re

Three parameters are used for the determinatidheofocal heat transfer coefficient: in
fact, it is defined as the ratio of the local hi#ax and the difference between the local
saturation temperature and the local wall tempegafs reported in equation (3-1) where
zis the axial position along the minichannel.

q'(2) (3-11)

HTC (Z) - tsat(z) - twall(z)

These parameters can be determined from the measate of refrigerant, wall and

water temperature along the measuring section fsgere 3.6). As the local wall

temperature is directly measured at a certain gaaition, the corresponding value of
heat flux and saturation temperature should bendéfiThe local heat flux is calculated
from the water temperature profile in the measusecfion (equation (3-111)).
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1 dtwee(2) (3-111)
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Figure 3.6. Refrigerant, wall and water temperature measurements during condensation of
R1234ze(E) at 40°C saturation temperature and 400gkm® s* mass velocity along the measuring
section. The empty points represent the standard d@tions of wall and water measurements.

In order to obtain the local heat flux, a propeteipolating function of the measured
water temperatures along the measuring sectieyisned. First, the number of the water
temperatures detected in the actual measuringseictibe considered in data reduction is
decided. As condensation is the process under tigagien, the last employed
temperature datum on the water side is the first @nwhich the thermodynamic vapor
guality becomes negative. By considering the caagiemn of energy in the measuring
section, the coolant temperature change is direafigyociated to the corresponding
enthalpy variation of the refrigerant, so the thedynamic vapor quality correspondent
to thej-th thermocouple placed in the water flows can beutaled according to equation
(3-1V)

_ mwat,MS
Xj = XinMs —

—wabt?> (3-1V)
Mye f hLV

Cpwat (twat,out - twat.j)

Afterwards, three possible interpolating equatiaresconsidered in the following order of
preference to minimize the uncertainty of heat dfan coefficients: a second order
polynomial, an exponential equation with three peeters and a third order polynomial:
in fact, the greater the number of parametershidiger the experimental uncertainty. The
exponential function is expressed as:
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twar(z) =ag+a,e @ (3-V)

The equation parameters are calculated by meatieedéast square method. Given the
observed water temperature trends during condemsatihigher number of parameters is
not required for the present interpolations.

In statistics, the coefficients of determinati@rsquare K) and adjusted R squarBa(’)

are utilized to assess the fitting procedure (Raysgiet al.[52]). Unlike R, Radj2 increases
with the number of parameters of the fitting equatonly if the new term improves
significantly the model. Thus, Igt andy, be two functions that are one after the other in
the aforementioned order of preference: in thegmiedata reduction, by convention,
would be the chosen fitting if the following coridit is satisfied:

|RZ4;(v1) — R24;(2)| < 0.0035 (3-VI)

Besides, the fitting function emerging from thepoas statistical criterion has to satisfy
a second criterion based on the experimental wiogyt Specifically, the calculated
values of the water temperatures have to be witlérexpanded experimental uncertainty
of the corresponding thermocouple readings andaddition, at least 68% of the
calculated values has be within £ 0.03°C of theaesponding measured values. If this
checking test fails, the next fitting equation lre torder of preference will be considered
and verified. Finally, in order to assure the aacyrand repeatability of the results, the
heat transfer coefficients has to result insersitovthe method of interpolation, that is to
say that the variation in heat transfer coeffigamsing the fitting equation that meets the
conditions of the statistical and uncertainty criteand the next admissible equation in
the order of preference should be within the expental uncertainty. If the third order
polynomial interpolates the data in the best whg, gensitivity analysis is performed by
comparison with the fourth order polynomial fitting

Once the interpolating equation for the water terafpee is established, the local heat
flux can be defined along the channel. Actuallgnirthe measurements of the local wall
temperatures along the measuring section, it isiplesto calculate the contribution of the
axial conduction in the copper wall from an enébglance and to correct the value of the
heat flux calculated from equation (3-111). Thisrxtion term has found to be higher
than 5% only at the inlet of the measuring sectutven working at low mass velocities.
Given the fitting function of the water temperasjrthe vapor quality can be calculated at
any axial coordinate along the tube (equation (3-VII))

_ Myat,MS
x(z) - xin,MS - h
mref LV

Cpwat (twat,out — twat (Z)) (3-Vi)

The saturation temperature is obtained from theeslbf the pressure measured in the
adiabatic segments only at the inlet and outleeath part of the measuring section.
Along the measuring section, the saturation tempegads obtained from the calculation

of the local pressure, taking into account the plhase flow regime condition and the

geometry of the test section between the pressuts ppstream and downstream of the
measuring section (see Figure 3.7). Thus, the atiatu of the local pressure of the

refrigerant is iterative and includes the followitegms: the frictional pressure drop in the
stainless steel adiabatic sectors, the frictiomalsgure drop in the copper measuring
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section, the pressure variations due to the crestios geometry changes and the
pressure recovery due to momentum variation duwamglensation.

pressure ports
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Figure 3.7.Geometry of the test section between tipgessure ports located upstream and downstream
the measuring section. The abrupt geometry changdsetween the stainless steel segments and the
copper minichannel are highlighted in circles.

The Del Colet al. [4] model is taken for frictional pressure dropakation, while the
pressure variation due to momentum is expressedpasted in Cavallinet al. [20], the
Paliwoda equation [53] is employed for the evaluatof the pressure drops for abrupt
geometry changes under two-phase flow conditionfandulae reported in Idelchik [54]
are adopted to calculate the pressure drop acrassdden contraction if subcooled
refrigerant exits the test section. The resultingspure gradient is finally multiplied by a
corrective factor in order to match the pressureasueement at the outlet of the
measuring section.

3.4.2 Uncertainty analysis

In the condensation test runs, each measured guéetnperature, pressure, mass flow
rate) is read and recorded 50 times with a tim@ st 1 s. All the readings are
independent observations of the quantity underiséime condition of measurement, thus
the mean value is the best expected value of tlegtsored quantity and the standard
deviation of the mean represents its Type A stahdacertaintyus, according to the ISO
Guide to the Expression of Uncertainty in Measunein(d?7]. The Type B standard
uncertaintyus for each measured quantity, on the other handyetefrom calibration
certificates or manufacturers’ specifications. Widierence to the instrument employed
during the tests carried out in at the Two-Phasat Heansfer Lab at the University of
Padova, the Type B experimental uncertainties @intleasured parameters with a level of
confidence of 95.45% where not differently spedifage reported in Table 3-a.

The combined standard uncertaintyof a measured parameteresult from the Type A
and Type B components according to equation (3}VIII

Uc = \/uA(g)Z +ug(6)2 (3-VI)

When a searched parameteiis not directly measured but it can be expressed a

function F of uncorrelated measured input quantitigsd,, ...,0y, as in the case of heat
transfer coefficient or thermodynamic vapor quality combined standard uncertainty is
determined from equation (3-1X).

55



2

oF -
u® = | (55) uc6? e

N
i=1

Table 3-a. Type B uncertainty of measured parametet

Temperature +0.05 °C
Temperature difference (with thermopile) + 0.03 °C

Water flow rate in inlet condition setter  + 0.2 % at 10 kg
Water flow rate in measuring section +0.14 % at 10 kg'h

Refrigerant flow rate +0.2% at 2 kg i

Absolute pressure + 5 kPa (level of confidence: 99.7%)
Pressure difference (greater than 1 kPa) + 0.12 kPa (level of confidence: 99.7%)
Pressure difference (below 1 kPa) + 0.1% (level con confidence 99.7%)

According to equation (3-1) and equation (3-llEhe function describing the local
condensation heat transfer coefficient is:

, dt, ]
HTC(Z) =F (tsat: twall: mwat,MS:dLZa: dh) (3 X)

In the present technique, because of the geométtlzgeowater channel, the dominant
thermal resistance during the condensing processnighe refrigerant side and the
saturation to wall temperature difference remaimsva 10° C. This aspect is favourable
to the reduction of the experimental uncertaintyoasmted to the determination of the
heat transfer coefficient. As mentioned above, avthike local wall temperature is directly
measured, the local saturation temperature is attonby an iterative procedure which
implements several models in order to account fer pressure drop due to friction,
abrupt geometry changes and momentum variationsé&tuently, in this work, it has
been considered appropriate to calculate the expetal combined uncertainty for the
local saturation temperature from a linear comhbamabf the experimental combined
uncertainty of the inlet and outlet saturation temagure, derived from the pressure
measurements. The uncertainty of a saturation teahpe derived by a pressure
measurement is determined by the difference betweeralue of saturation temperature
at the measured pressyr@and the value of saturation temperature at a pressqual to
p+uc(p) (equations (3-XI) and (3-XI1)).

Uc (tsat,in MS) = tsat,in Ms (pin,MS) — tsat,in Ms (pin,MS + uc (pin,MS)) (3-X1)
Uc (tsat,out MS) = tsat,out MS(pout,MS) - tsat,out MS (pout,MS + Uc (pout,MS)) (3-X“)

Equation (3-XIll) sets out the expression assunwedte uncertainty of local saturation
temperature:

uC(tsat(Z)) = \/(1 - LLMS>2 (uC(tsat,in MS))2 + (LLMS)Z (u(:(tsat,out MS))2 (3_XI“)
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The other main uncertainty terms are associatéigetovater mass flow rate, the hydraulic
diameter and water temperature gradient. In tima water temperature gradient depends
on the operating conditions, mainly mass flux arapor quality, yielding higher
uncertainty at lower mass flux. The procedure b@st been implemented for determining
the uncertainty related to the water temperatuealignt is the weighted least square
(WLS)regression method (Prestsal. [55]).

As described in section 3.4.1, for each test riumation of the axial position z has been
determined to fit the water temperature along tle@asuaring section. The fitting function
has been chosen among a second order polynomiax@onential function or a third
order polynomial. Whatever the fitting functignz), its M+1 coefficientsay, ..., a, are
defined in order to minimize the merit figyre

Leti varies from 1 tanTC, that is the number of water thermocouples comediéor the
data reduction as described in section 3.4.1 antlde be the measured values read by
thei-th water thermocouple located at an axial coordigatdencey(z) is the calculated
water temperature at the axial positmmising the fitting function and the merit figyre

is defined as:

2 _ 2 [twat,i -y@)]| (3-XIV)

Uc (twat,i)

The minimum of the merit figure occurs where itsrivbgives with respect to all
parameters of the fitting functioa, ..., a4 are equal to zero. This condition yields the
following matrix equation:

(ATA)a=ATb (3-XV)

whereA is anTC x (M+1) matrix whose elements are obtained as reportedjiration
(3-XVI);

dy
(')aj_l (3-XV|)
Uc (twat,i)

b is a vector o TC constant terms defined as the ratio between thervi@mperature
measured at thieth location and the correspondent uncertainty:

twati )
p, = | —wati__ (3-XVII)
' <uc(twat,i)

and finally a is the vector of the M+1) coefficients of the fitting equation. The
covariance matrixC, defined according to equation (3-XVIII), is clbseelated to the
standard uncertainty of the paramet®ys..., as: the diagonal elemen€; are the square
uncertainties of the fitted parametexs ..., ai, while the off-diagonal elementy are
the covariances between the estimated coefficagisda,, dubbed coy, a).
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c=(AT-A)" (3-XVIIl)

The elements of the covariance mat@ixare useful to calculate the uncertainty related to
the water temperature gradient by applying the édwpropagation of uncertainty for
correlated input quantities (equation (3-XIX)).this calculation, the coefficiem is not
present, as it is a constant term in the water égatpre fitting functiory(z).

dy(@)\\* _ dy(2) dy(2)
et (520N S 3 (208

—~ =1 j=it1 J

(3-XIX)

As reported in Del Cokt al. [50], the effect of the uncertainty in the therroople
location has also been investigated and it wasddarbe negligible as compared to the
uncertainty due to the temperature readings. Asvas done for the heat transfer
coefficient, the experimental uncertainty is alpedfied for the vapor quality, which is
described along the test section by the followungction:

x(Z) = F(xin: mwat,MS: Cp,wat: twat,out MS» twat (Z): mref: hLV) (3_XX)

The uncertainty of the latent heat of condensati®nvell as the uncertainty of the water
isobaric specific heat are neglected. The unceytaihthe water temperature at the axial
location z is calculated applying the law of progémn of uncertainty for correlated
input, according to the chosen fitting function.

The expanded uncertainty for a given quantity isioled considering a coverage factor
equal to 2 and thus a level of confidence of 95.45%

3.4.3 Experimental results and comparison against cotretss of propane

The local heat transfer coefficient has been measduring condensation of propane
(R290). The experiments have been performed oweetttire range of vapor quality at
mass velocity ranging from 100 kg“ms® up to 1000 kg m s® and saturation
temperature between 40°C and 41°C, correspondeat gaturation pressure between
1369 kPa and 1401 kPa. The refrigerant entersetgtesection as superheated vapor at a
temperature ranging between 50°C and 60°C. Theplaienset of the experimental heat
transfer coefficients measured during condensasigiotted in Figure 3.8 versus vapor
quality with the corresponding error bands. Eacimtpim the diagram is associated to a
wall temperature reading. The first and the lastpgerature readings in the wall may be
affected to axial boundary effect, therefore they ot considered in the calculation of
the heat transfer coefficient. As expected for édracconvective condensation inside
conventional pipes, the heat transfer coefficientreases with mass velocity and with
vapor quality. This fact suggests that in thesekwgr conditions, the condensation
process inside the single circular minichannel nbesttominated by the shear stress.
From these experimental results, propane provdsetoeery attractive as refrigerant for
condensation heat transfer inside minichannels:hte transfer coefficient is up to 20
kW m? K™ and the local heat flux is up to 230 kWPrat 1000 kg rif s* mass velocity
(see Figure 3.9).
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Figure 3.8. Experimental local condensation heat émsfer coefficient (HTC) versus vapor quality
with the corresponding error bands for propane at 4°C and at mass velocitie& ranging from 100
kg m?s' to 1000 kg n¥ s™.
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Figure 3.9. Local heat flux versus vapor quality masured during condensation of propane at 40°C
and at different mass velocitie$s [kg m? sY.

In agreement with the error analysis reported ] for the present test section, at high
mass velocity the percent expanded uncertainty ezt lransfer coefficient is rather
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constant in the entire vapor quality range, whilédoaw mass velocities, it has the same
trend of the relative uncertainty of heat flux ang higher at the ends of the measuring
section and lower in the centre. As reported inuf@g3.10, at mass velocities, higher than
400 kg nt s*, the heat transfer coefficient expanded uncegtdibelow +4%, while at
the lowest mass velocit@s(= 100 kg nf sY) it ranges between +5% and +12%.

As regards the vapor quality, the expanded expeatahels within +0.01 at mass
velocities higher than 400 kg fs*, whereas it ranges within +0.02 at G=200 kg sh
Yand within +0.04 at G=100 kg fns®. For each mass velocity, using the method
described in section 3.4.1, the function interpotathe water temperatures along the
measuring section resulted to be a second ordgnqaiial.
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Figure 3.10. Calculated percents (in absolute valyi®f experimental expanded uncertainty of propane
condensation heat transfer coefficients versus vapquality for all the tested mass velocitie$s [kg m™
-1

s

Experimental results have been compared againse throdels available in the open
literature and developed for condensation heastesrtoefficient predictions.

The first correlation is the one by Cavallet al. [28]., which has been developed for
condensation inside smooth channels with hydralidimeters higher or equal to 3 mm. It
was validated against experimental data relatagdts performed using HCFCs, HFCs,
hydrocarbons, carbon dioxide, ammonia and wateithEBtmore, this correlation proved
effective in the prediction of condensation heansfer coefficient in the present test
section, as reported in [51], [56] and [57]. Itaksccounts for the transition fromir-
independent talT-dependent region, whertl is the saturation minus wall temperature
difference. All the data points collected for propaat mass velocity higher or equal to
100 kg n¥ s* lay in the4T independent region and may be predicted by usimpdel
for annular flow condensation. Figure 3.11 reptitss comparison between experimental
heat transfer coefficients versus predicted vahyessing the correlation by Cavalliet
al.: the propane data are well predicted by this tatiom, which is able to catch the
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experimental trend. In particular, the average @& ez is equal to +7.7% and the
standard deviatioay results equal to 8.5%.
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Figure 3.11. Comparison between measurements andlcalated heat transfer coefficients (HTC) by
Cavallini et al.[28] during condensation of propane at 40°C and atifferent mass velocitiesG [kg m™
-1

s7].

The second model used in the present comparisthe isne by Moseet al [29], which
was initially developed for the condensation ofdgainated fluids and mixtures inside
conventional smooth pipes with internal diametersmall as 3.14 mm and modified by
using the Zhang and Webb method [3] for pressusp dalculation inside small diameter
channels. This correlation also proved to work weth different fluids in the present test
section [51], [56].

The comparison between experimental values andgbiets is depicted in Figure 3.12:
even if the model by Moset al. extended to the minichannel geometries with thengh
and Webb pressure drop correlation has never bakgated against hydrocarbons, it is
able to predict almost all experimental data withib0% band, except some points at low
vapor quality and low mass velocity. In this cade average deviatioer is equal to
+5.2% and the standard deviatiggresults equal to 7.6%.

The third considered correlation is by Shah [3Dhas been developed considering the
condensation process inside tubes in a range oablyd diameters from 2 mm to 49 mm,
in horizontal, vertical and downward inclined oteions. Afterwards, the author has
proved that the use of this correlation can bereldd to diameters as small as 0.49 mm
[58]. Moreover, the Shah correlation has been atdid against experimental data of
many refrigerants, including CFCs, HCFCs, HFCs,ewabrganics and hydrocarbons.
Among the two regimes identified by Shah in his kyall the present experimental data
for propane fall in Regime I.

This model clearly overestimates the heat transbefficient of propane in the present
test section and for the considered working cood#j as depicted in Figure 3.13; the
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average deviatiomy is equal to +31.8% and the standard deviatigmesults equal to
10.3%.

25
| |oG1000
[ |#G800
20 |@G600
T [ |@mcaoo
Tt [ |¢G200
_§15 | | ®@G100
O
'_
I
0
Y10
©)
[a)
L
e
o
5

0||||||||||||||||||||||||

0 5 10 15 20 25
EXPERIMENTAL HTC [kW m -2K-1]

Figure 3.12. Comparison between measurements andlcalated heat transfer coefficients (HTC) by
Moser et al. [29] modified by Zhang and Webb [3] during condenstion of propane at 40°C and at
different mass velocitiesG [kg m? s].
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Figure 3.13. Comparison between measurements andlcalated heat transfer coefficients (HTC) by
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3.4.4 Experimental results and comparison against cotretes of R1234ze(E)

The condensation heat transfer test runs for RI{Eare performed with mass velocity
ranging from 100 kg i s*to 800 kg nif s at saturation temperature between 39.5°C
and 41.5°C, corresponding to a saturation predsetween 756 kPa and 798 kPa. The
refrigerant enters the test section as superheaigor at a temperature ranging between
56°C and 63°C.

The measured experimental condensation heat tracwdfficient is plotted against vapor
quality in Figure 3.14 with the relative error banthe heat transfer coefficient increases
with vapor quality and mass velocity above 200 kg st suggesting a shear stress
dominated heat transfer while it does not varyificantly in the working range between
150 kg n¥ s and 100 kg i s*. This may indicate that at low mass velocities shear
stress is not the dominating mechanism during cosateon, but it can be supposed a
major effect of gravity and a different flow regineé the liquid film, from turbulent to
laminar. In Figure 3.15, the measured local heateft are reported against the vapor
quality.

As shown in Figure 3.16,the expanded experimentaledainty in percent for heat
transfer coefficient is below 6% at 600 k&' and at 800 kg fis?, while it is between
10 % and 3% at 400 kg ms®. At lower mass velocity, the expanded experimental
uncertainty is lower than 12%.
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Figure 3.14.Experimental local condensation heat émsfer coefficient versus vapor quality with the
corresponding error bands for R1234ze(E) at 40°C ahat mass velocitie$s ranging from 100 kg ni?
s' to 800 kg m* s™.
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40°C and at different mass velocitie§ [kg m? s].

From Figure 3.16, higher values of the percent tairgy have been found at 150 k¢fm
s and 135 kg i s* as compared to the values obtained at 120 kgtand 100 kg

s™. This can be explained making two consideratiéisnass velocity lower than 200 kg
m? s, the condensation process is no more dominatetebghear stress and generally a
second order polynomial could not catch well theaewaemperature trend in the entire
measuring section. At the outlet of the measurewisn, when operating with low mass
velocities (120 kg M s* and 100 kg i s%), the refrigerant exits as slightly subcooled
liquid and the condensation process finishes infide measuring section, so no heat
transfer coefficient is calculated in this part thie minichannel. Furthermore, as a
consequence of the previous observations, the nuailveater thermocouples employed
in the data reduction at 120 kg“rs* and 100 kg M s is lesser that that related to the
data sets at 135 kg fns® and 150 kg M s. Thus, different interpolating functions
comes out from the procedure described in 3.4.158tkg nt s* and 135 kg M s* a
third order polynomial has been used while at 1@®¥ s* and 100 kg M s* a second
order polynomial is good enough to satisfy thed@a criteria.

The expanded experimental uncertainty for vapotityuia within + 0.01 at 800 kg ifis*
and within + 0.04 at 100 kg fs™.

During the condensation tests with the halogenatefin R1234ze(E), an investigation
on the effect of the water temperature at the imieheasuring section on the heat transfer
coefficient has been performed. At a constant mekscity of 200 kg rif s?, the water
temperature has been gradually incremented fro@f@1to 30°C. These variations of the
water temperature imply a change of the wall tempee.

The results (Figure 3.17) show that the differeimcheat transfer coefficients calculated
with water entering at different temperatures, thith refrigerant entering at different
vapor qualities, is within the experimental uncetia Thus, one can conclude that the
water inlet condition and the inlet vapor qualitgvk no effect on the calculated heat
transfer coefficients. These results reconfirm téarks on the non-sensitivity of the
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heat transfer coefficient to water conditions ia thork by Matkovicet al. [51] and once
again can be regarded as an additional assessitbetexperimental technique.
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Figure 3.16. Calculated percents in absolute valuesf experimental expanded uncertainty of
R1234ze(E) condensation heat transfer coefficien(sl TC) versus vapor quality for all the tested mass
velocitiesG [kg m? s].
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In Figure 3.18, the present database is comparamhsighe model by Cavalliret al.
[28]. The experimental point at mass velocity higtrein 200 kg M s* are included in
the AT-independent region, while the experimental poirgtated to the following
working conditions lie in thaT-dependent region:

« 150 kg n¥ s*mass velocity and vapor quality lower ttags;

« 135 kg n? s'and 120 kg i s* mass velocities and vapor quality lower

than 0,4;

« 100 kg ¥ s* mass velocity in the entire range of vapor quality
From the comparison, on the whole, it can be seaihthe collected data for R1234ze(E)
are well predicted by the model: the average dewiabetween experiments and
predictionser is -10.3% and the standard deviatignis 8.5 %. Only some data at vapor
quality below 0.1 are not predicted within £30%¢ Ilis is most probably due to the
different flow regime that one would expect on sucperating conditions in a
minichannel as compared to a conventional channel.
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Figure 3.18. Comparison between measurements andlcalated heat transfer coefficients (HTC) by

Cavallini et al [28] during condensation of R1234ze(E) at 40° analt different mass velocitiesG [kg
2 1

m*s-].

The second comparison is shown in Figure 3.19, eviibe predicted heat transfer
coefficients are calculated using the model by Moske al. [29] applied with the

correlation by Zhang and Webb [3] for pressure dropmall diameters channels. This
correlation tends to underestimate the heat tramsfefficient and the major percentage
deviations are found at low mass velocities propalkelcause here the working conditions
are out of the validation range of the model, whghmited to the annular flow regime
(er = -10.8%,0n = 8.7 %.). Finally, the correlation by Shah [30jecestimates the

experimental data at mass velocities higher thankgom? s* and tends to underestimate
the heat transfer coefficients at mass velocitipsta 200 kg nf s* (Figure 3.20),

nevertheless all the collected points lie in thewflregime dubbed Regime I. As a
consequence, the average deviation is very lew=( 1.45%), but the high standard
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deviation 6y = 15.3 %.) indicates that this model is not ablecatch the trend of the
experimental data.
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Figure 3.19. Comparison between measurements andlcalated heat transfer coefficients (HTC) by
by Moser et al.[29] modified by Zhang and Webb [3] during condenstion of R1234ze(E) at 40° and
at different mass velocitiess [kg m? sY.
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3.5 Flow boiling tests
3.5.1 Data reduction

During flow boiling tests, the refrigerant is sltghheated up in the tube-in-tube heat
exchanger and in the inlet condition setter, théewanass flow rate and its inlet
temperature are set so that the refrigerant efitersneasuring section as a liquid with
few degrees of subcooling ( 2°C -5 °C). Thus, the/fboiling process occurs only in the
measuring section, where the inlet water tempegagimncreased until the trigger of the
vaporization. For all the tested refrigerants, dauration temperature is 31°C. At
constant mass velocity, inlet temperature and afatur temperature of the working
refrigerant, the test runs have been performetlificseasing the water temperature at the
inlet of the measuring section and then decreasimgthe first case, the raise of the inlet
water temperature leads to an increase of thetwakturation temperature difference and
of the heat flux. This procedure allows to obsefven hysteresis can be found in the
boiling curve. If not otherwise specified, all tegperimental points reported in this
section are taken decreasing the water temperatuga all the nucleation sites have been
activated.

The peculiarity of the present tests is that, ia theasuring section, the refrigerant
vaporizes by heat transferring with hot water, tthesheat flux is not imposed.

Two different situations have been observed dutiregflow boiling of each refrigerant,
as reported in the following charts.
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Figure 3.21.Water, wall and saturation temperatureduring the boiling process of R1234ze(E) at 31°C
in the 0.96 mm diameter channel atG = 300 kg n s*. The big square dots represent the standard
deviation of the wall temperature measurements.
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Figure 3.21 shows the refrigerant, wall and wagengerature measurements along the
measuring section during flow boiling of the halogted olefin R1234ze(E) at 31°C and
at a mass velocitg of 300 kg nf s*.

In this test run, the refrigerant enters the meagugection at a saturation temperature of
31°C with 3°C of subcooling. The saturation tempees refer to the pressure measured
upstream and downstream the measuring sectiomefaxit, the saturation temperature is
decreased due to pressure drop. The water entengtlie opposite end of the test tube at
34.3°C and its temperature decreases due to theraesfer to the boiling refrigerant. As
the vaporization proceeds, the wall temperatureeases uniformly up to the end of the
test section and the refrigerant exits as saturapdr.

Figure 3.21 also shows the standard deviationefémperature measurements in the
wall: the limited deviations prove that no dryogtars in the channel according to the
consideration of Del Col and Bortolin [59].

In some of the test runs, the refrigerant exitsuggerheated vapor or saturated vapor with
guality close to one. In this case, the heat fhoreases with vapor quality in the channel
up to a certain point, where the wall starts toujsyand the wall temperature deviates
from its trend to approach the water temperatussa example,

Figure 3.22 depicts the refrigerant, wall and wtenperature measurements along the
measuring section during flow boiling of propanéat 400 kg nf s™.
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Figure 3.22. Water, wall, refrigerant, saturation tmperature and standard deviation of the wall
temperature measurements during a flow boiling proess of propane in the 0.96 mm diameter
channel at 31°C saturation temperature and5=400 kg m? s* mass velocity.

The refrigerant enters the measuring section wigh°Z subcooling and exits the test
section with 1.2 °C superheating while the sataratemperature between the pressure
ports decreases 1.4 °C due to pressure drop. Ttex l@w is in countercurrent with an
inlet temperature equal to 42.8°C and cools to atlebtemperature of 37.2°C as it
transfers heat to the boiling refrigerant. As relgathe wall temperature, it increases
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uniformly as the vaporization proceeds up to th&tagice of 180 mm, than a sudden
change occurs with a sensible diminishing in thiéedince between water and wall
temperature. In the last part of the channel, ténsperature difference approaches zero,
revealing an abrupt decrease in the heat tranetdficient on the refrigerant side. At the
same distance, the standard deviation trend of wealperature readings shows a clear
maximum. These trends are related to the dryothefiquid film on the internal surface
of the minichannel and the temperature fluctuai®rthe symptom of an oscillating
drying process of the film at the wall [59]. Alléhdata points reported in the present
section refer to boiling conditions before the dryoccurs.

The local heat transfer coefficient (HTC) inside thinichannel is obtained as the ratio of
heat fluxg'(z) to the wall to saturation temperature difference.

q'(2) (3-XXI)
twau (z) - tsat(2)

HTC (2) =

As previously mentioned, the wall temperature isasoeed by means of thermocouples
embedded in the copper tube. The local saturaBamperature is determined from the
calculation of the pressure profile along the clehnatarting from the pressure
measurements at the inlet of the measuring sectiorthis case, the implemented
correlations are the following: the equations byufchill [18] for the pressure drop
related to the subcooled liquid flow at the inlétlee tested minichannel under laminar or
turbulent flow condition, the formulae reported lgelchik [54] for the pressure drop
across the inlet expansion, the correlation by@al[4] for two-phase frictional pressure
drop, the Rohuani and Axelsson [60] model for tloédvfraction in boiling region to
compute the pressure variation due to momentunttaéaliwoda [53] equation for the
pressure drop across the outlet contraction under-phase flow condition. The
calculated pressure gradient is corrected by aiphia#tive empirical coefficient to match
the measured pressure drop along the measuringrsect

The local vapor quality calculation takes into aaaothe fact that the refrigerant enters
the measuring section as subcooled liquid and regjihe calculation of the local water
temperature at the axial positigraccording to equation (3-XXII):

mwat,MS Cp,wat (twat (Z) - twat,out) - mref (hL - hsub,in,MS)

x(z) = (3-XXiI)

mre f hLV

The specific enthalpy of the subcooled refrigelianietermined from the inlet pressure
and temperature measurements.

In order to obtain the local heat transfer coeéiiti(equation (3-XXI)) the local heat flux
g’(z) is also needed. Two different procedures denosechethod 1 and method 2 have
been implemented: in the first method the localthidax is determined from the
temperature profile of the water along the meagusection; as in the condensation tests;
in the second method the heat flux is obtained fermestimation of the water heat
transfer coefficient.

Whichever the method, the local heat flux is cagedcaccounting for the axial thermal
conduction arisen from the wall temperature pradihel the heat losses to the surrounding
environment, which have been evaluated during Engireary calibration
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3.5.2 Determination of the local heat flux

3.5.2.1 Method 1

The local heat fluxq'(z) is indirectly determined from the temperature peodf the
coolant in the measuring section, as it is propogi to the derivative of the distilled
water temperature with respect to the axial pasitioThis procedure is very similar to
that implemented in the condensation test runs.

! . 1 dt t(Z)
q'(2) = Myatms Cpwat Tl,'_dh% (3-XXII)

A polynomial function is used to interpolate theteratemperature profile along the
channel and the polynomial coefficients are deteeatiusing the least square method.
Two independent criteria (as reported in Del €bhl. [61]) have been adopted for the
determination of the fitting polynomial degree dfetwater temperature along the
channel. The first criterion derives from physi@nsiderations. It is based on the
assumption that the values of the water tempermstcaéculated by the fitting equation
should be within the experimental uncertaintiesh&f measured quantities and at least
68% of the predicted values should be within +0M@3Yith respect to the experimental
values. In the second criterion, a statistical apph is taken into account: the coefficient
of determinationR square ) is adjusted on the basis of residual degree eddom,
leading the definition of the adjust®&Isquare Radjz) coefficient [52]. In most of the test
cases, the two methods have given the same in&iguolpolynomial function, in any
case, the values of heat transfer coefficients Haeen considered only when the
disagreement between the values provided by thentethods is within the expanded
experimental uncertainty. The weak point of thehmdtl is the inapplicability in cases
when dryout occurs. In fact, after the dryout tagkexe, the wall temperature approaches
the water temperature as a consequence of an atdegptase of the refrigerant heat
transfer coefficient due to the presence of vaportlee internal wall surface. In this
situation, the water temperature exhibits a trdrat tannot be described properly by a
simple fitting equation, making this procedure rediable.

3.5.2.2 Method 2

Differently from the previous approach, this methsdiesired to be independent on the
choice of the polynomial degree that interpolates frofile of water temperature during
the flow boiling tests.

This procedure aims at computing the heat flux diyneating the single-phase convective
heat transfer coefficient on the water side. Sitiee water flows through the complex
external path from one groove to the following omés very difficult to define the flow
regime. In this work, the heat transfer coefficietorrelated to the Reynolds number
and the Prandtl number of the water by means oftdBoelter type relationship. It
should be noticed that the tortuous external wadth cannot lead to a unique definition
of the Reynolds number. The Reynolds number is tlafimed with reference to a cross
section connecting a groove to the following oranglthe water path, with an area equal
to 6.510° m? and a hydraulic diameter equal to 0.003 m (sechioh or B-B in Figure
3.3). With these premises, at each wall thermo@upbsition, a Dittus-Boelter
correlation has been developed in the form of eqng8-XXIV).
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0.11
Nu = C Re™ pr033 (L) (3-XXIV)
Hwall

In order to determine the constaft@ndm, condensation test runs have been performed
with R1234ze(E) varying the water mass flow ratd #re water inlet temperature. The
local heat flux as well as the local water tempemhave been calculated applying the
first method. During these condensation testsntlass velocity of refrigerant has been
kept at values higher than 400 kg?rs®, hence the experimental uncertainty on the
calculated heat flux is quite low, because a seavddr polynomial equation was always
sufficient to obtain a good fitting of the watemiperature according to the selection
criteria. The refrigerant used during these condims tests is irrelevant with respect to
the investigation of the heat transfer in forcedhartion on the water side. The
experimental water heat transfer coefficient isedained dividing the local heat flux by
the local wall-to-water temperature difference imrrespondence to each wall
thermocouple position.

The considered Dittus-Boelter type relationship pesved to fit well the experimental
data and the parameté&Zsandm have been found for each wall thermocouple posibip
linearizing the nonlinear problem according to doum(3-XXV) and applying the least
square method.

In Nu = In(C) + min(Re) (3-XXV)

Pr->3 (Ilvfazl)all

After the equations of water side heat transferffcoent are determined, the new
procedure can be used to evaluate the heat fluxglypropane and R1234ze(E) flow
boiling tests. In fact, in each vaporization tékg water mass flow rate is measured by
means of a Coriolis mass flow meter: thus, in coajion with the water temperature
measurements, it is possible to calculate the wiiEmmodynamic properties and the
Reynolds number. The Nusselt number and the waterh®at transfer coefficient will be
computed through the proper Dittus-Boelter typeradation. Hence, the local heat flux
on the water sidg’(z) will be determined by multiplying the water sideah transfer
coefficienta,(z) by the temperature difference between the wateitiza wall.

q'(z) = HTCWat(Z)(twat(Z) - twall (Z)) (3'XXV|)

When using this procedure, the water temperatutieeagixial positiorz can be estimated
from a linear interpolation of the two nearest watieermocouples readings with a
negligible error. The method 2 can be applied toutate the quality, the heat transfer
coefficient and local heat flux even at the ongehe dryout.

3.5.3 Uncertainty analysis

The uncertainty analysis has been conducted acagprth the ISO Guide to the
Expression of Uncertainty in Measurement [17] usihg same method described for
condensation tests. As describe in section 3.4.@rder to find the uncertainty of the heat
flux defined with the method 1, the uncertaintyatetl to the polynomial fitting

coefficients must be known. On the other side, wiagplying the method 2, the
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calculation of the uncertainty associated with esgion parameter€ and m of each
correlation corresponding to a wall thermocoupléalaposition is required and it is
obtained as illustrated below.

Equation (3-XXV) expresses a fitting model thatlnly depends on the paramete(€hn
andm, thus the covariance matrix obtained applyingwieeghted least square regression
method is exact. For the sake of simplicity, leuapn (3-XXV) be written in the
following form:

9 =1n(C) + m® (3-XXVII)

The related covariance matri@ (equation (3-XXVIII) is directly associated to the
uncertainty of the fitting parameters: in this gase diagonal terms represent the square
uncertainty ofln(C) and m respectively, while its off diagonal terms corresgpdo the
covariance between the fitting parameta(€) andm.

_Lo_x
C [uz @ (37)} (3-XXVIII)
- 2
X X
Liz @ u? ()7)J

The uncertainty on the left side of equation (3-XK\s determined by the uncertainty in
the Nusselt number, which in turn depends on thpemental uncertainty on the heat
transfer coefficient on the water side. The experntal uncertainty on the thermo-
physical properties of the water are neglected. Nbe/relationship between the variance
of In(C) and the variance & is easily found from equation (3-XXIX):

dp(g))z (3-XXIX)

wA(F ) = w2(0) (-

Finally, the relationship between the covariancenandC and the covariance of and
In(C) can be found applying the law of propagation obrr to equation (3-XXVII)
considering two set of parameters. First, if thesidered parameters ameand C, the
variance ofy, that is the square uncertaintyyoan be expressed as:

1 X i
w? (@) = uw?(m)R? + u?(C) * oz T 2gcov(m, ) (3-XXX)

On the other hand, if the law of propagation obesris applying with respect to the
parametersn and I(C), the square uncertainty pis

u?() = u?(m)x? + u*(In (C)) + 2%cov(m,In (C)) (3-XXXI)

Equating the two expressions and considering egués-XXIX), it follows that:
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cov(m, C) = cov(m,In(C)) * C (3-XXXII)

A checking of this uncertainty analysis has beafop@ed by calculating the estimated
covariance matrix from the non linear model derifredn equation (3-XXIV) in the
form:

5= CRe™ (3-XXXIIN)

It has been proved that the two procedures giveséimee variances & andm and the
same covariance between these two parameters.

3.5.4 Experimental results and comparison against cotretes for propane

Flow boiling tests have been performed with propaineass velocities ranging from 100
kg m? s’ to 600 kg rif s* and at a saturation temperature of 31°C, whichesponds to

a saturation pressure of 1106 kPa. The presenstigation is not performed by using
electrical heating to promote the boiling heat ¢fan the heat is transferred to the
evaporating fluid by using a secondary circuitrashie case of automotive and domestic
air conditioning. In this way, the inlet tempera&sirand the mass flow rates of the two
fluids are imposed while the local heat flux resiutiom the testing conditions (it is a
dependent variable).

Two methods have been employed for the determimatiothe local heat flux: the
validation of the experimental technique for theestigation of the flow boiling heat
transfer process inside the circular minichannel ba performed comparing the heat
transfer coefficients obtained with each methodrduthe same test run. Hence, in Figure
3.23, two sets of data are plotted: they refeeso tuns at 300 kg fns* and 400 kg i s

! The error bands for each measured quantity grerted. In both cases, a satisfactory
agreement between results of method 1 and metl®éoband. On average, the expanded
experimental uncertainty of heat transfer coefficieith a level of confidence of 95% is
equal to 8.5% when the local heat flux is calcatéth method 1 and it is around 16.4%
when the method 2 is employed. Because of the loweertainty, the method 1, which is
based on the interpolation of the water temperattoecalculate the local heat flux, has
been chosen hereinafter to present the experimégatal On the other hand, as a result of
the present analysis, the method 2 has been \adidatd can be reliably use to study the
heat transfer process during dryout, as in thie tlas calculation of the local heat flux is
independent of the interpolation of water tempeesuIn Table 3-b, the expanded
uncertainty of vapor quality and heat transfer toeiht with a level of confidence of
95.45% is reported when using the method 1 in thie deduction for the tests with
propane.

Table 3-b. Experimental expanded uncertainty of vapr quality and heat transfer coefficient during
the flow boiling tests with propane

Heat transfer coefficient experimental uncertai@by 5%-16 %
Percent of data within = 12 % band of uncertainty 0%
Vapor quality experimental uncertainty ( - ) 0.00.82
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Figure 3.23. Comparison between the heat transferoefficients (HTC) obtained during the flow
boiling of propane using the two methods for heatlix determination. Left: data set atG =400 kg m?
s* mass velocity. Right: data set a6 =300 kg m? s* mass velocity.

Some results of the tests carried out by increaaimjthen decreasing the temperature of
the water entering the measuring section are regant the boiling curve in Figure 3.24.
The boiling curve refers to a flow boiling trial 800 kg n¥ s* and to a fixed axial
positionz = 166 mm. No hysteresis effect of the heat flunateon on the flow boiling
heat transfer coefficients has been found.
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Figure 3.24. Boiling curve for propane: data referto the temperature measurement at axial position
z=166 mm and mass velocity equal to 500 kg frs™.

Figure 3.25 depicts completely the test range d¢mmdi: the heat flux is plotted against
vapor quality for all the performed tests in thecglar minichannel: vapor quality varies
from 0.05 to 0.6, while the heat flux is compriseithin 10 kW m? and 315 kW m.
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Since in measuring section the refrigerant andwtaeer flow in countercurrent, most of
the experimental points at low vapor quality copesl to a low heat flux. In fact, at the
entrance of the minichannel, the difference betwden wall temperature and the
saturation temperature and the derivative of thee@mperature profile are lower than
at the exit.

The same database is graphed as heat transfeiceo#ff’/ersus heat flux in Figure 3.26,
where it is clear to see the dependence of thetraedfer coefficient on the heat flux: the
higher the heat flux, the higher the heat transtafficient. Moreover, given a heat flux,
the corresponding heat transfer coefficients lithimia narrow band, showing that they
weakly depend on other parameters, such mass ekl vapor quality. In addition, it
must be considered that the present minichannelahasugh internal surface. The
roughness of the surface is known to be importatité nucleation process as it is related
with the required superheat to activate the boilsitgs. Nevertheless, the role of the
surface roughness is not completely understoodchgreed in minichannel flow boiling.

In order to get some information on the effect @per quality, several series of
experimental heat transfer coefficients at a caristalue of mass velocity and heat flux
are considered and graphed in Figure 3.27 withrdlagive error bands. The heat transfer
coefficient decreases with vapor quality in all gets of data up to 0.25-0-3. At higher
values, the vapor quality seems to have a minecetin the heat transfer coefficient.
Furthermore, in Figure 3.28, the effect of mas®eigy is examined by filtering the data
at constant mass velocity and constant vapor quaht by depicting the heat transfer
coefficient versus heat flux. From the trends obserat 0.16 and 0.36 vapor quality, it is
plain to conclude that mass velocity has a nedkgibffect on the heat transfer
coefficient.
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Figure 3.25. Heat flux versus vapor quality for all the flow boiling test runs in the circular
minichannel with propane at different mass velocigsG [kg m? s'] and at a saturation temperature
of 31°C.
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The experimental database presented for propanbdmmssummed up in Table 3-c with
the ranges of some dimensionless parameters angacethagainst six models available
in the open literature: the models by Lazarek alatiB[62], by Kew and Cornwell [63],
two models by Choi and coworkers [12], [64], therelation by Sun and Mishima [65]
and the model by Bertsdt al.[66].

Table 3-c. Parameter ranges of the experimental dabase collected during propane flow boiling tests.

Data number 243

Working fluid propane
Hydraulic diameter 0.96 mm
Saturation temperature 31°C

Heat flux 10 - 315 kW nif
Vapor quality 0.05-0.6

Mass velocity 100 - 600 kg i s*
Bo 1.1810" - 1.61510°
Reao =G-dv/u. 1049-6382

We o= G dy /(p, 0) 3.16 - 116.84
Reo =G (1-x)dn /. 550-6030

Reyap= G xdy Iy 733-38710

1000 < Regg < 2000 or 1000 < Rgp < 2000 53 data (21.8%)
Co =d/[g(p- pv) Gn7] 1.27 -1.29

The correlation by Lazerek and Black [62] comesnfra study of saturated boiling of
R113 in a smooth stainless steels round tube witmiaer diameter of 0.315 cm where
both an upward and downward flow occurred. It whseoved that the saturated boiling
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heat transfer was strongly dependent on the h@atvthile vapor quality had a negligible
effect. Thus, the authors supposed that the cdinggghechanism of the heat transfer was
the nucleate boiling and proposed an expressidheoNusselt number as a function of
the liquid only Reynolds number and of the boilmgnber.

The comparison of the experimental data againsiptkdicted values by Lazarek and
Black [62] is shown in Figure 3.29.

The model developed for a vertical channel confijon underestimates the
experimental heat transfer coefficierdr € -28.6% ;on = 10.5%) and only 55% of the
data are captured within £30% error band.

Kew and Cornwell [63] performed boiling tests wiRil41b inside circular section
stainless steel channels with diameters of 1.39-8161. They observed that in 3.69 mm
and 2.87 mm tubes, the heat transfer coefficietteased with heat flux at low vapor
quality, while at higher qualities it was indepentef heat flux. In 1.39 mm tube, the
heat transfer coefficient fell rapidly with incré&ag vapor quality at high mass velocities.
Thus, they modified the Lazarek and Black [62] emumintroducing a vapor quality
related term. They concluded that the proposed tegquanust be refined for small
diameter channels, where they supposed that intemhlocal dryout occurs.

In Figure 3.30, the predicted heat transfer coiefficvalues by using Kew and Cornwell
[63] equation are plotted against the experimerdata, showing no significant
improvements as compared to the previous maget €26.2% ;on = 11.7%): it captures
only 64% of the data within £30%.
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Figure 3.29. Flow boiling experimental data with pppane compared against the model by Lazarek
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Figure 3.30. Flow boiling experimental data with pppane compared against the model by Kew and
Cornwell [63].

The model by Choet al. [64] was developed from the convective boiling hieahsfer
studies using R22, R134a and carbon dioxide atuaateon temperature of 10°C inside
horizontal stainless steel smooth minichannels witier diameters of 1.5 mm and 3 mm.
In their work, the mass velocity ranged between R§On? s* and 600 kg i s* while
the heat flux was between 10 kW?rand 40 kW rif. They noticed a strong dependence
of heat transfer coefficient on heat flux at lowpwa quality, with no effect of vapor
qguality and mass velocity, whereas at moderate hagld quality regions, heat transfer
coefficient increased with mass flux and vapor myalsing their data, the authors
submitted a new correlation based on the Chendgution with the following changes.
The nucleate boiling heat transfer coefficient iedicted by the Cooper [68] correlation
and new expressions are adopted to calculate theneament factor and the suppression
factor.
The comparison between calculated and experimeates is depicted in Figure 3.31:the
experimental trend is not well predicted, the agerdeviation iser = -4.4% and the
standard deviation is very highy = 19.9%.
In another work [12] ,Choi and coworkers proposecbaelation for flow boiling heat
transfer based on experimental tests with propankorizontal smooth stainless steel
channels having inner diameter of 1.5 mm and 3 inrtheir study, the heat flux ranged
within 5 kW m? and 20 kW rif, so it was considerably lower than the valuesinbthin
this work. The correlation has the same form of dhe proposed in [64] but different
definitions for enhancement and suppression faag@smplemented. On the whole, 190
experimental points collected in the present cacuhinichannel are within the range of
the model by Cheet al.[12]. and satisfy the following conditions:

* R <1000 orRg < 2000

* Ra;< 1000 orRe;< 2000
The comparison against the predicted values isrtegon Figure 3.32. The model by
Choiet al.[12] underestimates significantly the experimehtgat transfer coefficient, the
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average deviatioey results equal to -47.4% ;while the standard denady is 11.6%,
indicating that the model doesn’t catch the expental trend.

Sun and Mishima [65] considered a wide heat trarsdefficient database referred to the
boiling process in channels with diameter rangiragmf 0.21 mm to 6.5 mm of several
fluids, including 6 halogenated pure fluids, 3 lygpated mixtures, carbon dioxide and
water. Assuming that the nucleate boiling weredbminant mechanism, they perceived
that the heat transfer coefficient was much mopeddent on the Weber number than on
the vapor quality so they modified the Lazarek &hack [62] model by introducing the
Weber number for liquid phase.

As reported in Figure 3.33, even if the Sun andhivii® [65] correlation underestimates
the propane experimental data, it is the best ptiedi method, giving an average
deviationer = -13.3% and a standard deviatign = 7.2% and capturing over 99% of the
points within £30% error band.

A clear remark is that a significant underpredictiof the experimental heat transfer
coefficients obtained during the flow boiling ofgpane is found in all the considered
models. Similar trends were found for databaseectdd in the present circular
minichannels with R134a and R1234y61]). A possible explanation for such
disagreement could be the effect of the interndhse roughness of the minichannel that
is not accounted for in the correlations under aratron.
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Figure 3.31. Flow boiling experimental data with popane compared against the model by Cheit al.
[64].
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Figure 3.32. Flow boiling experimental data with popane compared against the model by Chait al.
[12].
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Figure 3.33. Flow boiling experimental data with pppane compared against the model by Sun and
Mishima [65].

In order to complete the considered models’ assessnthe database collected for
propane during flow boiling tests inside the ciezulinichannel is compared against the
model by Bertsclet al. [66]. They proposed a correlation in the form of the IC[&/]
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equation which define the flow boiling heat tramsteefficient as a weighted sum of
nucleate boiling and convective heat transfer tenvisle accounting for the effect of
bubble confinement and the surface roughness il smannels. It comes from a wide
database covering saturated flow boiling studied ®filuids ( CFCs, HCFCs, HFC, FC-
77, water, nitrogen) inside channels with diametens 0.16 mm to 2.92 mm. As of the
working condition, in their study the mass velociinged between 20 kgfs®* and 3000
kg m? s, the heat flux was between 0.4 kW?rand 115 kW rif and the saturation
temperature was within -194°C and 97°C.

The heat transfer coefficient are strongly undaregted by the Bertscht al. model, as
illustrated in Figure 3.34ek = -27.3 % ;on = 7.4%). Probably, the Bertsé&ht al. [66]
model should be use for low reduced pressure dondit
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Figure 3.34. Flow boiling experimental data with pppane compared against the model by Bertsabt
al. [66].

3.5.5 Experimental results and comparison against cotretes for R1234ze(E)

Flow boiling tests have been performed with R128&yeat mass velocity ranging
between 200 kg fhs' and 600 kg M s*, around 31 °C saturation temperature, in the
0.96 mm circular channel. During the test runsrigefant mass velocity and inlet
temperature can be controlled, while the heat Viarxes along the measuring section.

In order to assess the methods employed for tregrdetation of the local heat flux the
heat transfer coefficient obtained with each proceds plotted against the vapor quality
during the same test run. Two sets of data aréeplan

Figure 3.35, they refer to test runs at 300 kgghand 400 kg i3 s*. The error bands for
each measured quantity are reported. As for the thoiling tests with propane, a
satisfactory agreement between the results of rdethand method 2 is found and once
again this point validates the experimental techaidpere adopted. On average, the
expanded experimental uncertainty of heat trangefficient with a level of confidence
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of 95% is equal to 11% when the local heat fluxasculated with method 1 and it is
around 16.5% when the method 2 is employed. Thexetbe method 1, which is based
on the interpolation of the water temperaturesacudate the local heat flux, has been
chosen hereinafter to present the experimental. dataTable 3-d, the expanded
uncertainty of vapor quality and that of heat tfangoefficient with a 95.45% level of

confidence are reported when using the methodthidrdata reduction for the tests with
R1234ze(E).

Table 3-d. Experimental expanded uncertainty of vapr quality and heat transfer coefficient during
flow boiling of R1234ze(E).

Heat transfer coefficient experimental uncerta{fty 6% -18 %
Percent of data within + 13 % band of uncertainty 098
Vapor quality experimental uncertainty ( -) 0.02.65
30 [ 30
27 : © G400 method 1 27 B G300 method 1
24 0G400 method 2 24 0 G300 method 2
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Figure 3.35.Comparison between the heat transfer efficients (HTC) obtained during the flow
boiling of R1234ze(E) at 31°C using the two methoder heat flux determination. Left: data set atG =
400 kg m? s* mass velocity. Right: data set a6 =300 kg m? s* mass velocity.

At constant mass velocity and saturation tempesatsome test runs have been
performed by varying the inlet temperature of thegex in order to vary the heat flux, first
by increasing the temperature difference betwelen water and saturated refrigerant and
then by decreasing it. The related results areepted in form of boiling curve in Figure
3.36, referring to the temperature measurements fated axial positionz = 76 mm
during flow boiling tests at 400 kg frs* mass velocity. At the same vapor quality and
heat flux, the difference between the wall tempegetand the saturation temperature is
practically identical, showing no hysteresis effectthe heat transfer coefficient.

The experimental conditions during the flow boilisigidy with R1234ze(E) are depicted
in Figure 3.37, where the heat flux is plotted agavapor quality for all the performed
tests in the circular minichannel: vapor qualityiea from 0.05 to 0.7, while the heat
ranges within 10 kW fiand 165 kW . Since in measuring section the refrigerant and
the water flow in countercurrent, most of the expental points at low vapor quality
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display a low heat flux. In fact, at the inlet dfet measuring section, the difference
between the wall temperature and the saturatiorpeéesture and the derivative of the
water temperature profile are lower than at théetut
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Figure 3.36. Boiling curve for R1234ze(E). Data ref to the temperature measurement at axial
position z=76 mm and mass velocity equal to 400 kg frs™.
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temperature.
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The same database is graphed as heat transfeicergfi/ersus heat flux in Figure 3.38:
the present data points with R1234ze(E) show angtdependence of the heat transfer
coefficient on the heat flux. Moreover, given athibax, the corresponding heat transfer
coefficients lie within a band, showing that thegyrdepend on other parameters, such
mass velocity, vapor quality and internal roughnasghe investigated minichannel is not
smooth. The roughness of the surface is known tionpertant in the nucleation process
as it is related with the required superheat tovaie the boiling sites but further research
is needed to assess its role in the flow boilingcpss inside minichannels. From Figure
3.38, one can see that the heat transfer coefficiereases with heat flux. Nevertheless,
in order to discuss the effect of vapor quality amdss flux on the heat transfer
coefficient, an appropriate and different data pesing is required.

Hence, the effect of vapor quality on heat transfeefficient has been investigated by
processing data at almost constant heat flux arss walocity. In Figure 3.39 some data
sets with R1234ze(E) are reported with the cornedpg error bands and show that the
heat transfer coefficient decreases with vaporiguap to 0.2, then at higher qualities the
effect of vapor quality on the heat transfer cagdfit is negligible.

Furthermore, in order to study the effect of maasaity on the flow boiling heat transfer
coefficient, the experimental data have been psmmkst the same vapor quality and
grouped in data set at the same mass velocityh8wrs in Figure 3.40, at the same heat
flux and vapor quality, the heat transfer coefiiti@ariations due to changes in mass
velocity are within the expanded experimental utaiety, so no clear trends are
observed.
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Figure 3.38. Heat transfer coefficient (HTC) versuseat flux for all the flow boiling test runs in the

circular minichannel with R1234ze(E) at different mass velocitiesG [kg m? s'] and at 31°C
saturation temperature.
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The experimental database presented for R1234zef&)oeen compared against four
models available in the open literature: the mothgid azarek and Black [62], by Kew
and Cornwell [63], the models by Choi and coworlée, the correlation by Sun and
Mishima [65] and the model by Bertsat al. [66]. Table 3-e summarizes the test
conditions for the flow boiling study with R1234F(together with the range of the
dimensionless parameters included in the modedsbtiling numbeBo, the liquid only
Reynolds numbeRe o, the Weber number for the liquid phaske o and the confinement
numberCo.

Table 3-e. Parameter ranges of the experimental dalbase collected during flow boiling tests with
R1234ze(E).

Data number 221

Working fluid R1234ze(E)
Hydraulic diameter 0.96 mm
Saturation temperature 31°C

Heat flux 10 - 165 kW rif
Vapor quality 0.05-0.7

Mass velocity 200 - 500 kg i s*
Bo 1.7610" - 2.9510°
Rao =GdyL 1042 - 2647
WeLo= G*dy/(p. 0) 4.22 - 27.07

Co =d/[g-(pL- pv) h 7] 0.89-0.90

Lazarek and Black [62] developed a correlation imiclh the heat transfer coefficient
strongly depends on the heat flux while the vapaality has no influence, suggesting
that the heat transfer process is dominated byteteate boiling mechanism. From the
comparison of the data collected with R1234ze(Bh whe values calculated with the
model by Lazarek and Black [62] (Figure 3.41), caa see that all the data are severely
underestimated, with an average deviager -33.3% and standard deviatiogn = 8.2%

A modified Lazarek and Black equation for has beeggested by Kew and Cornwell
[63] to involve an increase in the heat transfesfltccient with vapor quality observed in
their flow boiling experiments. Nevertheless, tistgted that the proposed equation must
be refined for small diameter channels, where gwpposed that intermittent local dryout
occurs. The model by Kew and Cornwell [63] undedpts all the experimental data as
shown in Figure 3.42: the average deviatgns -29.9% and standard deviatieq is
10.5%.

Choiet al.[64] submitted a new correlation based on the fofrthe Chen [67] equation.
The comparison between predicted and experimengles highlights that the
experimental trend is not well predicted (Figurd33. the average deviation & = -
18.6% and the scattering is very high as provethbystandard deviatiarn = 22.3%.

Sun and Mishima [65] proposed a modification of ttezarek and Black correlation
including the Weber number for the liquid phasel &le experimental data for
R1234ze(E) collected in the present work are uadedrby the Sun and Mishima model,
as illustrated in Figure 3.44. The average devma#g is equal to -25.8% while the
standard deviatioay is 5.9%.

In conclusion, all the considered models stronghderestimate the heat transfer
coefficient during the flow boiling of the haloge¢ed olefin R1234ze(E). Similar trends
were found for database collected in the presentlar minichannels with R134a and
R1234yf [61] and with propane (see 3.5.4). Thersftite observed predicting inaccuracy

88



is not related to the properties of the new oléfut can be due to the internal surface
roughness of the minichannel that is not accourftedin the correlations under
examination.

Bertschet al. [66] presented a correlation in the form of the Cherj fiuation which
accounts for the effect of bubble confinement ahd surface roughness in small
channels. This model has proved to predict well ékperimental data obtained in the
present circular minichannel during the flow bagliof R245fa [69] but it is not suitable
for the calculation of the heat transfer coeffiteerof R1234ze(E) inside the same
minichannel (Figure 3.45). Probably, the Bertstlal. [66] model should be use only for
low reduced pressure conditions.
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Figure 3.41. Flow boiling experimental data with R234ze(E) compared with the model by Lazarek
and Black [62].
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4 EFFECT OF CHANNEL INCLINATION DURING
CONDENSATION INSIDE A SQUARE CROSS SECTION
SINGLE MINICHANNEL

4.1 Abstract

Despite the widespread use, in the literature theies on the condensation process
inside non-circular minichannels are rather limited the effect of channel orientation
during condensation is not much investigated. Satneies have been performed in
inclined smooth tubes of larger diameters, wherevas shown that the heat transfer
coefficient is strongly affected by the liquid amdpor distributions. But minichannels
may display a different behavior because of thatiret importance of shear stress,
gravity and surface tension. The action of thesee® may depend on operating
conditions and orientation. The relative importantgravity force, for instance, depends
on orientation but also on mass velocity. For saperating conditions, in particular in
non circular minichannels, the heat transfer cofits are also dependent on the effect
of surface tension: the liquid is pulled towards torners leading to a thinner liquid film
on the flat sides and therefore to a lower themasistance on these parts of the channel.
Hence, this effect may enhance the heat transfereirpresence of corners, as compared
to the case of circular minichannels, at low massaity, when the relative importance of
shear stress diminishes.

In the present study, an experimental investigatbicondensation of two refrigerants
inside a single square cross section minichannehwiarying the channel orientation is
presented. The minichannel is obtained from a copme by electro erosion and has a
square cross section with 1.18 mm side length. Eacher has a curvature radius equal
to 0.15 mm, which leads to a hydraulic diametera¢go 1.23 mm. The condensation is
obtained by using cold distilled water passing tigio the coolant channel which is
realized by digging grooves on the external pathefcopper rod. The thermocouples for
the measurement of the wall temperature are placeithe copper fins between the
grooves of the water path. The coolant channelxiereally enclosed by means of a
covering sheath made with epoxy resin. Thermocauple inserted also in the water
channel for the measurement of the coolant temperalhe local heat flux is obtained
from the coolant temperature profile and the |dezdt transfer coefficient is determined
from the ratio of the local heat flux and the locturation to wall temperature
difference. The test section is installed in a ahiam mechanical structure which allows
to set the channel at any orientation from vertigeiow to vertical downflow.

In this chapter, local heat transfer coefficientdRd34a are measured in horizontal , in
downflow and upflow configurations at inclinatiomgles of 30°, 45°, 60°, 90°.
Furthermore, local heat transfer coefficients oR2RiBe investigated in horizontal and in
downflow at inclination angles of 15°, 30°, 45°,°68nd 90°. The inclination angle is
computed from the horizontal. Tests have been pedd with the refrigerants at 40°C
saturation temperature, at mass velocity rangirgyéen 100 kg M s'and 390 kg i s™.
From the experimental results, the effect of thanciel inclination when varying mass
velocity and vapor quality is discussed.

Finally, applying the Buckingham theorem, a cofrela among dimensionless groups
has been develop to predict at which mass veldbtigy channel inclination starts to
become important during in-tube condensation hraaster.
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The description of the test rig and the test sacttbe illustration of the experimental
technique, the discussion of the condensationréssits taking into account the effect of
the channel orientation and the dimensional aralgsithe tilted square minichannel are
presented in order in this chapter.

4.2 Introduction

Heat transfer inside minichannels has gained are&stng interest both in the scientific
community and in industry as its peculiar charastes lead to the realization of
compact, lightweight and efficient heat exchanders huge variety of applications such
as air conditioning, refrigeration, electronics a®tospace industry. In the literature, so
far, the condensation has been extensively studgede conventional size channels while
there are few studies about the evaluation of traasfer coefficient in condensation in
minichannel geometry, where the determination ef leat flow without perturbing the
investigated process is a central issue. In thiskwtne presence of more than sixty
thermocouples in the actual measuring section mpdéssible the calculation of the local
heat flux from the coolant temperature profile #mel evaluation of the local heat transfer
coefficients from the saturation and wall local paratures with a good accuracy.

All the researchers agree that the condensatioh thesfer coefficient increases with
decreasing channel hydraulic diameter, becausehef differences in the relative
influences of interfacial shear stress, gravity andace tension in a such geometry. The
action of these forces may depend on operatingittonsl and channel orientation. The
gravity seems to play a negligible role in horiminthannels with an inner diameter
smaller than 1 mm, at least for high mass velxi{ie0]. Generally, heat transfer
coefficient increases with mass flow and vapor iuddut further activity is definitely
needed to verify this trend at low mass flows [51].

Moreover, at small scales, the shape of the cressiom becomes an outstanding
parameter, because of the effect of the surfaceaenduring condensation inside non
circular minichannels, it is supposed to enhaneehtiat transfer because the liquid phase
is pulled towards the corners, making the liqulthfthinner and the thermal resistance
lower at the flat sides.

Wang and Rose [71] proposed a theoretical studthereffect of minichannel shape in
film condensation, taking into account surface itmmsshear stress and gravity. In their
work, Wang and Rose treated the condensate filasbyming laminar flow while inertia
and convection terms were neglected. Accordindn¢oauthors, due to the benefit of the
thin liquid film at the flat sides, the heat tragistcoefficient in a square channel was
expected to be significantly higher than in a dacwne in a wide range of operating
conditions, but the simulations were not suppotigcexperimental trials. According to
their theory, the heat transfer coefficient in anfin diameter square channel should be
roughly the same at mass fluxes ranging from 30thkgs'to 1300 kg nf s?, in a wide
range of vapor quality. But this is contrary to #aeerimental results, which display a
strong dependence of the heat transfer coeffimanthe mass flux even in the square
minichannel, as shown by Del Gatl al.[50].

A number of steady-state simulations of condensatid R134a (40°C saturation
temperature) at mass flux€-=100 kg nf s'and G=800 kg n¥ s’inside a square cross
section minichannel has been reported by Da Ri\a. [72] and compared with the same
simulation in a circular cross section channel viltk same hydraulic diameter. The
Volume of Fluid (VOF) method is employed to tradie tvapor-liquid interface and a
uniform wall temperature is considered as boundamydition. The results have been
validated against experimental data by Del €odl. [50] and showed that the effect of
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surface tension did not lead to any differencehia heat transfer coefficient between
square and circular cross section at high mas®d$luwhile it provided a heat transfer
enhancement in the square cross section chanrdelvamass velocities. The authors
concluded that at high mass velocities, the intéafestress is always the prevailing force
so the cross section shape has low influence. feiffy from the theory by Wang and
Rose [71], Da Rivaet al. [72] did not limit the treatment of the liquid il under the
hypothesis of laminar flow. The importance of cdesing turbulence in the liquid film
during condensation in minichannels has been digtlisy Da Rivat al.[73].

Shin and Kim [74] tested and compared three circalannels and three rectangular
channels with a hydraulic diameter between 0.493anth1.067 mm for mass velocities
between 100 kg ths*and 600 kg i s'and a heat flux ranging from 5 kWto 20 kW
m?. They pointed out that, for a similar hydrauliamieter, heat transfer coefficients
during condensation of R134a at 40°C are higheeatangular channels at lower mass
velocities and higher in circular channels at higimass velocities. No meaningful effect
of heat flux was found.

Agarwal et al. [75] measured heat transfer coefficients in sixi mircular horizontal
multiport microchannels of different shapes (basteped, N-shaped, W-shaped,
rectangular, square and triangular), with a hydcadiameter between 0.424 mm and
0.839 mm, during the condensation of R134a at 56%€r the mass flow range between
150 kg nt s'and 750 kg i s*. For the geometries with smooth corners or coangjle

of about 90°, the use of an annular-film flow bapeediction model has been suggested
while, for those with sharp corners, it was suppdbet the liquid phase is retained at the
corners so a mist flow based predicting correlatias been recommended.

Derby et al. [76] reported experimental data for the condensatof R134a at
temperatures up to 50°C in a square, a trianguldraasemi-circular minichannel with the
same hydraulic diameter of 1 mm. No cross sectishape effect has been noticed by the
authors, but they thought this fact could be dueh three-sided cooling boundary
conditions during the experiments.

Rare references to the effect of channel oriemadiaring condensation are available in
the literature; furthermore, to the authors’ knayge, almost all of them concern inclined
tubes with larger diameters as compared to thos@rmthannels (over 3 mm).

Lips and Mayer [77] presented an experimental rebean convective condensation of
R134a at 40°C saturation temperature in a smodih (8.38 mm inner diameter) for the
whole inclination angles from vertical downward vertical upward and for mass
velocities ranging from 200 kg fs* to 600 kg rif s*. In such cases, the heat transfer
coefficient was dependent on the distribution @& ttvo-phases inside the tube, which
resulted from the balance between gravitationatdpshear stress and surface capillary
force. It was highlighted that flow pattern wasstly dependent on the inclination angle
only for low mass velocities and low vapor quasiti®nder these conditions, the results
showed that for an inclination angle of 15° in devand flow, the maximum heat transfer
coefficient was achieved. At high mass velocitié® shear stress has been regarded as
the dominant force and there was no effect of mation on the heat transfer.

Both theoretical and experimental results have lsedmitted by Wang and Du [78] for
the condensation of water inside an inclined srdameter tube. They modeled and
tested circular tubes with inner diameters randgiogh 1.94 mm to 4.98 mm and for low
mass fluxes (up to 100 kgs?) varying the orientation of the channel (horizértad
downward flow at 17°, 34° and 45°). They found tthegt effect of inclination on the heat
transfer coefficient was poor for the smallest subed strong for the tubes with bigger
inner diameters.

95



Saffari and Naziri [79] presented a theoretical awdnerical analysis of heat transfer
during stratified condensation inside inclined wib&he results have been presented for
the condensation of three different refrigerants4, R11 and R134a, inside a channel
with an internal diameter equal to 14.3 mm. Thdimation angle had a significant effect
on condensation heat transfer coefficient and tickniation angle giving the maximum
heat transfer coefficient was found in the rangevben 30°and 50° from the horizontal
position in upflow configuration.

An experimental analysis was conducted by Lywinal. [80] to investigate the heat
transfer coefficient during convective condensabbpure ethanol vapor inside a smooth
tube with an inner diameter of 4.8 mm and a lergdt@00 mm. During the tests, mass
velocity varied from 0.24 kg ihs® to 2.04 kg rif s', the saturation temperature was
fixed at 58°C and the inclination of the condensas varied from 0° to 90° considering
only downflow configurations.. The study focusedhbon the difference between the
wall to saturation temperature and the influencandination angles. The results showed
that the heat transfer coefficient decreased witbwth of the wall to saturation
temperature difference; the trend of the heat fesinsoefficient on inclination had a
maximum in the range within 15°and 35° due to thimglex gravity drainage mechanism
of the condensed liquid.

Da Riva and Del Col [81] simulated the condensatoocess inside a circular cross
section minichannel (0.96 mm inner diameter) asagnmiorizontal orientation, vertical
downflow orientation under normal gravity conditioand finally vertical orientation
under zero-gravity conditions. In the simulatioR4,34a was the working refrigerant at
40°C saturation temperature and two mass veloditié® kg n¥ s* and 800 kg i s%)
have been considered. At 100 kg’ ra', much higher heat transfer coefficients were
obtained in the horizontal configuration as comgarethe vertical one. At 800 kg frs

! all the simulation cases displayed almost idahtiesults and shear stress was found to
be the dominant force since the distribution ofalotondensate thickness and local heat
transfer were axisymmetrical.

In the present study, an experimental investigatibcondensation inside a single square
cross section minichannel when varying the chaonehtation is presented. Local heat
transfer coefficients are measured in several diownénd upflow configurations and are
compared against those obtained in horizontal gardition. The channel is obtained
from a copper rod and has a square cross sectibnlwli8 mm side length. Each corner
has a curvature radius equal to 0.15 mm, whichsléada hydraulic diameter equal to
1.23 mm. Tests have been performed with R134a aB@d B 40°C saturation
temperature, at mass velocity ranging between §0®ks* and 390 kg M s*. From the
experimental results, the effect of the channdination when varying mass velocity and
vapor quality is investigated. Finally, it is puirivard a correlation of dimensionless
parameters that can be useful to predict at whiaksnvelocity the effect of inclination
starts to affect the condensation process.

4.3 Condensation test apparatus

4.3.1 Description of the test rig

A schematic representation of the test rig foreRperimental tests during condensation
in a square minichannel at different orientatiedepicted in Figure 4.1.

After passing through the test section, the workiefgigerant is subcooled in the post

condenser by using brine at 5°C which flows insideauxiliary loop served by a thermal
bath. The subcooled refrigerant is sent throughltar fdryer into an independently
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controlled oil-free gear micro pump and a Cori@fect mass flow meter which is used
to measure the mass flow rate. A mechanical fikgrlaced upstream the test section to
prevent foreign matters from entering. In the tibéybe heat exchanger, the refrigerant
is vaporized and superheated by using hot wateiripin a closed auxiliary loop where
the inlet temperature is kept at a desired valuBPIBycontrolled electrical heaters.

The test section consists of two heat exchangeesenthe heat is transferred between the
refrigerant and a secondary fluid, that is distilgater. From the inlet of the test section,
the first sector is a co-current heat exchangeduisbed inlet condition setter as the
desired thermodynamic inlet conditions of the gerant are here achieved. During
condensation tests, it works as desuperheater rarchge as pre-condenser with the
refrigerant exiting with a vapor quality close toThe second heat exchanger is the actual
measuring section as it is provided with all thetimmentation to analyze the two-phase
heat transfer process during condensation. In #esaring section, a countercurrent flow
arrangement is realized. At the inlet of each pathe test section, the pressure is gauged
by means of two digital strain gauges relative gues transducers, whereas a differential
pressure transducer is employed to measure predeypealong the measuring section.
All the pressure transducers are connected to tegspre ports of the test section by
pressure lines on whose external surface wireredatheaters are applied. The distilled
water flows in two independent loops served by shene thermal bath. Each loop is
provided with a flow regulating valve, which allows set the water mass flow rate and a
Coriolis effect mass flow meter. When necessarg,water entering the inlet condition
setter and the measuring section can be maintahetifferent temperatures through
electrical heaters installed downstream of thentiaéibath in each distilled water loop. In
every test run, when the apparatus is workingeady state conditions, measurements of
thermo-fluid-dynamic parameters are recorded fors5@ith a time step of 1 s. Each
recording is averaged and then reduced by caloglatie fluid properties with NIST
Refprop Version 9.0 [16].
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Figure 4.1. Experimental test rig: I.C.S. (inlet cadition setter); FD (filter drier); TV (throttling
valve); PV (pressure vessel); CFM (Coriolis-effecmass flow meter); MF (mechanical filter); P
(relative pressure transducer); DP (differential pressure transducer)

97




4.3.2 Description of the test section

The geometry of the test section leads to a higkcigion in the evaluation of
condensation heat transfer coefficients. The mamciel is obtained from a copper rod
soldered together with stainless steel rods, wiaiah located downstream of the test
section, between the inlet condition setter andmnfeasuring section and between the
measuring section and the rest of the test rigy Wark as adiabatic sectors and provide
a good thermal separation as their thermal condticts much lower than that of copper.
Copper and steel rods have been internally holeelégtro-erosion to obtain a square
cross section with 1.18 mm side length. Each conasra curvature radius equal to 0.15
mm, which leads to a hydraulic diameter of 1.23 riime measuring section is 224 mm
long (Figure 4.2). The internal surface roughnetsthe copper channel has been
measured with a digital surface roughness machindifierent positions. The mean
roughnes®Ra as defined by the 1ISO 4287:1998 standard [15igea between 0.80 um
and 1.32 um, with a mean value equal to 1.02 pumith@nouter tube surface of the
adiabatic stainless steel sectors, the temperafutiee refrigerant at the inlet and at the
outlet of the measuring section can be measurddgeibd accuracy; the pressure taps are
also placed in the adiabatic segments and theycameected to digital strain gauge
pressure (relative and differential) transducelse @istance between the pressure ports is
equal to 249 mm.

Figure 4.2. Top: design of the test section: 1. Mearing section; 2. Inlet condition setter; 3-4-5.
Stainless steels adiabatic sectors; (1). Solderingerformed with inertial atmosphere; (2). High
precision positioning; (3) Soldering performed pria to the electric discharge machining of the square
minichannel. Bottom: pressure port in a stainlessteel adiabatic sector and coolant channel inner
geometry in the copper rod.

The coolant path consists of grooves in a row okthiby machining the copper rod
external wall: this particular coolant channel deenally covered by a film of epoxy
resin that has been holed in some places to itteethermocouples for the measurement
of the coolant temperature profile during condensaflhis geometry (Figure 4.3) allows
the accurate measurement of the quasi-mixing copeeature of the water. Besides,
other thermocouples have been inserted in the cofipe to measure the wall
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temperature without passing through the coolingewand so minimizing errors due
thermal conduction along the thermocouples’ wined @us to temperature gradients |
spurious EMFsThe wall thermocouples aembedded into 0.6 mm diameter cylindri
holes in the wall thickness, 0.4 - 0.5mm far from the internal tube face along the
measuring sectiorOn the whole, themeasuring section has beequippe: with more
than sixty Ttype thermocouplt and some more have been placed in the inlet conc
setter Secondly, the large heat transfer area on therveade implies that theominant
thermal resistance anithe maximum fluid o wall temperature diffence are on the
refrigerant side. As a consequence, according @oettperimental technigidescribed
below, a very good precision in the evaluation e heat transfer coefficients can
achieved. After the construction, the test sectvas inserted ila glass cylinder to redus
heat dissipation towards the external environmerd then installed in @luminum
mechanical structure which allows to set the chhaheany orientation from vertici
upflow to vertical downflow Figure 4.4).

T

T

wall wall wall
TW

External cylindrical
Twall plastic sheath

Figure 4.3.Detailed sketch o a portion of the measuring sectiorshowing geometry and tempereure
instrumentation of the coolan channel.

Figure 4.4, Different orientation of the test section to stugl the effect of inclination in condensation
Left:45° downflow; Right: vertical upflow .
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4.4 Experimental technique for condensation tests
4.4.1 Data reduction

During the condensation tests inside the squagtesminichannel, the temperature of the
distilled water flowing in the inlet condition settremains slightly higher than the
saturation temperature. Therefore, the refrigeeaiis the inlet condition setter with 4 °C
— 6° C superheating and the condensation procegasbmside the measuring section.
Thus, the thermodynamic state of the refrigerarthatinlet of the measuring section is
known from the local pressure and temperature meamnts. Nevertheless, some
condensation tests have been performed with theégeednt entering the measuring
section as saturated vapor, in order to verify thatcondensation heat transfer coefficient
does not depend on the inlet refrigerant conditidmghis case, the specific enthalpy of
the refrigerant at the inlet of the measuring sects calculated from an energy balance
in the inlet condition setter, where desuperheading partial condensation occur. In each
test run, when the experimental apparatus is wgrkim steady state conditions,
measurements of temperature, mass flow and pregseiegive and differential) are
recorded for 50 s at 1 Hz sampling frequency, ayedaand then reduced in a MATLAB
[82] environment, calculating fluids propertieswilIST Refprop Version 9.0 [16].

The following three parameters are used for therdehation of the local heat transfer
coefficient HTC: the local heat fluxy’, the saturation temperature and the wall
temperature (equation (4-11)).

q'(2) (4-1)
tsat (Z) - twall(z)
The local heat flux is determined from the derivatof the water temperature profile in
the measuring section, therefore the definitiora giroper fitting function for the water
temperature readings is needed (equation (4-11)).

HTC (2) =

, . 1 dtye:(2)
q (Z) = —Myat,Ms Cpwat Tl,'_dh% (4-11)

First, the number of the water temperatures deddotéhe actual measuring section to be
considered in data reduction is decided. As thedepnsation process is under
investigation, the last employed temperature datunthe water side is the first one at
which the thermodynamic vapor quality becomes negatBy considering the
conservation of energy in the measuring sectioe, ¢bolant temperature change is
directly associated to the corresponding enthalpgiation of the refrigerant so the
thermodynamic vapor quality correspondent tojttlethermocouple placed in the water
flows can be calculated according to equation (4-I1

mwat,MS
hin,MS - mref Cp,wat (twat,out - twat,j) - hL

x; = (-1
/ hLV

After that, a suitable equation to interpolate $bkected water temperature measurements
along the axial positiomis established. The equation parameters are asdcllby means

of the least square method. Four possible intetipglaequations are considered in the
following order of preference to minimize the urieerty of heat transfer coefficients: a
second order polynomial, an exponential equatioth whree parameters, a third order
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polynomial and a fourth order polynomial. A majammber of parameters is not required
for the present interpolations. The exponentiatfiom is expressed as:

z
twater(2) = ag +as e % (4-IV)

Two different criteria are taken into account todfithe best fitting equation: the first is
based on the use of the coefficients of determonatnd the second is related to
consideration on the experimental uncertainty eftttermocouples’ readings.

In statistics, the coefficients of determinati@rsquare &) and adjustedr square IRadjz)

are utilized to assess the goodness of fit (Rawl@gal. [52]). Unlike R?, Ryg” increases
with the number of parameters of the fitting equatonly if the new term improves
significantly the model. Thus, lgt andy, be two functions that are one after the other in
the aforementioned order of preference: in thegmedata reduction, by convention,
would be the chosen fitting if the following condit is satisfied:

|R24;(71) — RZ4;(¥2)| < 0.0035 (4-V)

The fitting function emerging from the aforementdnstatistical criterion has to satisfy
the second criterion based on the experimentalrtaiogy. Specifically, the calculated
values of the water temperatures have to be witlérexpanded experimental uncertainty
of the corresponding thermocouple readings andaddition, at least 68% of the
calculated values has be within £ 0.03°C of theesponding measured values. If this
checking test fails, the next fitting equation e torder of preference will be considered.
Finally, in order to assure the accuracy and reieletyy of the results, the heat transfer
coefficients have to be insensitive to the methbdhterpolation, that is to say that the
variation in heat transfer coefficients using thignig equation that meets the conditions
of the two criteria and the next admissible equatiothe order of preference should be
within the experimental uncertainty. If the foudtder polynomial interpolates the data in
the best way, the sensitivity analysis is perfornbgdcomparison with the fifth order
polynomial fitting.

Once the interpolating equation for the water terafpee is established, the heat local
flux can be defined along the channel. Actuallgpirthe direct measurements of the local
wall temperatures along the test section, it issjids to calculate the contribution of the
axial conduction in the copper wall from an enebgyance and to correct the heat flux
calculated from equation (4-11).

Given the fitting function of the water temperatyrthe vapor quality can be calculated at
any axial coordinate along the tube:

mwat,MS
hin,MS - mcp,wat (twat,out — twat (Z)) - hL (4-V1)
hLV

x(z) =

As the local wall temperature are directly measuatdcertain axial position, the
corresponding value of heat flux and saturationpemature should be defined. The
saturation temperature is obtained from the valokeshe measured pressure in the
adiabatic segments only at the inlet and outletaxth part of the test minichannel. As
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stated in Del Coét al.[50], since the difference between saturation &nafpire and wall
temperature is pretty large for typical test candg in the present measuring section
(7°C - 16°C) and the saturation temperature draptdyressure drop is small, the local
saturation temperature can be obtained from theatitrend between values calculated
from pressure measurements the ends of the megssdation without making a
significant error in the evaluation of heat trangfeefficients.

4.4.2 Uncertainty analysis

In the present test runs, each measured quargityp@rature, relative pressure, pressure
difference, mass flow rate) is read and recordetirb®s with a time step of 1 s. All the
readings are independent observations of the duaatider the same condition of
measurement, thus the mean value is the best expeatue of that measured quantity
and the standard deviation of the mean representype A standard uncertainty,
according to the ISO Guide to the Expression ofdgtaenty in Measurement [17]. The
Type B standard uncertainty for each measured quantity, on the other handyeter
from calibration certificates or manufacturers’ dfieation. With reference to the
instruments employed during the present testsethout at the Two-phase Heat Transfer
Lab of the University of Padova, the Type B expemmal uncertainties of the measured
parameters with a level of confidence of 95.45%aif differently specified are reported
in Table 4-a. The combined standard uncertairtyof a measured paramet@rresult
from the Type A and Type B components accordingoeation (4-VII).

Uc = /Uy (6)% + ug ()2 (4-vii)

When a searched parametelis not directly measured but it can be expressed a
function F of uncorrelated input quantitieg, 6., ..., 0\, as in the case of heat transfer
coefficient or thermodynamic vapor quality, its dwmed standard uncertainty is
determined from equation (4-VIII).

N 2

uc(§) = 2 (%) uc(6,)? (4-vin)
i=1 t

Table 4-a. Type B uncertainty of measured parametet

Temperature +0.05°C
Temperature difference (with thermopile) + 0.03 °C

Water flow rate in inlet condition setter  + 0.2 % at 10 kg
Water flow rate in measuring section +0.14 % at 10 kg'h

Refrigerant flow rate +0.2 % at 2 kg fh

Absolute pressure + 5 kPa (level of confidence: 99.7%)
Pressure difference (greater than 1 kPa) + 0.12 kPa (level of confidence: 99.7%)
Pressure difference (below 1 kPa) + 0.1% (level con confidence 99.7%)
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According to equation (4-1) and equation (4-Il),ethunction describing the local
condensation heat transfer coefficient is:

. dtyqe
HTC(Z) =F (tsat: twails mwat,MS:dLZa: dh) (4-IX)

While the local wall temperature is directly mea&slrthe local saturation temperature is
estimated by a linear combination of the valuesvddrfrom pressures gauged at the ends
of the measuring section. Thus, the experimentaledainty of the local saturation
temperature results from a linear interpolationhaf experimental uncertainty of the inlet
and outlet saturation temperature. The uncertahty saturation temperature derived by
a pressure measurement is determined by the differbetween the value of saturation
temperature at the measured presgur@nd the value of saturation temperature at a
pressure equal fo+uc(p) (equations (4-X) and (4-XI))

Uc (tsat,in MS) = tsat,in Ms (pin,MS) — tsat,in Ms (pin,MS + uc (pin,MS)) (4-X)
Uc (tsat,out MS) = tsat,out MS (pout,MS) - tsat,out MS (pout,MS + Uc (pout,MS)) (4_X|)

Equation (4-XIl) sets out the expression of the antainty for local saturation
temperature:

uc(tsat(z)) = \/(1 - LLMS)Z (uC(tsat,in MS))2 + (LLMS)Z (uC(tsat,out MS))2 (4-XI|)

The other main uncertainty terms are associatégetovater mass flow rate, the hydraulic
diameter and water temperature gradient. In tima water temperature gradient depends
on the operating conditions, mainly mass flux arapor quality, yielding higher
uncertainty at lower mass flux. The procedure b@st been implemented for determining
the uncertainty related to the water temperatuealignt is the weighted least square
(WLS)regression method (Prestsal. [55]).

As described in section 4.4.1, for each test rfumation of the axial positiom has been
determined to fit the water temperature. Whatever fitting functiony(z), its M+1
coefficientsay, ..., as are defined in order to minimize the merit figyfe

Leti varies from 1 tanTC, that is the number of water thermocouples comediéor the
data reduction as described in section 4.4.1 antlde be the measured values read by
the i-th water thermocouple located at an axial coordirzatélence,y(z) is the water
temperature at the axial positiancalculated using the fitting function and the reri
figure/* is defined as:

wat,i = Y(Z;) (4-X111)
X _Z[ uC(twatL) ]

The minimum of the merit figure occurs where itsrivbgives with respect to all
parameters of the fitting functiaam, ..., a4 are equal to zero. This condition yields the
following matrix equation:
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(AT-A)-a=AT-b (4-XIV)

whereA is anTC x (M+1) matrix whose elements are obtain as reported uatemn
(4-XV)

dy
da;_q (4-XV)

Uc (twat,i)

b is a vector ohTC constant terms defined as the ratio between thervi@mperature
measured at thieth location and the correspondent combined unceytaint

b; = <—twat‘i ) (4-XVI)

Uc (twat,i)

and finally a is the vector of the M+1) coefficients of the fitting equation. The
covariance matriXC, defined according to equation (4-XVII), is clogeklated to the
standard uncertainty of the paramet®ys..., a.: the diagonal elemen(; are the square
uncertainties of the fitted parametexs ..., au, while the off-diagonal element are
the covariances between the estimated coefficagrsda,, dubbed cod, a).

c=(aT-A)" (4-XVII)

The elements of the covariance matfixare useful to calculate the uncertainty related to
the temperature gradient by applying the law ofppgation of uncertainty for correlated
input quantities (equation (3-XIX) ). In this calation, the coefficienty is not present,
as it is a constant term in the water temperatttied functiony(z), whatever its form.

dy(@)\* - dy@)\ /4 (@
" (dzv;at) _ 2 a<a—iz) (U(ai))Z ) [:[:11 j;ﬂil d (aiz ) d (azjz ) cov(ay ;)
(4-XVII1)

As reported in Del Cokt al. [50], the effect of the uncertainty in the therroople
location has also been investigated and it wasddarbe negligible as compared to the
uncertainty due to the temperature readings. Asvas done for the heat transfer
coefficient, the experimental uncertainty is alpedfied for the vapor quality, which is
described along the test section by the followungction:

x(z) = F(hin,MS: mwat,MS: Cp,wat: twat,out MS» twat(z): mref: hLV) (4_4_XIX)

The uncertainty of the specific enthalpy at thetimf the measuring section, of the latent
heat of condensation as well as the uncertaintthefwater isobaric specific heat are
neglected. The uncertainty of the water temperaditirdie axial location z is calculated
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applying the law of propagation of uncertainty farrelated inputs, according to the
chosen fitting function.

The expanded uncertainty for a given quantity &ioled considering a coverage factor
equal to 2 and thus a level of confidence of 95.45%

4.5 Calibration and preliminary tests

In order to assure the accuracy of the analysisetwo-phase heat transfer process using
the experimental technique above illustrated, sg¢yeeliminary tests must be performed.
Prior to any condensation test, the on-site pecadialibration of the thermocouples, the
check of the agreement between temperature andupeesnder saturated conditions and
the check of the thermal balance in the test se@iw the measuring section have been
carefully carried out.
The thermal balance in the test section and inrteasuring section, comparing the water
side heat transfer rate to the one on the refijeside when superheated vapor enters the
test section and subcooled liquid exits is checkeelagreement is found within 2%.
The periodical calibration of the T-type thermoclaspalong the measuring section have
been calibrated following the technique illustratedDel Colet al. [50], by circulating
water under adiabatic conditions in the channel revhtevo high precision four wire
thermistors are arranged. The thermistors are @bedeto a Hart Scientific Super
Thermometer |l forming a measure chain with a dl@wauracy of £0.002 °C (as from
the check against the water triple point). The gwfathe periodical calibration is the
definition of a correction function for each themoaple by comparing the temperature
measured by the considered thermocouple againstefaence temperature gauged by
the thermistors. Actually, the correction on a thecouple reading is done only if the
disagreement with the reference temperature ismithin + 0.05 °C. At first, the water
temperature is close to that of the surroundingrenment. After the calibration , some
verification tests are done at different water temafures to check if the thermocouples
reading are within £ 0.05 °C as compared to theregfce temperature. During these
verification tests, the water circulates under bai& conditions at a temperature within
20°C and 30°C to cover the working condition in timeasuring section during the
condensation tests. In Figure 4.5, the wall andew#termocouples readings in the
measuring section are reported against the thersisteading before the periodical
calibration and after a verification test.
A similar on site calibration procedure is perfodrfer the thermal sensors of the initial
condition setter.
The agreement between the measuring section irlapdrature of the refrigerant,
measured by a thermocouple and the saturation tawope obtained from the pressure
measurement is checked and it is found to be lawan 0.2°C, that is within the
experimental uncertainty of the two instruments.
Finally, the pressure transducers have been chea@athst a pressure calibrator as
described in Chapter 2.
Beside this, as reported in Del Cet al. [50] , the accuracy of the measurements
performed with the experimental apparatus describede is also assured by:
* an investigation of the influence of the ambiembperature on the measurements
to confirm experimentally that the heat dissipatiommbient is negligible;
* measurements of single-phase pressure drops taatbare test channel, verify
its dimension and validate the data acquisitioesygs
» performing single-phase heat transfer tests, wheghesent a good validation of
the experimental technique for condensation tests.
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Figure 4.5. Water and wall temperatures along the masuring section against the thermistors

reading. Left: before on-site calibration; Right: after on-site calibration.

4.6 Experimental results and discussion

The local heat transfer coefficients have been nredsduring the condensation of R134a
and of R32 at 40°C saturation temperature, vartliegmass velocity and the orientation
of the test section. In the presented resultsydpor quality ranges between 0.2 and 0.9.
The R134a condensation tests are performed at vebssities within 100 kg f s* and
390 kg n¥ s*, first in horizontal configuration and then coresidg both downward flow
and upward flow conditions at inclination angles36f, 45°, 60° and 90°. On the other
hand, R32 condensation tests have been done atvelasities between 100 kg frs*
and 390 kg i s?, in horizontal and in downward flow conditionsimtlination angles of
15°, 30°, 45°, 60° and 90°. The inclination angleomputed from the horizontal, which
corresponds to 0°. In Table 4-b , the expanded rexpatal uncertainty range of heat
transfer coefficienl(HTC) is reported for each fluid at any consideredss velocity
taking into account all the channel orientationscétding to the trends observed in Del
Col et al.[50], at low mass velocities, the experimentalartainty is lower in the middle
of the measuring section and it is higher at thet iand the outlet. At high mass velocity
the experimental uncertainty of the heat transfeeffecient is within a narrow range
along the entire measuring section. Furthermdrelecreases in percent terms when
increasing mass velocity. In Table 4-b, the expdndeertainty of the vapor quality(x)

is also included: it decreases when increasing velssity.

Table 4-b. Expanded experimental uncertainty of heatransfer coefficient and vapor quality during
condensation tests of R134a and R32 inside the sgaaninichannel at different orientations.

Mass velocity [kg rif s7]

R134a

R32

UHTC)[%] UM UMHTC)[%] U X)[]
100 40%-11.8%  0.035  4.0%-121%  0.022
120 40%-9.9% 0029  40%-91%  0.018
135 40%-7.1% 0027  4.0%-89%  0.017
150 40%-6.1% 0023  4.0%-88%  0.016
200 4.0- 5.0% 0.016  4.0% - 6.0% 0.01
390 4.0% 0.01 4.0% 0.01
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Several tests have been performed to check accaratyepeatability of the experimental
technique. Figure 4.6 shows that two data setgrdeted in different test runs overlap.
The first set of data has been collected with therkuag refrigerant entering the
measuring sector as superheated vaper>(1, ATsypermear 5 K) while the second one
refers to a test run with refrigerant entering @asisted vaporx(, < 1). Some differences
in the first and in the last values of the heatgfar coefficient may be due to boundary
effects in the measurements and to the increasegrtamty associated to the local heat
flux, as described above. One can conclude thaptegent test apparatus provides the
same HTC at the same refrigerant conditions, naemat which location this coefficient
is measured along the channel and no matter thieation of the channel.
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Figure 4.6. Experimental local heat transfer coeftient (HTC) during the condensation of R134a
inside the square minichannel at 40°C saturation taperature and at varying inlet refrigerant
conditions (superheated vapor or saturated vapor)taG= 400 kg m* s*and at 45° downflow.

The effect of mass velocity on condensation heaustier coefficient has been
investigated by plotting the experimental data fxed channel orientation and at
different mass fluxes. In

Figure 4.7, the heat transfer coefficients of R1&daplotted against vapor quality in
horizontal configuration.

The R134a experimental heat transfer coefficientmd for the test runs with horizontal
channel agree with those calculated for the samdittons in Del Colet al. [50] within
the experimental uncertainty.

The heat transfer coefficients obtained during emsdtion of R134a are reported versus
vapor quality for all the tested configurationsniré-igure 4.8 to Figure 4.11. Each one of
these figures presents a comparison between thksres a certain channel inclination in
downward flow and at the corresponding inclinatiompward flow.
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Figure 4.7. Experimental local heat transfer coefiient (HTC) during condensation of R134a inside
the square cross section minichannel at different ass fluxesG [kg m™? s?] in horizontal flow.
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Figure 4.8. Experimental local heat transfer coefiient (HTC) during condensation of R134a inside
the square cross section minichannel at different ass fluxesG [kg m™? s’] and channel inclinations.
Left: 30° downward flow; Right: 30° upward flow.
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Figure 4.9. Experimental local heat transfer coefiient (HTC) during condensation of R134a inside
the square cross section minichannel at different ass fluxesG [kg m™? s’] and channel inclinations.
Left: 45° downward flow; Right: 45° upward flow.
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Figure 4.10. Experimental local heat transfer coeiient (HTC) during condensation of R134a inside
the square cross section minichannel at different ass fluxesG [kg m? s*] and channel inclinations.
Left: 60° downward flow; Right: 60° upward flow.
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Figure 4.11. Experimental local heat transfer coeftient (HTC) during condensation of R134a inside
the square cross section minichannel at different ass fluxesG [kg m? s'] and channel inclinations.
Left: vertical downward flow; Right: vertical upwar d flow.

The heat transfer coefficients during condensabibR32 inside the minichannel square
minichannel are depicted in Figure 4.12, while theerimental results obtained in
several downward configurations are shown in Figuié.

14000

HTC[W m2K-1]

8000 —
6000
4000 +

2000 +

HORIZONTAL FLOW R32

t| ®G390

" | aG200
12000 +

0G150

‘| mG135
10000

€G120

| aG100

0

0

01

02 03 04 05 06 07 08 09 1
VAPOR QUALITY [/]

Figure 4.12. Experimental local heat transfer coeftient (HTC) during condensation of R32 inside the
square cross section minichannel at different magiixes G [kg m? s?] in horizontal flow.
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Figure 4.13. Experimental local heat transfer coeftient (HTC) during condensation of R32 inside the
square cross section minichannel at different magtuxes G [kg m? s] and different configuration in
downward flow.
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According to the data sets at 200 k¢f r&' and 390 kg M s for both the tested
refrigerant, the heat transfer coefficients dispkytrend that one would expect for
condensation inside a conventional tube: they asgavith thermodynamic vapor quality
and with mass velocity, implying that condensatiwnst be controlled by shear stress and
that the influence of surface tension and graviay e negligible.

From the comparison between the data at 200 kghand data at lower mass velocities,
whatever the fluid or the inclination, one can dsglthat the shear stress may not be the
dominant force any more. In fact, at high vaporligjea, the heat transfer coefficient at
200 kg n¥ s’ is very close to those at lower mass fluxes, wiike values of the heat
transfer coefficients differ more and more as tbadensation proceeds and the vapor
quality decreases. This may be explained by conegl¢hat the distribution of the liquid
film at the wall is influenced by gravity, surfatension and shear stress. As it can be
seen in Figure 4.7 and in Figure 4.12, during loomial flow, as the mass velocity
decreases and the liquid film becomes thicker aiaker, the heat transfer coefficient is
penalized by the lower shear stress.

In all the downflow configurations, the values bétheat transfer coefficients at 100 kg
m? st and 200 kg i s'diverge even more, as compared to the horizontafigiration
related to the investigated fluid. This may imphat, in the present square channel,
gravity has still a role in the distribution of thquid film at the wall and consequently on
the condensation heat transfer process.

On the other hand, in any upward flow condition,significant change can be observed
with respect to the horizontal configuration.

With reference to the results presented in Figui@ 4nd related to the condensation of
R32 in downward flow configurations, it can be §asbted that the data at 200 k¢frs*
display a singular trend. Several tests have bepeated at this mass velocity for each
channel orientation and they confirm the resultgtifermore, it has been observed that
this trend mirrors the one of the wall temperataesg the measuring section.

The effect of orientation on the condensation hemtsfer coefficient may be better
discussed by comparing the experimental resultseasame mass velocity and different
channel configurations. In this paper, the criterio establish if the channel orientation
affects the condensation process is based on thpartson of heat transfer coefficients
obtained in a certain channel configuration withpect to those measured in horizontal
configuration, that is the reference case. Thau@rfte of the channel inclination on the
condensation heat transfer is declared if the péage difference between the heat
transfer coefficients is clearly greater than thkpasded experimental uncertainty and in
any case it must not be smaller than 11% in abselaiue.

First, the working conditions in which there is @ffect of the channel orientation in the
condensation heat transfer are presented and destus

Actua