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Abstract

Two-phase flow operational stability of refrigerants R245fa, R236fa, and R1234ze(E) in
100x 100 gm? multi-microchannels for cooling of future high-performance 3D stacked archi-
tectures with interlayer cooling has been addressed in the current experimental investigation.
Without any inlet restrictions in the micro-evaporator, significant flow instabilities, back flow,
and flow maldistribution led to high-amplitude and high-frequency temperature and pressure os-
cillations. Such undesired phenomena were inhibited by placing rectangular restrictions (micro-
orifices) at the inlet of each channel, thus ensuring a wide range of stable two-phase flow oper-
ating conditions. The effects of different orifice expansion ratios and fluids on the performance

of the evaporator were studied by using suitably designed modular test sections.

Simultaneous high-speed video and infra-red camera visualizations of the two-phase flow
and heat transfer dynamics across the micro-evaporator area allowed the various different op-
erating regimes to be identified and then represented by the two-phase flow operational maps.
Two-phase flow flashed by the micro-orifices was identified as the optimal operating condition,
while dissipating high heat fluxes and keeping the junction chip temperature below a typi-
cal CPU operating condition. In the present study, a novel in-situ pizel by pirel technique was
developed to calibrate the raw infra-red images, thus converting them into two-dimensional tem-
perature fields of 10’000 pixels over the test section surface. A comprehensive analysis of those
temperature maps supported by the flow visualization videos confirmed that the two-phase flow
patterns appearing in the channel and the transitions between them have a remarkable influence
on the heat transfer coefficients, which were determined taking into account 3D heat spread-
ing. The inlet and the outlet restriction pressure losses were quantified in order to accurately
simulate the hydraulic performance of microchannel evaporators and provide more reliable heat

transfer data.

The heat transfer coefficients were determined with a very fine resolution that enabled
the trends in the heat transfer coefficients along the channel length in the neighborhood of the
flow transition from coalescing bubble to the annular flow to be studied in detail. It was shown
that the heat transfer coefficient does not change sharply at the transition zone, but rather has
a smooth change in trend. The characteristic U-shape of the heat transfer coeflicient trend was
observed, where the descending branch of the curve corresponds to the coalescing elongated

bubble flow regime, while ascending one represents the increasing heat transfer coefficient in



b Abstract

the annular flow regime. A good agreement of the experimental heat transfer coefficients and
one existing flow pattern-based prediction method was found and a new vapor quality buffer is

proposed as an update of this model.

Keywords: Multi-microchannels, Silicon evaporator, Two-phase flow cooling, Refrig-
erants, Flow visualization, Infra-red thermometry, Flow stabilities, Inlet restrictions / micro-

orifices, Operational map, Pressure drop, Heat transfer coeflicient.



Version abrégée

La présente étude expérimentale concerne la stabilité des écoulements biphasiques des
réfrigérants R245fa, R236fa et R1234ze(E) dans des micro-canaux multiples de dimensions
100x 100 um? pour le refroidissement “inter-couche” des futurs processeurs 3D de hautes per-
formances. Si aucune restriction n’est placée a I’entrée des micro-canaux composant les micro-
évaporateurs, des instabilités ainsi que des inversions de sens et des mauvaises distributions de
I’écoulement peuvent mener & des oscillations a haute fréquence et de grande amplitude des
champs de pression et température. De tels phénoménes ont été inhibés en placant des re-
strictions rectangulaires (micro-orifices) a 'entrée de chaque canal. Ceci permet d’assurer un
écoulement biphasique stable pour une large gamme de conditions expérimentales. Les per-
formances des micro-évaporateurs sont étudiées en fonction du rapport d’expansion dans les

orifices et du type de fluide.

La visualisation simultanée par caméra rapide et par caméra infrarouge permet l'identifica-
tion de différents régimes d’opération et conduit a la création de carte opératoire d’écoulements
biphasiques. Les conditions opératoires optimales ont été obtenues pour un écoulement bipha-
sique créé par “flashing” (chute soudaine de pression) au niveau des micro-orifices. Ces condi-
tions ont permis d’évacuer de larges flux de chaleur en conservant la température du pseudo-
processeur en dessous de température typique d’opération de CPU. Dans la présente étude, une
nouvelle technique in-situ, pixel par pixel, a été développée pour calibrer les images infrarouges,
permettant ainsi d’obtenir un champ de température de 10’000 pixels sur la section d’essai.
L’analyse de ces champs de température supportée par la visualisation des écoulements con-
firme que le type d’écoulement a une grande influence sur les coefficients de transfert thermique
(déterminés en prenant en compte la conduction en 3 dimensions dans 1’évaporateur). Les pertes
de charge a 'entrée et a la sortie des canaux ont été quantifiées de facon a décrire précisément
les performances hydrauliques des micro-évaporateurs et de fournir des données de transferts

thermiques fiables.

Les coefficients de transfert thermiques ont donc été obtenues avec une grande résolution
ce qui permet de décrire au mieux la transition entre le régime de bulles coalescentes et le
régime annulaire. Il est montré que le coefficient de transfert thermique ne change pas de facon
abrupte lors de la transition mais plutot de fagon continue. La forme en U caractéristique a

été observée, la partie descendante correspondant au régime de bulles coalescentes, tandis que



xii Version abrégée

la partie ascendante représente le régime annulaire. Une bonne comparaison entre les données
obtenues expérimentalement et une méthode de prédiction basée sur une carte d’écoulement a
été obtenue. Enfin, un nouvel effet du titre en vapeur a été ajouté a cette méthode de prédiction

pour améliorer sa précision.

Mots clés: Multi-micro-canaux, Evaporateur en silicone, Refroidissement diphasique,
Réfrigérant, Visualisation d’écoulement, Thermométrie infrarouge, Dtabilités, Micro-orifices,

Carte opératoire, Perte de charge, Coefficient de transfert thermique.
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Chapter 1

Introduction and research

motivation

The micro-electronics industry with its scaling engine slowing is now searching for a
new effective and green/Kyoto friendly! solution to extent the Complementary Metal-Oxide-
Semiconductor (CMOS) performance trends over the next decades. Three-dimensional inte-
grated circuit (3D-IC) stacked architecture with interlayer cooling, where the internal channels
necessarily require a low aspect ratio and a size of 100 um or even smaller, is an excellent
opportunity to continue the progress relative to Moore’s law (Moore, 1965). As a result, the
CMOSAIC - 3D Stacked Architectures with Interlayer Cooling project intends to
provide a high-performance 3D stacked computer chip that will compress almost 102 nm-sized
functional units into 1cm? with a 10 to 100 fold higher connectivity than otherwise possible
(Sabry et al., 2011). To achieve this, an aggressive new 3D integration technology needs to
be developed in order to remove very high heat fluxes dissipated by the stacked microproces-
sor chips, while minimizing the thermal stresses imposed on the architecture and achieving a
microprocessor design with high-performance computing characteristics. However, due to high
costs and difficulties in designing and fabricating such 3D systems, the cooling of individual
layers needs to be tested beforehand in order to determine their optimal geometries and oper-
ation assuming no interaction between each layer. The present experimental study, as a part
of the CMIOSAIC project, investigates a single layer of such a 3D stack in order to acquire a
database of heat transfer coefficients and pressure drops that supported by visual observation
of flow stability will be later on used as an input for designing a practical multi-tier computer

chip.

In 3D-IC systems, the layers are placed one on top of each other and are connected us-
ing vertical copper leads, known as through-silicon vias (TSVs), which reduce the distance for

locally transporting data from one layer to another. Shortening the average distance between

'Kyoto Protocol, adopted in 1997 and entered into force in 2005, is an international agreement to the United
Nations Framework Convention on Climate Change (UNFCCC, 1997), aiming to stabilize the atmospheric con-
centration of greenhouse gases (GHG).
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components within a stack improves the performance, makes the process faster, more efficient
and generates less Joule heating. Nonetheless, the thermal considerations become essential in
high density system integration. The existing air-cooling methods are judged to be inadequate
for removing continuously increasing heat fluxes produced by CPUs regarding its cooling ca-
pacity in respect to the given temperature limit of 85°C for CPUs while dissipating an average
heat flux of about 100150 W cm~2 and targeting the fluid temperature between 30 and 40°C.

Agostini et al. (2007) presented a comprehensive state-of-the-art review of high heat flux
cooling technologies including liquid jet impingement, single-phase liquid cooling, and two-
phase flow boiling in copper or silicon micro-geometries. Recently, Marcinichen et al. (2010)
and many other researchers proposed the multi-microchannel two-phase refrigerant evaporation
as an alternative to water cooling and a green solution for cooling of computer blade servers
and clusters, which might have up to 64 blades per rack cabinet, as well as their memories.
The application of two-phase cooling strategies introduces a greater degree of complexity in
the modelling and design of such systems compared to single-phase techniques. However, these
difficulties are off set by the great increase in heat transfer coefficients provided by the two-
phase microchannel evaporators that utilize the latent energy of the refrigerant to remove heat,
providing better axial temperature uniformity and reduced coolant flow rates, and thus much
less pumping power, as stated by Marcinichen et al. (2011). Moreover, different approaches
of liquid cooling thermal management accounting for static and dynamic job scheduling in
multiprocessor systems on chips (SoCs) are now discussed to reduce hot spots and to achieve
a uniform temperature distribution on the 3D stack of computer chips (Coskun et al., 2008a,b,
2009).

A full understanding of two-phase flow boiling and heat transfer phenomena in microde-
vices, particularly flow instabilities, vapor back flow and flow maldistribution has yet to be
mastered, thus creating a bottle neck in their commercial exploitation and indicating the need
for continued research. In order to meet such an urgent demand, the current research project
focuses on the two-phase flow of dielectric fluids, namely R245fa, R236fa, and R1234ze(E),
which evaporate along the miniaturized channels, and they provide low pressures, compatibil-
ity with electrical environments in case of leakage, high efficiency, low toxicity, and saturation

temperatures close to ambient.

The motivation behind the global trend towards miniaturization of electronics devices
within the micro-electronics industry is associated with the reduced material and refrigerant-
charge requirements that lower the cost, as well as the efficiency improvement when compared
with the conventional or macroscale channel sizes. Besides that, the electronics devices are
expected to be as thin as possible, thus the depth of the channels and, consequently, the thickness
of the 3D stacked chip becomes a key factor. Hence, low aspect ratio channels appear to offer
significant advantages in addressing heat removal challenges and potentially lead to a practical
3D-IC system. Several different micro-evaporators have been experimentally investigated in the

present study, each of them composed of 67 channels having 100 x 100 zm? cross-sectional areas.



In order to study phase change phenomena in such channels, unlike single point measurements
from thermocouples, the infra-red (IR) temperature measurement technique is employed here
for instantaneous non-intrusive spatio-temporal temperature visualization over the entire micro-
evaporator area and is coupled with high-speed two-phase flow visualization. As an important
part of this investigation, a novel in-situ pizel by pizel technique was proposed and developed to
calibrate the raw IR images, thus converting them into accurate two-dimensional temperature
fields of the micro-evaporator’s surface. Extensive experimental tests were run and will be

compared to the existing prediction methods.

This manuscript is organized in the following way:

e Chapter 1: Introduction and research motivation

e Chapter 2: State-of-the-art review on microscale two-phase flows and heat transfer
e Chapter 3: Experimental set-up

e Chapter 4: Experiments, operating conditions, and data reduction

e Chapter 5: Two-phase flow and temperature visualizations

e Chapter 6: Pressure drop

e Chapter 7: Two-phase flow heat transfer

e Chapter 8: Concluding remarks and recommendations for further investigations.






Chapter 2

State-of-the-art review on microscale

two-phase flows and heat transfer

Recently, the range of applications for the two-phase flows in miniaturized channels has
been widened considerably, extending over a new generation of electronics devices, cooling sys-
tems, compact heat exchangers, etc. Multi-microchannel two-phase flow cooling is a promising
solution to continue the CMOS performance trends of scalable integrated architectures (i.e.
CPUs) over the next few decades (Marcinichen et al., 2010), and this field is the focus of the
present experimental campaign. This chapter presents a number of representative theoretical,
numerical and experimental studies related to the current research, addressing channel size ef-
fects, two-phase pressure drops, IR temperature measurements of heat transfer coefficients, flow

boiling tests, axial conduction effects, and flow visualization.

2.1 Channel size

In spite of a large number of papers published in the single- and two-phase flows fields,
many questions concerning macro-to-microchannel distinction criterion, channel classification
and channel geometry still remain pending. In 1996, Mishima and Hibiki (1996) noted that
more experiments are required to reproduce the effect of tube diameter on the important flow
characteristics. A lack of such data and knowledge is enhanced by the continuous reduction in
channel size driven by the micro-electronics and power electronics micro-evaporator applications.
Several convective heat transfer studies, aiming to determine the contribution of the channel

size and other two-phase flow aspects, are cited below.

Hetsroni et al. (2001, 2003, 2005) in one of the plenary studies concluded that geometrical
parameters, such as hydraulic diameter, manifold’s material and design significantly influenced
microchannel two-phase flow. In their experiments, the hydraulic diameter varied between 103

and 129 ym.
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Agostini et al. (2003) studied the influence of hydraulic diameter on the flow boiling
heat transfer of R134a in parallel rectangular minichannels with hydraulic diameters of 0.77
and 2.01mm. The heat transfer coefficient increased by a factor of ~1.74 when decreasing
the hydraulic diameter, probably caused by the thinning of the liquid layer due to the bubble
confinement. On the other hand, they pointed out that the early dryout occurred and the
critical quality decreased from 0.43 to 0.19 for the diameter of 0.77 mm. The effect of channel
confinement on two-phase flow patterns, liquid film stratification, heat transfer and critical heat
flux (CHF) was also investigated by Ong and Thome (2011a,b). New channel classifications in
terms of the confinement number, Co, were proposed. The lower threshold of macroscale flow
and the upper threshold of symmetric microscale flow were, respectively, set to Co=0.3—-0.4
and Co=1. The transition region was distinguished between those thresholds. In relation to
the work of Hetsroni et al. (2001, 2003, 2005), Agostini and Bontemps (2005) and Karayiannis
et al. (2010) reported an enhancement of flow boiling heat transfer in small channels, compared
to conventional tubes. Also, Su et al. (2005) made the same observation in case of narrow
channels. The increase of heat transfer coefficient for low values of vapor quality with decreasing
channel diameter is associated with the initial film thickness, as explained by Dupont and Thome
(2005) based on the three-zone model of Thome et al. (2004). For larger values of vapor quality,

however, the three-zone model predicts the heat transfer coefficient to decrease.

Mishima and Hibiki (1996) concluded that the reliability of measured values is less with
decreasing tube diameter, while Agostini et al. (2006) stated that numerous differences between
micro- and macrochannels might be due to inaccurate dimensional measurements in microscale.
Agostini et al. (2008d) also noted a surface roughness effect on heat transfer at low to medium

vapor qualities in the slug flow regime.

Chung and Kawaji (2004) focused on two-phase flow characteristic of a nitrogen gas and
water mixtures in circular channels with diameters raging from 50 to 530 pum. Their experiments
showed that the flow patterns in the 250 and 530 ym-diameter channels were similar to those
appearing in channels of ~1 mm in size. Instead, in channels having diameters of 50 or 100 pm,
only slug flow was observed, explained to be associated with viscous and surface tension effects
on the liquid flow. Moreover, the two-phase flow multiplier became independent of the mass
flux when the channel diameter decreases. Their research was extended by Kawahara et al.
(2005) in order to demonstrate the effects of channel diameter and liquid properties on void
fraction in adiabatic two-phase flows through the channels with diameters ranging from 50
to 251 um. Their conclusion was that the void fraction changes drastically between 251 and

100 pm-diameter channels.

Saitoh et al. (2005) investigated flow boiling heat transfer of R-134a in tubes with inner
diameters ranging from 0.51 to 3.1mm. They showed that the homogeneous pressure drop
model gave better results comparing to the Lockhart and Martinelli (1949) correlation, when
the internal diameter decreases. In their 0.51 mm-diameter tube, the flow instabilities were

successfully suppressed, but dryout appeared at lower values of vapor quality than for larger
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tubes. A significant flow stability improvement in microchannels in respect to their larger
counterparts was also observed by Bhide et al. (2009). Saitoh et al. (2007) modified the Chen
(1966) correlation for the flow boiling heat transfer by including the Weber number in order
to account for the effect of tube diameter. The proposed correlation provided good agreement

with their experimental data for a wide range of tube diameters.

Scaling effects on flow in microchannels are discussed by Morini (2006) and Kandlikar
(2010). Morini (2006) performed a comprehensive analysis of the viscous dissipation, conjugate
heat transfer, and entrance effects on the mean Nusselt numbers for single-phase flows. The
author developed a model to predict the temperature rise along the microchannel due to viscous
heating, being a function of the Reynolds number, hydraulic diameter, microchannel length, and
the Poiseuille number. Moreover, the viscous dissipation effect in microchannels was negligible
for low values of the Reynolds number. Whilst, for the large Reynolds numbers, it tends to
reduce the mean Nusselt numbers, when the hydraulic diameter decreases. The viscous heating
is not important for macrotubes. More details on the conjugate heat transfer and entrance
effects are given in Section 2.5. Kandlikar (2010) performed a scaling analysis of the forces
dominating in microscale two-phase flow, namely surface tension and evaporation momentum
forces. It was found that the elongated bubble/slug flow pattern, associated with transient

conduction/microconvection, plays an important role in microchannels.

Harirchian and Garimella (2008, 2009a,b) tested 7 different microchannel heat sinks in or-
der to resolve the effects of channel dimensions and mass flux on the flow boiling of FC-77. The
channels had the depth of 400 yum and the width ranging from 100 to 5’850 pm. As expected,
Harirchian and Garimella (2008) showed that pressure drop increased with increasing mass flux
and decreasing channel width at fixed wall heat flux. For a mass flux of 250kgm™2s!, the
reported wall temperatures were lower for smaller channels, thus the amount of heat that could
be dissipated increased with decreasing the width of the channel. The nucleate boiling mech-
anism was cited to be prevalent in all the cases except for the 100 and 250 um-wide channels,
which was then overcame by convective boiling mechanism with decreasing channel width and
mass flux. Harirchian and Garimella (2009a) confirmed these observations by means of simul-
taneous flow and temperature visualizations. Furthermore, the authors demonstrated the effect
of channel width on the flow regime transition based on flow regime maps. The flow patterns
in the 100 and 250 pm-wide channels were similar to each other and differed comparing to the
wider channels. In general, when the channel width increases, the bubbly flow and the intermit-
tent churn/wispy-annular flow are replaced, respectively, by the slug flow and the intermittent
churn/annular flow. After all, further research revealed that the microchannel cross-sectional
area was the predominant parameter, leading to the change of the governing mechanism from
the convective to the nucleate flow boiling for channels with the cross-sectional area bigger than
0.089 mm? (Harirchian and Garimella, 2009b).
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Global tendency towards miniaturization is the main driver for continuing microscale two-
phase flow research. Many aspects, however, still need to be explained in order to provide a full
understanding of the effect of channel size on two-phase flow characteristic. Such a knowledge
will grease the wheels to develop more reliable prediction methods that can be used for designing

new generation microchannel heat spreaders.

2.2 Two-phase pressure drop

Pressure drop is a predominant parameter in two-phase flow characterization, thus it has
been extensively explored since the well-known correlation of Lockhart and Martinelli (1949).
Their model was devised based on the limited smooth-tube data for annular flow regime, as
pointed out by Chisholm and Laird (1958). Several two-phase flow frictional pressure drop
correlations, used in Chapter 6 for comparison of measured and predicted pressure drop values,

are briefly discussed here and the governing equations are given in Table 2.1.

Many of the existing two-phase flow frictional pressure drop models use the Chisholm

(1967) two-phase flow multipier formulation:

c 1
7 =1 2.1
where C varies from 5 to 20, depending on the flow regime of each phase (Chisholm, 1967). The

Lockhart and Martinelli (1949) parameter is defined as:

(2.2)

where Ap; and Ap, are, respectively, the frictional pressure losses of either liquid or vapor

flowing separately in the channel. The following equations apply here:

ch (1
2p;

ap— a2 e, (2.3)

C’””—G (2.4)

Ap, = 4f,

Substituting Egs. (2.3) and (2.4) into Eq. (2.2), the Lockhart and Martinelli (1949) pa-

rameter can be expressed as:

X = fl( )pv

fv Pl (2.5)

Muller-Steinhagen and Heck (1986) suggested a simple two-phase flow frictional pressure
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drop correlation. The pressure drop due to friction is defined as a function of vapor quality. The

correlation is applied in pipes under constant heat flux conditions, when Re > 100 and B > A.

Mishima and Hibiki (1996) introduced a new equation to calculate two-phase flow fric-
tional pressure loss based on their experimental data of air-water flows in glass and aluminum
capillary tubes with inner diameters from 1 to 4mm. Neglecting the accelerational pressure
drop and subtracting the gravitational pressure loss, the pressure drop due to friction is given
in terms of the modified parameter of Chisholm (1967) defined as a function of tube diameter
by Eq. (2.13) in Table 2.1.

Similar to the prediction method of Mishima and Hibiki (1996), the correlation of Lee
and Garimella (2008) is formulated in terms of the Chisholm (1967) two-phase flow multiplier,
where the parameter C is defined by Eq. (2.15).

Cioncolini et al. (2009) developed a new annular flow model to predict the two-phase flow
frictional pressure drop, while using the Lockhart and Martinelli (1949) method for the isolated
bubble regime. Costa-Patry et al. (2011a) showed that this method gave the best prediction in
the isolated bubble (IB) and coalescing bubble (CB) regimes identified using the flow pattern
map of Ong and Thome (2009). The entrained liquid fraction, erp, is calculated based on
Eq. (2.24), where the exponents by—bg are given in terms of the liquid film Reynolds number
(Cioncolini et al., 2009) defined as follows:

GenDp,

Rejp = (1—erp) (1 —x)
Hi

(2.6)

Recently, the model of Cioncolini et al. (2009) was modified by implementing a predictor-
corrector scheme (Cioncolini and Thome, 2012) to calculate entrained liquid fraction, ey r, given

by the following expression:

erp = (1+279.6We; 053 (2.7)

)72.209
In the homogeneous model, both of the phases are considered to flow as a single-phase

flow with mean fluid properties. The derivation and the usability of the model are discussed by
Collier and Thome (1994).
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Table 2.1: Correlations used in Chapter 6 for comparison of measured and predicted pressure
drop values.

Reference Governing equations
Muller-Steinhagen and
Heck (1936) Apsr =G (1 —2)"3 + Ba® (2.8)
where
G=A+2(B-A)z (2.9)
and o
A=A4f—% 2.10
fi D (2.10)
G2
B=4f,—¢ 2.11
o3, Dn (2.11)

Mishima and Hibiki
(1996) App = Ap @7 (2.12)

where ®7 is given by Eq. (2.1) with

C =21 (1 - e*0~319Dh) (2.13)

Lee and Garimella
(2008) Apy, = Ap @7 (2.14)

where ®7 is given by Eq. (2.1) with

C' = 2566GHO DRI (1 — ¢=319n) (2.15)

Continued on next page
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Table 2.1 — Continued from previous page

Reference Governing equations
Cioncolini et al. (2009)

2

G
Apy, =2 o 2.16
Df ftppCDh ( )

where microscale two-phase friction factor is defined as:

fip = 0.0196We, *3T°Re)?1® (2.17)
4dx+erp(1—az)] My
= — 2-1
Ge T D? (2.18)
pe=(1—¢c) pr+Ecpu (2.19)
and
Etp
¢ 5tp+7(1 _5tp) ( )
2
D
We, = GeDe (2.21)
PcO

Dc ~ \/Etp + v — Etp?Y (222)
Ep l—x Po
l—eywp = p

vy =eLF (2.23)

ELF

T = 10 Rt DGR (2.24)
— €ELF

where j; and j, are the superficial liquid and vapor velocities:

ji= L2 Cer (2.25)
Pl

jy = TGen (2.26)
Po

The void fraction, €4, is determined based on the expression
of Woldesemayat and Ghajar (2007).

2.3 Infra-red camera measurements applied to microchannels

An observable move towards nano-technology, particularly in convective heat transfer
studies, requires new developments and innovations in measurement techniques. Temperature
sensors that need to be embedded onto a surface or placed into a flowing fluid might consider-

ably affect the resulting temperature and/or heat flow path. Moreover, many of them become
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inappropriate for temperature measurements in scale-down electronics devices with respect to

numerous difficulties in their utilization.

In contrast, non-intrusive instantaneous spatio-temporal temperature measurement tech-
niques, such as liquid crystals (Farina, 1995) or infra-red (IR) thermography (Carlomagno and
Cardone, 2010), have gained a great attention since the change of the century. Due to remark-
able advances in IR detector technology (Rogalski, 2002), IR thermography, providing a time
response on the order of tens of milliseconds, has been employed by many researchers, includ-
ing biochemical (Kakuta et al., 2009) and biological (Kakuta et al., 2011; Krebs et al., 2010)
applications. In addition to the technique itself, its calibration is an important aspect that has
been widely explored, for instance: Kim et al. (2012); Ochs et al. (2009); Rainieri and Pagliarini
(2002). This literature survey presents some applications of the IR temperature measurement

technique to study single- and two-phase flows inside mini- and microchannels.
SCHMIDT and co-workers (2000 —2007)

The onset of nucleate boiling of deionized and degassed water flowing in a 1.5 mm internal
diameter tube was the focus of Hapke et al. (2000, 2002) and Boye et al. (2007). They in-
vestigated flow boiling of water and n-heptane in rectangular microchannels with sizes ranging
from 300 to 700 um. Their work was extended by Diaz et al. (2006) and further on by Diaz
and Schmidt (2007a,b), including different geometries, sizes, and fluids to study flow conditions,

flow boiling regions and mechanisms, as well as stability of operational modes.

In above-mentioned studies, IR thermography was used for wall temperature measure-
ments, from which the inner wall temperatures were calculated applying the classical one-
dimensional heat conduction approach. In order to improve the accuracy of the IR temperature
measurements, the test sections were painted black, providing an emissivity of ~0.95. After-
wards, the local heat transfer coefficients could be determined. The IR camera was calibrated
against a reference temperature, being measured either with the thermocouple embedded on the
wall of the test section under a no flow condition or by running water flow within the test loop
and referring to the average value of inlet and outlet temperatures. Microchannel flow boiling
instabilities associated with low ratio of hydraulic diameter to bubble size were revealed based

on the temperature oscillations of the silicon test section.
HETSRONI et al. (2001 —-2011)

Hetsroni and co-workers have significantly contributed in establishing an IR temperature
measurement technique in heat transfer experimental investigations, involving single macro- and
micro-, as well as multi-microchannels (Hetsroni et al., 2011). They focused on the triangular
parallel multi-microchannels down to hundreds of microns in size. The number of channels
varied from 13 to 26. The channels were etched in a 530 pm-thick silicon substrate, which was
afterwards anodically bonded to a 500 pm-thick transparent Pyrex cover plate for visual flow
inspection. Simultaneously, IR thermography was applied to monitor the temperature of the

heated back surface of the test section with an accuracy of £1°C, obtained by increasing the
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emissivity of the observed surface. Different options including matt black paint, graphite, and
matt black adhesive tape were discussed to achieved this. It is worthwhile mentioning that the

given temperature limit of 85°C for CPUs was not respected in their experiments.

Hetsroni et al. (2001) investigated vapor-water two-phase flow under uniform and non-
uniform heat flux conditions using two types of heaters. The heating elements were sputtered
onto the back-side of the silicon substrate that minimizes the contact resistance between the
wall and the heater. Noticeable temperature irregularities across the uniformly heated chip’s
wall were found due to hydraulic instabilities within the test section and those irregularities were
significantly enhanced for non-uniform heating. Hetsroni et al. (2002) studied the effects of mass
velocity and vapor quality on the flow boiling heat transfer of Vertrel XF. They showed that
temporal temperature and pressure fluctuations correspond to each other and cause a reduction
in heat transfer. Hetsroni et al. (2009) proved that the heat transfer coefficient increases with
increasing liquid velocity and decreasing with increasing air velocity. This paper highlights
the significant discrepancies between experimental results obtained for micro- and conventional
channels. Geometrical parameters, such as hydraulic diameter, as well as the manifold’s material
and design, appeared to have a profound influence on the air-water and steam-water two-phase
flow heat transfer in microchannel heat sinks (Hetsroni et al., 2001, 2003). Air-water flow
patterns varied among the channel within the test section. In steam-water flow, the periodic
wetting and rewetting phenomena were suggested. Hetsroni et al. (2005) reported also on the
explosive vaporization of water; in the other words — bubbles bursting; in microchannels with
periodic wetting and dryout behaviour. This mechanism was explained in more detail for water
and ethanol by Hetsroni et al. (2006).

XU et al. (2005, 2006)

Xu et al. (2005, 2006) applied IR thermography to observe thermal oscillations at the
surface of the silicon test sections tested. Their IR camera was calibrated to £0.4°C. In partic-
ular, Xu et al. (2005) examined flow boiling of acetone in 10 parallel triangular microchannels,
each having a hydraulic diameter of 155.4 um. The test section was made of a 530 pm-thick
silicon wafer bonded to a 410 pm-thick transparent Pyrex cover plate that enabled visual flow
inspection. In order to mimic the heat generated by active components in a CPU chip, a thin
platinum film was deposited onto the back-side of the silicon wafer, providing uniform heating.
As mentioned by Hetsroni et al. (2001), use of an IR camera requires the surface emissivity to
be close to 1.0. Therefore, the heated area was covered by a thin layer of black lacquer with an
emissivity of 0.94, improving an accuracy of IR temperatures. Three zones of a full boiling cycle:
(i) liquid refilling stage, (ii) bubble nucleation, growth and coalescence stage, and (iii) transient
annular flow stage, were distinguished and the transient boundaries between them were given.
Similar observations were made in the intercrossed array of 10 triangular microchannels of the
same hydraulic diameter and 5 transverse trapezoidal microchannels of 212 ym in depth (Xu
et al., 2006). However, they mentioned that the recording rate of the IR image system was too

low to observe the flow patterns in greater detail.
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PATIL and NARAYANAN (2006)

Patil and Narayanan (2006) utilized IR thermography to spatial resolved temperature
measurements in a 13 mm-long, 50 um-wide, and 135 pym-deep silicon microchannel under a
constant heat input. Water was the test fluid. Both the wall and fluid temperatures near the
channel wall (described in detail by Patil and Narayanan (2005)) were measured, depending
on the opacity of the channel wall. The IR camera calibration for quantitative temperature
measurements was done in respect to the intensity maps during water flow at the temperature

of 23.5°C.
HARDT et al. (2007)

An experimental investigation of flow boiling of 2-propanol and water in 50 x 50 ym? cyclo
olefin polymer (COP) and 30x30 um? silicon (Si) parallel microchannels was performed by
Hardt et al. (2007). The number of channels was respectively 300 or 16. An IR camera was
used for remote temperature measurements over the COP test section with a standard deviation
+0.08K at 30°C. The IR camera was calibrated using a thermocouple that had an accuracy of
+1.5K.

BARBER et al. (2009, 2011)

Barber et al. (2009) studied flow boiling instabilities of n-pentane in a single, rectangular
microchannel having a hydraulic diameter of 727 um under uniform heating by means of an
IR camera and a high-speed flow visualization camera. Therefore, simultaneous heating, as
well as temperature and flow visualizations were possible. The heat transfer coefficients were
determined based on the IR temperatures that were accurate to within +1°C. They showed
that the temporal temperature and pressure oscillations are interdependent. Thin liquid film
evaporation, entrainment, slug flow, bubble nucleation, dryout, etc., were investigated. More

details one the bubble dynamics and are given by Barber et al. (2011).
CHAUVET et al. (2010)

The evaporation rate in a square capillary tube was investigated by means of an IR
camera coupled with an ombroscopy visualisation technique by Chauvet et al. (2010). The
IR temperature measurement uncertainty was estimated to be +£0.05—0.1K. The liquid film
dynamics, affected by capillary, gravity and viscous forces, were then described in by a simple
model. It was shown that geometrical parameters, such as roundness, etc., can significantly

change the heat transfer performance.
WALSH et al. (2010)

Walsh et al. (2010) used an IR camera to study single-phase and plug-slug flow behaviours
in the entrance and fully developed flow regions inside a single minichannel having an internal
diameter of 1.5 mm under a constant wall heat flux boundary condition. The outer surface of

the test section was painted by a matt black paint, thus providing the surface emissivity of 0.95.
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Moreover, in order to minimize the reflection effects, the tested tube was placed in a black box.
The IR camera calibration was done for three temperatures within the test loop by running
single-phase flow tests with a flow rate that ensured the heat losses due to natural convection

was negligible.
KIM and co-workers (2012)

Unlike point and average measurements, Kim et al. (2012) and Kommer et al. (2012)
applied IR thermography into microgravity convective heat transfer experiments. The authors
performed simultaneous flow and temperature visualizations during flow boiling of FC-72 within
a single 6.0 mm diameter silicon channel under a range of gravity levels and determined a velocity
threshold, at which heat transfer becomes independent of gravity (Kommer et al., 2012). Their

test section was coated with a thin IR opaque film providing an emissivity of 0.90£0.01.

Thus, use of IR cameras has become more common in the past few years and it will be
applied in the present thesis implementing some new calibration schemes (to be described in
Chapter 3).

2.4 Flow boiling heat transfer

The application of the two-phase flow cooling strategies introduces a greater degree of
complexity in the modelling and design of such systems compared to single-phase flow tech-
niques. However, these difficulties are offset by the great increase in heat transfer coefficients
provided by two-phase evaporators that utilize the latent energy of the refrigerant to extract
heat. As a result of this enhanced thermal performance, better axial temperature uniformity
and reduced coolant flow rates, and thus pumping powers, are obtained. Therefore, flow boiling
heat transfer has been extensively analyzed since the 1960’s in order to determine the impact
of particular factors, such as geometry, dimensions, channel orientation, fluid properties, flow

velocity, saturation temperature, subcooling, etc. on the process itself.

Over the past several years, single microchannel tubes have been the subject of funda-
mental studies. Today, however, multi-microchannels have gained particular attention in the
micro-electronics and power electronics industries due to the tremendous challenge of remov-
ing continuously increasing heat fluxes dissipated by CPUs. The large amount of experimental
work, theory and empirical design equations was reviewed by Thome (2004, 2006), Cheng et al.
(2008), and recently by Thome and Consolini (2010). A comprehensive state-of-the-art of high
heat flux cooling technology is presented by Agostini et al. (2007). Besides the LTCM! lab,
Hetsroni et al. (2001, 2002, 2003, 2005, 2006, 2009), Xu et al. (2005, 2006), and Harirchian
and Garimella (2008, 2009a,b) have contributed broadly to the field of multi-microchannel two-
phase flow cooling. What was found to be useful is cited below concerning selected experimental

investigations with 2D silicon micro-evaporators by the other groups first and then followed by

1Heat and Mass Transfer Laboratory, Ecole Polytechnique Fédérale de Lausanne
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LTCM’s experience:

e Jiang et al. (2001) tested a transparent microchannel heat sink, which was fabricated
by bonding a Pyrex glass cover plate to a silicon wafer. The chip, 10x20mm? in size,
was designed as an integrated system, comprising either 34 or 35 microchannels with
triangular cross-sectional areas. Anodic bonding technology was used to create the test
module. From the observed flow patterns, the authors distinguished three stable boiling
modes. Moreover, they investigated the dependence of the flow regime on the input power
level. Local nucleate boiling dominated in the microchannels at low input powers. Then,
as the power level was increased, a stable annular flow was established. In contrast to
macrochannels, no bubbly flow regime was detected (which however contrasts with their
conclusion that nucleate boiling dominated at low vapor qualities). Also, neither bubbly
nor slug flow was found in microchannels with diameters from 25 to 60 um (Zhang et al.,
2002).

e Wu and Cheng (2003a,b, 2004) carried out an experimental investigation of convective
heat transfer and pressure drop of water flowing in silicon parallel microchannels of trape-
zoidal cross-sectional areas. The number of channels varied from 8 to 15. The alternative
two-phase/single-phase flow was observed. Simultaneous periodic wall temperatures ac-
companied by inlet and outlet water temperature and pressure oscillations were reported.
Pressure drop and flow boiling instabilities were assessed by Wu et al. (2006). The authors
associated these instabilities with contradictory results found in the literature by Wang
et al. (2008).

e Chen and Garimella (2006) focused on flow boiling heat transfer of FC-77 in 24 silicon
microchannels, each with a 389 umx 389 ym cross-sectional area and heated by 25 indi-
vidual heating elements. Visual observation of flow regimes showed that bubbly flow was
dominant at low heat fluxes. At higher heat fluxes wispy-annular and churn flows were
observed. The heat transfer coefficient drop and strong fluctuations of wall temperature
at high heat fluxes due to the partial wall dryout were reported (probably due to flow in-
stabilities). The heat transfer coefficient and pressure drop in fully developed flow boiling

were found to be independent of flow rate in the tested range of experimental conditions.

e Lee and Garimella (2008) used deionized water to study saturated flow boiling heat transfer
and pressure drop in 400 pum-deep silicon microchannels. The channel width varied from
102 pm to 997 pm. New heat transfer coefficient and pressure drop models were invented
and compared with existing prediction methods. As a result, satisfactory agreement was

achieved.

e Schneider et al. (2007) studied convective heat transfer of non-cavitating and cavitating
flow of R-123 in silicon multi-microchannels having a hydraulic diameter of 227 ym. In
order to initiate cavitation (actually flashing) and enhance heat transfer, 20 pm-wide and

200 pm-long rectangular micro-orifices were installed at the entrance of each channel. The
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heat transfer coefficient for flashing flow was as much as 84% higher in comparison to
non-flashing flow. They concluded that the two-phase flashing flow is dominated by the
convective boiling, while for the non-flashing flow, it was hypothesized to be either the

nucleate boiling or convective boiling depending on vapor quality.

e The experiments of Bogojevic et al. (2009, 2011) concentrated on flow boiling instabilities
of water flowing in a silicon heat sink under uniform and non-uniform heating. The
test section was composed of 40 parallel channels having a hydraulic diameter of 194 ym
and a length of 15mm. Bogojevic et al. (2009) demonstrated the existence of different
flow regimes in different channels along the transverse direction. Inlet liquid subcooling
was found to have an influence on the stability and uniformity of wall temperature, which
improved for higher liquid inlet temperatures. They confirmed the observation of Hetsroni

et al. (2001) that non-uniform heating enhances the microchannel flow boiling instabilities.

e Bertsch et al. (2009) proposed a heat transfer correlation for saturated flow boiling ap-
plying a superposition of nucleate boiling and convection contributions and taking into
account the effect of channel size. The model was developed based on a database from 14
studies from literature, which included 12 different fluids, vertical and horizontal channels
(both single and multiple) with diameters ranging from 0.16 to 2.92 mm and confinement
numbers from 0.3 to 4.0. The authors reported that the correlation is in a good agreement
with the experimental results, even though different trends were observed throughout.

More details on the equations are given in Appendix C.

e More recently, Harirchian and Garimella (2012) presented a new flow regime map for
FC-77, flowing in parallel silicon microchannels. A wide range of channel dimensions
and experimental conditions was considered to develop this map, but only one fluid at
one saturation temperature were tested, i.e. no variation in fluid physical properties.
Slug, confined annular, bubbly, and alternating churn/annular/wispy-annular flows were
distinguished and the models for predicting the heat transfer coefficients were given in
each regime. In order to predict the liquid film thickness in the elongated bubble, the
three-zone model of Thome et al. (2004) was modified. The channel locations where the
flow transformed from bubbly to slug and consequently to annular flow were determined,
and then the pressure drop for each regime occurring along the channel was separately
calculated. Unlike the empirical correlations, the regime-based pressure drop prediction

methods appeared to provide more reliable results, but only for this one fluid at one Tq;.

Thanks to the LTCM lab’s experience with two-phase flow research, noticeable advances

in the field have been established. A brief review is presented below.

In 2002, Jacobi and Thome (2002) proposed a simple analytical two-zone model of thin-
film evaporation into elongated bubbles and demonstrated that it was the dominant heat transfer
mechanism in microchannels in comparison to conventional macrochannel nucleate pool boiling

mechanism, explaining the heat flux influence usually attributed by others to be evidence of
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nucleate boiling. Thome et al. (2004) modified the previous two-zone model to predict the
time-averaged local heat transfer coefficients. The new three-zone model treats evaporation
of elongated bubbles in microchannels as a cyclic passage of: a liquid slug, an evaporating
elongated bubble, and a vapor slug, which is assumed to appear when the liquid film thickness
near the bubble tail reaches the same order of magnitude as the surface roughness of the channel.
The local heat transfer coefficients obtained from the three-zone model were compared to an
experimental database including 1’591 data points (Dupont et al., 2004) from seven independent
studies. As a result, 67% of the heat transfer data covering 7 different fluids were predicted
within a £30% tolerance band.

Agostini et al. (2008a,b,c,d) performed an experimental investigation of two-phase flow
cooling of a silicon chip up to very high heat fluxes. Refrigerants, such as R236fa and R245fa,
were used as the working fluids. 67 high depth-to-width aspect ratio of the microchannels
with rectangular micro-orifices at the entrance to each channel were tested. The channels were
223 pm-wide, 680 pm-high and 20 mm-long. Agostini et al. (2008b) pointed out that the base
temperature of the multi-microchannel heat sink could be kept below 52°C while dissipating
255 W cm 2 with 10K of inlet subcooling and 90 kPa of pressure drop at a 25°C of saturation
temperature. They also reported that the cooling performance provided by two-phase flow
cooling of such a chip is significantly better compared with single-phase liquid cooling at the
same pumping power. Moreover, good performance of a split flow design with much lower
pressure drop was demonstrated. Borhani et al. (2010) developed and applied a novel time strip
technique to analyze the image sequences taken by a high-speed digital video camera during
the flow boiling of R245fa in the test section of Agostini et al. (2008a,b,c,d). According to
the authors, the conflicting results and the varied trends concerning heat transfer given by the
literature might be explained by an intermittent dewetting-rewetting dryout mechanism of the

liquid film trapped between the channel wall and the elongated bubble.

Park (2008) and Park and Thome (2010) presented a new saturated critical heat flux
(CHF) database for multi-microchannel copper elements with low pressure refrigerants, namely
R134a, R236fa, and R245fa. Two different heat sinks with either 20 or 29 high aspect ratio chan-
nels were tested against a wide range of mass and heat fluxes. The channels were 467 x 4’052 zm?
and 199x 756 um?, respectively. The comparison of the data with the available CHF methods
showed good agreement for the predictions of Katto and Ohno (1984); Revellin and Thome
(2008); Wojtan et al. (2006). The study involved a flow visual inspection in order to assess
the effect of inlet orifices used for each channel (Park et al., 2009). The authors reported a
substantial improvement of flow stability with the micro-orifices in place. Moreover, no back
flow was observed and the flow uniformity was distinguishably better. The orifices caused an
additional pressure drop and a consequent reduction of subcooling as well as in some cases also
flashing. Therefore, the flow boiling was initiated at a lower heat flux, the wall-temperature
distribution becomes more uniform and the wall-temperature overshoot for the onset of boiling

is significantly reduced.
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New tests with the split flow configuration (one inlet-two outlets) for the 199x 756 pm?
channels were run by Mauro et al. (2010) with the refrigerants used by Park and Thome (2010).
Lower pressure drops accompanied by higher CHFs were found for such a configuration compared
with the single inlet /outlet system. Similarly, the correlations of Wojtan et al. (2006) and Katto
and Ohno (1984) agreed well with the obtained CHF database for R134a, R236fa, and R245fa.
The mean absolute errors (MAEs) for all the fluids were: 8.92% and 5.84%, respectively, within
an error band of £30%. The numerical model of Revellin and Thome (2008) provided the MAE
of 14.2%. Thus, CHF in multiple microchannels with flow stabilized by inlet micro-orifices is

now well predicted.

Ong and Thome (2009) investigated flow boiling heat transfer phenomenon of R134a,
R236fa, and R245fa in a horizontal heated tube, which had a diameter of 1.03mm. They
classified the slug flow in microchannel systems into an isolated and coalescing bubble flow,
which converts into an annular flow at higher vapor qualities. Heat flux dependence on heat
transfer coefficients at low vapor qualities for those fluids was observed. Moreover, in the
annular flow regime for low pressure fluids such as R236fa and R245fa, the convective boiling
mechanism becomes dominant while vapor quality increases. The method proposed by Ong and
Thome (2009) predicted relatively well the database of Arcanjo et al. (2010). Later on, the test
facility of Ong and Thome (2009) was used in the experimental investigation of flow boiling of
R1234z¢(E) in 1.0 and 2.2 mm circular tubes (Tibirica et al., 2012). The heat transfer data bank
of Tibirica et al. (2012) was well modelled by the model of Saitoh et al. (2007) that includes
the effect of tube diameter. Ong and Thome (2011a,b) concentrated on the effect of channel
confinement on two-phase flow patterns, liquid film stratification, heat transfer and critical heat
flux (CHF). The confinement number, Co, was used as a new channel classification criterion,
where the lower threshold of macroscale flow and the upper threshold of symmetric microscale

flow are, respectively, Co=0.3—0.4 and Co= 1.

The coalescing bubble flow during convective boiling heat transfer in micro-scaled systems
was also studied by Consolini and Thome (2010), who presented a one-dimensional model for
evaporation of confined bubbles. The model is based on the hypothesis of the thin film evapo-
ration into elongated bubbles, as stated by Thome et al. (2004). Indeed, the comparison of the
model to the experimental database revealed a conclusion that the film evaporation mechanism

governs the heat transfer.

Costa-Patry et al. (2011a,b) focused on two-phase flow of R245fa and R236fa in 135 silicon
multi-microchannels heated by 35 local heaters. The channels were 85 um-wide, 560 pm-high,
12.7 cm-long, and separated by 46 um-wide fins. As new experimental technique was developed
in order to determine the outlet restriction pressure drop losses, which represented up to 30% of
the total pressure loss through the micro-evaporator (but usually much less) and, thus, could not
be neglected. The microchannel pressure drop experimental results were in a good agreement
with the annular flow model of Cioncolini et al. (2009) used with the Lockhart and Martinelli
(1949) method for the isolated bubble regime. Costa-Patry et al. (2011a) presented the heat
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transfer characteristics of before-mentioned fluids and showed the best prediction in the isolated
bubble (IB) and coalescing bubble (CB) regimes identified using the flow pattern map of Ong
and Thome (2009), which was given by the three-zone heat transfer model of Thome et al. (2004)
for describing the evaporation process in miniaturized channels. Costa-Patry et al. (2010) and
Costa-Patry et al. (2012) performed a series of experiments under hot spot conditions showing
that the prediction methods of Thome et al. (2004) and Bertsch et al. (2009) are suitable also for
non-uniform heat flux applications. Recently, Costa-Patry and Thome (2012) have presented a
new flow pattern-based prediction method for heat transfer coefficient in microchannels. The
three-zone model of Thome et al. (2004) and the Cioncolini and Thome (2011) annular flow
model for convective boiling were joined applying a new heat flux-dependent transition from
the coalescing elongated bubble to the annular flow. Appendix C presents the original models
of Thome et al. (2004) and Cioncolini and Thome (2011), as well as the recent modifications
introduced in Costa-Patry and Thome (2012).

Madhour et al. (2011) tested flow boiling of R134a at a saturation temperature of 63 °C,
flowing in a copper heat sink with 100 parallel channels, where 35 local heaters and temperature
sensors were utilized in their experiments. The temperature of the test section’s base was below
a given temperature limit of 85 °C with a maximum pressure drop of 94 kPa while dissipating
over 180 W cm 2 of base heat flux. The reported base heat transfer coefficients were as high as
270kWm—2 K~ 1.

Even with these many tests, more 2D multi-microchannel tests specifically targeted to-

wards 3D-IC chips with interlayer cooling are needed and are the main subject of this thesis.

2.5 Axial conduction effects on heat transfer data

Due to many difficulties, axial heat conduction contribution associated with entrance
effects is generally ignored in heat transfer studies (Davis and Cooper, 1969). Lin and Kandlikar
(2012) showed that axial heat conduction in the fluid is negligible for air and water flow in
microchannels for common cooling applications. On the contrary, axial heat conduction in the
wall may be significant in developing flows and especially for non-uniform heat flux conditions.
Beside dimensionless quantities, such as the Peclet number (Piva, 1996; Vick and Ozisik, 1981),
dimensionless thickness, and thermal conductivity (Bilir, 1995), Peterson (1999) introduced the

concept of the axial conduction number:

kA
Mc,L

Acond = (2.27)

which was used by Maranzana et al. (2004) in their numerical analysis of convective heat transfer

in rectangular mini- and microchannels.

Over the past several years, many numerical and experimental papers, concerning wall
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heat conduction in downscaled single channels appeared in the literature, for instance: Celata
et al. (2006); Gamrat et al. (2005); Lelea (2007); Liu et al. (2007); Moharana et al. (2012);
Muzychka and Yovanovich (2004). In respect to the focus of this study, a brief literature
review on axial heat conduction problem in microchannel heat sinks for electronics packaging

is presented.

Fedorov and Viskanta (2000) proposed a three-dimensional mathematical model to ac-
count for the flow and conjugate heat transfer in a microchannel-based silicon heat sink. The
model, based on incompressible laminar Navier-Stokes equations, was evaluated against experi-
mental data, providing a good agreement. The authors found that in some cases the Poiseuille
flow assumption might not be accurate for the friction coefficient determination. Moreover, due
to high conductivity of the silicon substrate, being in direct contact with flowing fluid, local
heat transfer coefficients and the Nusselt numbers are erroneous if axial heat conduction effects
in the channel wall are not taken into account. The heat spreading and heat conduction inside
the silicon heat sink, as well as possible structural chip failure due to significant thermal stresses

were mentioned to be crucial, and thus cannot be omitted in the analysis of such systems.

Tiselj et al. (2004) studied low-Re number heat transfer characteristics of water inside
triangular silicon microchannels, each having a hydraulic diameter of 160 um. Non-linear tem-
perature distribution along the flow direction was observed. A negative temperature gradient
between the wall and the bulk water temperatures, as well as a singular point along the Nu-
profile indicated the change of the heat flux flow direction. Neglecting the dissipation effects,
conventional Navier-Stokes equations were suggested to be applicable for describing the heat

transfer under tested experimental conditions.

Morini (2006) performed a comprehensive analysis of the viscous dissipation, conjugate
heat transfer, and entrance effects on the mean Nusselt numbers of single-phase flow is small
channels. The viscous dissipation contribution is discussed in Section 2.1. Additionally, the

entrance effects in tubes might be neglected if:

RePr Dh
L

and for the silicon walls, the conjugate wall-fluid effect can be ignored when the following

<10 (2.28)

condition is met:

kSi Dh) ( Wcthh ) 1
Tsi) (Zh) (kT 0.02 2.29
(kﬂ> ( L) \Wo+ Ha ) RePr ~ (2.29)

Then, the following can be stated:

o for the low-Re flows, the mean Nusselt numbers are generally reduced, which is associated
with a combined effect of the heat conduction along the solid walls and the internal

convection, while
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e for the high-Re flows, the mean Nusselt numbers are influenced by both the entrance

effects and the viscous dissipation.

Cole and Cetin (2011) concluded that the conjugate heat transfer including axial conduc-

tion in the fluid and in the adjacent wall is crucial:

for small length-over-height aspect ratio microchannels,

for the small Pe numbers,

for large ratios of wall thickness-to-channel height, and

when the wall conductivity is high in respect to the thermal conductivity of the working
fluid (see Eq. (2.29)).

Moharana et al. (2011) suggested that, besides the above-mentioned thermal conductivity,
geometrical parameters, the Peclet, Nusselt, and Reynolds numbers, the Prandtl number, Pr,

might play an important role in conjugate heat transfer situations and needs to be investigated.

Lin and Kandlikar (2012) pointed out that neglecting the effect of axial heat conduction,
while reducing the experimental data, results in lower Nusselt numbers due to an increase in
the local fluid temperature and a corresponding increase in the wall temperature. In order to
account for this effect, the authors developed a new axial heat conduction model in the fully
developed flow. The model provides good agreement with numerical and experimental data in

terms of quantity and trends predicted.

2.6 Two-phase flow visualization

Flow patterns and flow pattern maps are commonly accepted to be important in heat
transfer studies in both macro- and microscales, resulting in a variety of different types of
transition boundaries between particular flow regimes. Cheng et al. (2008) and Thome (2010,
in Chapter 20) provided a widespread compendium of visual observation of two-phase flow
patterns. Table 2.2 presents selected experimental investigations, involving single-channel two-
phase flow visualizations. The most typical flow pattern maps are constructed either in terms of
superficial liquid and vapor velocities, j, —j;, or experimental conditions and vapor quality: x —
GG. Nonetheless, some others exist, for instance: , G—¢q and ¢—G. As indicated, the two-phase

flow visualization remains an active area of current research for fundamental studies.



2.6. Two-phase flow visualization

23

Table 2.2: Selected small single-channel studies involving flow visualization.

Reference

Research details

Flow pattern map in respect to superficial liquid and vapor velocities, j, —J;

Yang and Shieh (2001)

Serizawa et al. (2002)

Huo et al. (2004) and Shiferaw

et al. (2007)

Revellin et al. (2006)

Shiferaw et al. (2009)

Fu et al. (2008)

Zhang and Fu (2009)
Martin-Callizo et al. (2010)
Saisorn et al. (2010)

Galvis and Culham (2012)

Tubes with inner diameters and lengths of, re-
spectively: (i) 1.0mm and 200 mm, (ii) 2.0 mm
and 400 mm, as well as (iii) 3.0 mm and 600 mm
Tubes of 20, 25, and 100 ym of inner diameter
(for air-water flow) and tube of 50 ym diameter
(for steam-water flow)

Tubes with inner diameters and lengths of ei-
ther (i) 4.26 mm and 500 mm or (ii) 2.01 mm and
211 mm

Tube with an inner diameter of 0.50 mm and a
heated length of 70.70 mm

1.1 mm-diameter tube with a heated length of
150 mm

Test section with an inner diameter of 1.931 mm,
having a 100 mm heated section and a 50 mm
adiabatic observation section

Tubes of 0.531 and 1.042mm inner diameters
and a 100.0 mm heated sections

Tubes with an internal diameter of 1.33 mm and
235 mm in heated length

600 mm-long mini-channel with a diameter of
1.75 mm

Two 29.2mm-long test sections with rectan-
gular cross-sectional areas: either 198x241 or
378 x471 pm?

Flow pattern map with mass flux and vapor quality as coordinates, x —G

Revellin et al. (2006)

Fu et al. (2008)

Zhang and Fu (2009)

Tube with an inner diameter of 0.50 mm and
70.70 mm in heated length

Test section with an inner diameter of 1.931 mm,
having a 100 mm heated section and a 50 mm
adiabatic observation section

Tubes of 0.531 and 1.042mm inner diameters

and a 100.0 mm heated section

Continued on next page
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Table 2.2 — Continued from previous page

Reference Research details

Ong and Thome (2009, 2011a) Channels with lengthx diameter of, respec-

tively, 478.0 mm x 1.03 mm, 713.4 mm x 2.2 mm,
and 931.1 mmx 3.04 mm and 100 mm-long sight
glass for flow visualization

Martin-Callizo et al. (2010) Tubes with an inner diameter of 1.33 and
235 mm in heated length

Karayiannis et al. (2010) Tubes with inner diameters and lengths of, re-
spectively, (i) 4.26 mm and 500 mm, (ii) 2.88 mm
and 300mm, (iii) 2.0lmm and 211mm, (iv)
1.10mm and 150 mm, as well as (v) 0.52 mm and
100 mm

Saisorn et al. (2010) 600 mm-long channel with a diameter of
1.75mm

Galvis and Culham (2012) See above

Flow pattern map in respect to experimental conditions, either G—¢q or ¢—G

Celata et al. (2010) 100 mm-long microchannel with an inner diam-
eter of 480 um
Galvis and Culham (2012) See above

Today, however, multi-microchannels have gained particular attention in the power elec-
tronics and micro-electronics and industries. Table 2.3 thus provides a summary of some previ-
ous experimental studies on the two-phase flow visualization in multi-microchannel evaporators.
The number of parallel channels usually varies from 2 to over 60, although the two-phase flow

visualisation usually involves from 1 up to only few channels.
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Table 2.3: Some previous experimental studies on the two-phase flow visualization in multi-

microchannel evaporators.

Reference

Overall number

of channels

Number of channels being

visualized

Hetsroni et al. (2001, 2002, 17, 21 or 26 below 20 (commonly 1)
2003, 2005)

Wu and Cheng (2003a, 8 or 15 1

2004)

Wu et al. (2006) 2

Wang et al. (2007, 2008) from 1 to 5

Chen and Garimella (2006) 24 1

Harirchian and Garimella from 2 to 63 1

(2009a,b, 2010)

Bogojevic et al. (2009, 40 3 or 4, respectively
2011)

Park et al. (2009) 20 20

Among those, only the visualization performed by Park et al. (2009) was done for all the

channels including inlet and outlet headers, as shown in Fig. 2.1. Hence, the goal of this research

project was to carry out a 2D two-phase flow visualization, including all the channels, as well

as inlet and outlet headers for a complete rather than partial view of the test section.
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Figure 2.1: Visualization of the 4’052 um test section at a high mass velocity: (a) without, and
(b) with the orifice insert. Flow direction is from left to right. The heating area is denoted by
a red dashed line. Bright areas in the channels represent a single-phase liquid (near inlet) or
annular flow (near outlet), whereas darker areas represent two-phase bubble mixture. Figure
extracted from Park et al. (2009).
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2.7 Summary and problem statement
The present literature survey provides the following conclusions:

e Besides the point-wise temperature measurements, the use of IR thermography is rec-
ommended as a non-contact instantaneous spatio-temporal temperature measurement
technique for the characterization of micro-evaporators cooling performance. Many of
researchers highlighted the need to increase the emissivity of the observed surfaces to in-
crease the signal-to-noise ratio and, thus, the accuracy of the IR thermography. Options

discussed include matt black paint, graphite, and matt black adhesive tape.

e The present state-of-the-art review indicates that axial heat conduction, viscous dissipa-
tion, conjugate heat transfer and entrance effects are meaningful, and thus should not be

neglected when reducing experimental data.

e Various studies dealing with visual inspection of flow patterns for a limited number of
channels can be found in previous studies. Nonetheless, flow boiling instabilities in mi-
crochannels require an overall flow visualization of the test section, including the inlet and

the outlet plenums, to see the entire process.

Therefore, the experimental investigation of the two-phase flow boiling in silicon micro-
evaporators with a low depth-to-width aspect ratio of its microchannel and a 1cm? heated
area has been undertaken. Refrigerants R245fa, R236fa, and R1234ze(E), all of which provide
low pressure, compatibility with electrical environments in case of leakage, high efficiency, low
toxicity, and saturation temperatures close to ambient, have been tested. Simultaneous flow

and temperature visualizations have been conducted.

The present research project is expected to contribute to the realization of future high-
performance 3D chip stacks with interlayer cooling, where the channels necessarily require a low

aspect ratio and a size of 100 um or even smaller.






Chapter 3
Experimental set-up

The present chapter describes the experimental flow boiling facility and the silicon multi-

microchannel evaporators tested.

3.1 Flow boiling test facility

The existing experimental flow boiling test facility, built by Revellin (2005) and recently
used by Ong (2010) to study the flow boiling and evaporation in single stainless steel tubes, was
modified here to investigate two-phase flow in silicon multi-microchannel cold plates. It contains
a closed loop of refrigerant, schematically presented in Fig. 3.1(a). An oil-free micropump cou-
pled with a frequency controller is used to set the desired liquid flow rate, which is measured by
a Coriolis mass flow meter with an accuracy of +0.35% of the flow rate. Downstream of the flow
meter, to assure the desired condition for the test section inlet, there are a pre-heater/subcooler
and an electrical pre-heater. The test section, described in detail in the following subsection, is

a silicon micro-evaporator with a transparent Pyrex cover plate.

The pre-heater and the test section are heated by applying direct DC current via two
independent power sources. The voltage drop across the pre-heater and the test section, and
the current (in-direct measurement) are measured via the National Instrument data acquisition
system (NI DAQ). The micro-evaporator is inserted into a manifold, shown in Fig. 3.2(a),
which is used to provide and remove fluid from the test section via the inlet and outlet manifold
plenums. In order to prevent leakage, 500 pm-diameter O-rings are placed in the grooves around
the manifold plenums. As well as providing mechanical support for the test section, this manifold
provides optical access to both the top and bottom surfaces of the test section. The temperature
of the refrigerant, as well as the pre-heater wall temperature, are measured by Thermocoax
0.25mm K-type thermocouples calibrated to within £0.1°C. The absolute pressures at the
inlet and outlet manifold plenums are measured by 10 bar absolute pressure sensors with a full-

scale (FS) accuracy of £0.1%. Moreover, the pressure drop between the inlet to outlet manifold
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plenums is obtained by a differential pressure sensor with a £0.023% full-scale accuracy.
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Figure 3.1: (a) Schematic of the refrigerant flow loop, and (b) photograph of the experimental
flow boiling test facility with the optical system (Szczukiewicz et al., 2012b).
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After the working fluid passes through the test section, it is directed to the tube-in-
tube type heat exchanger where it is condensed and subcooled. The reservoir containing the
working fluid is used to control the saturation pressure in the refrigerant circuit by adjusting its
temperature using a RK 20 KP LAUDA compact low-temperature thermostat. A 15 pm filter is
installed on the facility to prevent any contaminants from entering the test section and blocking

the microchannels.

Figure 3.2: (a) Bottom part of the test section manifold, (b) front-side of the PCB board with
HSEC8-130-01-S-DV-A edge connector, and (c) back-side of the PCB board with heaters and
RTDs connectors.

The aim of the current research is to perform two-phase flow boiling and temperature visu-
alizations over the entire micro-evaporator area. In order to do that, as depicted in Fig. 3.2(b),
the experimental test facility is equipped with an optical system comprising two high-speed
cameras: a Photron Fastcam-Ultima APX camera placed above the test section and a Therma-
CAM SC3000 infra-red (IR) camera below. The Photron Fastcam-Ultima APX camera, having
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the highest spatial resolution of 1’024 x 1’024 pixels at 2’000 fps, was coupled with an AF Micro-
Nikkor 105mm 1:2.8D lens and an additional ring to increase magnification. An additional
source of light is applied to illuminate the test section. The ThermaCAM SC3000 high-speed
IR camera, having a maximum frame rate of 900 fps (presently operated at 60 Hz), was equipped
with a close up lens LW 34/80, thus improving the measurement accuracy over the small target

areas by excluding unwanted background (surrounding) temperatures.
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Figure 3.3: (a) An example of an IR camera calibration curve for a given pixel on the sensor
(Szczukiewicz et al., 2012a), and (b) probability density function for the reference temperature
of 10.8°C over a 3’621 length sample captured at 60 Hz.

Use of IR thermography requires great attention to detail to get accurate temperature
measurements without reflection, emissivity, and observation angle effects. Here, a novel in-
situ pizel by pizel technique was developed to calibrate the raw IR image signals, S, thus
converting them into two-dimensional temperature fields of the test section surface in a manner
that avoids most such problems. In-situ IR camera calibration was performed with the flow loop
by running single-phase liquid flow of a low-pressure refrigerant, namely R245fa, and keeping
adiabatic conditions in the test section. While calibrating, the speed of the pump was set to
nearly the maximum value to ensure uniform temperature distribution among the channels. The

IR camera calibration was performed over the range of reference temperature, 7., from 10 and
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60 °C with a temperature step of about 5°C, where the reference temperature is the average
value of the temperature measured at the inlet and outlet manifold plenums (see Fig. 3.2(a)).
The IR camera calibration procedure was done in ascending and descending mode to check for
hysteresis. Figure 3.3(a) presents an example of the IR camera calibration curve. Figure 3.3(b)
illustrates the probability density function (PDF) for the same reference temperature over a
3’621 length sample captured at 60 Hz providing a relative standard deviation (RSD) of only
0.48%. The wall temperature during the calibration fluctuated within +0.1°C at the reference
temperature of 10.8°C, giving the root mean squared (R,) value of 0.17°C. Thus, the present
IR temperatures are accurate to within £0.5°C when calibrating over the range of reference
temperatures between 10 and 60 °C. However, in the temperature range of the two-phase flow
experiments, they are measured with an accuracy of £0.2 °C, which provides a tenfold accuracy

improvement compared to the manufacture’s value of £2°C.
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Figure 3.4: Comparison of: (a) the pre- and post-experimental calibration curves for the pixel
P15,16) of the IR camera’s sensor array (Szczukiewicz et al., 2012b), and (b) the calibration
curves of the middle pixel of the IR camera’s sensor array obtained for 4 different test sections.

The comparison of the pre- and post-experimental calibration curves obtained for the
pixel Pi516) of the IR camera’s sensor array, as well as the comparison of the the calibration

curves for the middle pixel of the IR camera’s sensor array and 4 different test sections revealed
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good agreement, as indicated in Fig. 3.4. The IR temperatures measured here that refer to
junction temperatures commonly used in electronics devices, are thus accurate, repeatable, and

reliable.

3.2 Micro-evaporators

The test section, described by Szczukiewicz et al. (2012a,b), had overall dimensions
25.4x28mm?. A 380 um-thick double-side polished silicon wafer was anodically bonded to
a 525 pm-thick transparent Pyrex cover plate. The schematic block diagram of the test section
assembly is depicted in Fig. 3.5. The test section’s fabricating process was as follows: (i) TiAl
sputtering, (ii) TiAl Reactive Ion Etching (RIE), (iii) SiO2 RIE and Si Deep Reactive Ion Etch-
ing (DRIE) for inlet/outlet openings, (iv) SiOg wet etching, (v) Si DRIE for microchannels, and

(vi) silicon-Pyrex anodic bonding.
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Figure 3.5: Schematic of the test section assembly (Sabry et al., 2011).

Tests revealed that the micro-evaporator was able to withstand absolute pressures up to
10 bars without bursting, thus indicating the high quality of the bonds. The channels, shown in
Fig. 3.6(a), are 10 mm-long with a 100x 100 um? in cross section. The low aspect ratio of the

channel:

H, ch
W (3.1)
minimizes the effect of flow stratification, due to the fact that the surface tension forces overcome

the gravitational forces.

The surface roughness of the channel bottom wall was measured along its centerline using

the non-contact optical phase shifting and white light vertical scanning interferometry technique,
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Figure 3.6: (a) 100 x100um? channels with the inlet restrictions of the expansion ratio of
€in,rest =2, and (b) back-side of the silicon evaporator with the serpentine microheaters and
RTDs.
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which gave a root mean squared value of 90 nm. Figure 3.7 shows the photograph of the surface
roughness profile of the inlet restriction having the expansion ratio of e, rest =2. There were
67 channels separated by 50 um-wide fins, which had a 1cm? evaporating area representative
of electronics devices (CPU, IGBT’s, etc.). Therefore, in the present study, the heat flux will
be expressed in W em™2 when refereed to the micro-evaporator’s base. The channels are not
perfectly square; some curvatures exist in the channels’ corners, as seen in Fig. 3.8. This is,

however, neglected in the data reduction process.
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Figure 3.7: Photograph of the surface roughness profile of the inlet restriction having the ex-
pansion ratio of €, rest = 2.

The fluid entered and exited the test section headers via, respectively, 1 mm-wide inlet
and 2mm-wide outlet slits. Two independent serpentine microheaters, made from aluminium
of 1.5 um thickness, were sputtered onto the back-side of the micro-evaporator, as shown in
Fig. 3.6(b), to simulate the power dissipated by active components in a 3D CMOS chip. Alu-
minium was chosen due to its compatibility with the machines in Clean Room! and relatively
good resistance to delamination that might take place as the test section is cyclically heated
during an experimental investigation. The heating path was split to 6 40 um-wide strips with the
distance in between them of 15 um, chosen based on the penetration depth and checked against
an electrical breakdown to prevent a short circuit. Also, 50 pm-wide 4-wire resistance temper-
ature detectors (RTDs) were plated onto the back-side in between the heater coils. These were
calibrated in the same way as the IR camera. DC current was applied to the micro-evaporator
via a HSECS8-130-01-S-DV-A edge connector (SAMTEC) soldered to the PCB board. Fig-
ures 3.2(b) and (c) show the front- and back-side of the PCB. Then, this PCB was mounted on

the side of the tested micro-evaporator.

!Center of Micronanotechnology, Ecole Polytechnique Fédérale de Lausanne (CMI-EPFL)
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Figure 3.8: Photographs of: (a) 100 x100um? channels, and (b) the surface profile of the
channel bottom wall.
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As suggested by Hetsroni et al. (2001) and Xu et al. (2005), a high-emissivity black matt
tape (E¢ape close to 1.0 within the present temperature range) was placed onto the back-side
of the micro-evaporator to improve the accuracy of the IR temperature measurements and to
minimize the IR transmissivity of the test section. The temperature distribution was uniform

with the spatial derivative of the temperature less than +0.09 °C/pixel.

Snapshots of the high-speed videos of flow visualization and the time-averaged IR tem-
perature maps of the test section’s base provided by the two-phase flow boiling of R245fa in
two micro-evaporators, with and without inlet restrictions at the same experimental conditions
are compared in Fig. 3.9. The flow direction is from left to right in all of presented images
for both flow and temperature. As expected, observation of the two-phase flow with evapo-
ration of R245fa in the micro-evaporator without any inlet restrictions revealed the presence
of significant flow instabilities, such as parallel channel instability (Zhang et al., 2010, 2011),
vapor back flow and non-uniform flow distribution among the channels. Wu and Cheng (2003a)
pointed out that those phenomenon lead to high-amplitude and high-frequency temperature
and pressure oscillations. Therefore, the rectangular restrictions were placed at the inlet of each
channel, as suggested by Agostini et al. (2008c). Those restrictions of different expansion ratios
(€inrest =1.33, 2, and 4) and the channels were manufactured using the same procedure, thus
they have the same depth. The expansion ratio downstream of the inlet restriction is defined

as follows:

Wch

€in,rest = W,

in,rest

(3.2)

The contour-type temperature maps, presented in Figs. 3.9(b) and 3.9(d), help to visually
assess the temperature uniformity over the micro-evaporator area. For the test section with
the inlet restrictions in Fig. 3.9(d), the wall-temperature distribution is much more uniform; in
fact, only a small heat spreading effect is noticeable at the two lateral sides. Surprisingly, the
contour lines of the temperature are smoother for the test section without any inlet restrictions
where the flow instabilities take place, as illustrated in Fig. 3.9(b), the reason being is that these
IR temperature maps are obtained by averaging the values over time and the vapor back flow
appear to smooth the time-averaged temperature distribution. One needs to remember that the
temperature fluctuations cannot be assessed here. Moreover, due to the unstable flow, the test
section without any inlet restrictions failed before the experiment test matrix was successfully
accomplished. As explained by Park et al. (2009), due to the flashing effect in the test section
with the micro-orifices, the boiling starts at a lower heat flux, and thus the wall-temperature
distribution becomes more uniform and the wall-temperature overshoot for the onset of boiling
is circumvented by the vapor bubbles produced by the flashing. Therefore, inlet micro-orifices
are very beneficial in order to prolong the lifetime and extend the stable operation of the future

3D interlayer cooling systems.
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Figure 3.9: Snapshots of the high-speed flow visualization and the time-averaged IR temper-
ature maps of the test section’s base provided by the two-phase flow boiling of R245fa for
G =2035kgm 257! and ¢,=36.5Wem~2: (a), (b) without any inlet restrictions, and (c),
(d) with the 50 pm-wide, 100 um-deep, and 100 pm-long inlet micro-orifices (Szczukiewicz et al.,
2012b). The flow is from left to right. The figure continues over pp. 39—40.
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Figure 3.9: (continued) Snapshots of the high-speed flow visualization and the time-averaged
IR temperature maps of the test section’s base provided by the two-phase flow boiling of R245fa
for Gop, =2'035kgm 25! and ¢, =36.5Wcm~2: (a), (b) without any inlet restrictions, and
(c), (d) with the 50 pm-wide, 100 pm-deep, and 100 ym-long inlet micro-orifices (Szczukiewicz
et al., 2012b). The flow is from left to right. The figure continues over pp. 39—40.
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Chapter 4

Experiments, operating conditions,

and data reduction

This chapter focuses on the experimental campaign and the data reduction procedures.

4.1 Experiments

Figure 4.1 presents the summary of the current experimental investigation. Its test matrix
included 2 low-pressure refrigerants, R245fa and R236fa, as well as 1 medium-pressure new
refrigerant R1234ze(E) flowing in 4 different test sections, both with (e, rest =4, 2, and 1.33)

and without any inlet restrictions (€, rest =1).

Fluid

R1234ze(E)

1 1.33

Expansion ratio

Figure 4.1: Summary of the current experimental campaign, where x denotes the test case.
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The following comparisons are then possible:

e cyan — for R245fa flowing inside 2 test sections (€jp rest =1 and 2),
e green — for R236fa flowing inside 3 test sections (e rest = 1.33, 2, and 4), and

e red — for e, rest =2 tested for 3 fluids: R245fa, R236fa, and R1234ze(E).

4.1.1 Single-phase flow tests

Single-phase flow energy balances of the test section for various heat fluxes, channel mass
fluxes, and inlet fluid subcoolings was performed in order to estimate the heat loss to the sur-
rounding environment. The heat loss within the micro-evaporator to the fluid, shown schemat-

ically in Fig. 4.2, is equal to:

Qel - Mcp,l (Tout - ﬂn)
Qel

where: @Q); is the total electrical power supplied to the device, M is the fluid flow rate (measured

AE = -100% (4.1)

by the Coriolis mass flow meter), ¢, is a liquid specific heat at a constant pressure, and 7}, and

Tyt are the fluid temperatures at the inlet and the outlet manifold’s plenums given as:

T+ T

7y, = 1 (4.2)
and T
+

Tout:% (43)

The fluid temperature in the loop was kept low to maintain single-phase flow. The mea-
surements were taken once the operational steady state conditions were achieved. Figure 4.3
demonstrates the results of the single-phase (liquid) flow energy balance for the base heat flux
varying from 1.9 to 2.4 Wem ™2 and the inlet liquid subcooling ranging between 4.8 and 6.4K.
One needs to notice that all two-phase heat transfer tests were run at base heat
fluxes of ~6 W cm ™2 or higher. The heat losses are indicative for low heat fluxes and channel
mass fluxes, which is probably due to an insufficient measurement accuracy for those experi-
mental test conditions. As expected, the heat loss decreases with increasing the mass velocity.
Moreover, the single-phase flow tests showed that the heat loss decreases rapidly with increasing
heat input, mass flow rate, and inlet fluid subcooling. As a result, since for the maximum
heat flux of 2.4 W cm™2 in Fig. 4.3, the effective heat loss is ~3%, so it was always
~3% or less for the two-phase flow tests. In general, the heat loss was negligible relative
to the heat fluxes that will be used in the two-phase flow tests. When significant, though, it
was correlated in terms of the boiling and the Reynolds numbers, the average temperature of
the micro-evaporator’s surface, and the ambient temperature, respectively, Bo, Re, Ttg gve, and

Twmp- The above-mentioned dimensionless numbers are:
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Figure 4.3: Single-phase flow heat losses in function of the Reynolds number for the base heat
flux varying from 1.9 to 2.4 Wcm™2 and the inlet liquid subcooling ranging between 4.8 and
6.4K.
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Qv
Bo = 4.4
0 Gch hlv ( )
and D
Re = fth (4.5)

Since the e4qpe =~ 1 in the present temperature range, the Stefan-Boltzmann’s law for a
black body exposed to the surrounding with a known temperature, Ty, is used to estimate
the heat emission by radiation, E,.q. As a result, it is lower than 0.023 W. Therefore, the heat

losses are mainly due to conduction down the wiring between the microheater and the power

supply.
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Figure 4.4: Measurements of: (a) total pressure drop, Apisar, and (b) local IR temperatures,
TrR, with and without illumination for two-phase flow of R236fa flowing in the test section with
the inlet restrictions of €y, rest = 2 for the channel mass flux varying from 715 to 2’275 kg m2s7!
and the dissipated base heat flux of 24.6 W em ™2 (Szczukiewicz et al., 2012a,b).

The flow boiling experiments were performed above the T,,,;. The input from the light
used for the test section’s illumination, measured with the Laser Power Meter Spectra-Physics
407a, was on an order of about 1% of the total heat flux supplied to the device. Moreover, as

indicated in Fig. 4.4, the comparison of the two-phase flow total pressure drop of R236fa and
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local IR temperatures of the micro-evaporator’s surface (e;p rest =2) for the channel mass flux
varying from 715 to 2'275kgm~2s~! and the dissipated base heat flux of 24.6 W cm~2 in both
cases, with and without illumination, revealed very good agreement. Hence, the heat gain was
assumed to be negligible. The tests without illumination were repeated 15 days after the one
with the light turned on, which also proved good measurement reproducibility of the two-phase

flow boiling experiments.
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Figure 4.5: Comparison of the experimental Nusselt numbers with those predicted by the Shah
and London (1978) formula for laminar developing flow for 100 < Re < 1’000 with a uniform
heat flux boundary condition in the test section with the inlet restrictions of €; rest =2. The
heat losses have been estimated from Fig. 4.3 and removed. Total MAE = 27.5%.

Prior to the flow boiling experiments, it is important to perform pre-validation tests to
prove that the set-up is able to accurately measure some single-phase liquid heat transfer coeffi-
cients. Such tests were performed for subcooled refrigerant flows in the tested micro-evaporators.
Several different longitudinal distances, z=0.5, 2.0, and 5.0 mm, were analyzed. The experi-
mental Nusselt numbers, Nu,, calculated assuming one-dimensional (1D) heat conduction, were
compared with those predicted by the Shah and London (1978) formula for laminar develop-
ing flow with a uniform heat flux boundary condition. Figure 4.5 illustrates the experimental
Nusselt numbers versus the prediction method of Shah and London (1978) in function of a

non-dimensional length:

* T 4RePrD,

AN
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Furthermore, the following definitions of dimensionless numbers are employed:

Nu, = 4 Dn (4.7)
k
Cpht
Pr= 25 4.
P (4.9

The Reynolds number is given by Eq. (4.5).

In Fig. 4.6, some discrepancies are seen for high Reynolds numbers, the reason being is
that the prediction method does not consider downstream effects of the micro-orifices at the
entrance, which enhances the heat transfer with increasing the mass velocity, and thus the
experimental Nusselt numbers are higher than the predicted ones. Moreover, three-dimensional
(3D) heat spreading is not taken into account when performing the validation, which may affect
heat transfer results, as shown by Costa-Patry et al. (2012). The discrepancies seen for low
Reynolds numbers are due to an insufficient experimental accuracy for such test conditions and
the fact that the experimental facility was built to carry out two-phase flow experiments. For a
test set-up for two-phase flow experiments, not a single-phase laminar tests, this comparison is

reasonable.

20
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Figure 4.6: Experimental Nusselt numbers versus those predicted by Shah and London (1978)
formula method for laminar developing flow of R1234ze(E) flowing in the test section with
the inlet restrictions of ey rest =2 under a uniform heat flux boundary condition (Szczukiewicz
et al., 2012a,b).

4.1.2 Two-phase flow tests

Firstly, the test facility was evacuated by a vacuum pump for at least 12 hours. After filling
it with the test fluid, the visual inspection through the sight glass, illustrated in Fig. 3.1(a),
and the transparent cover plate in the test section was performed showing that non-condensable
gases were not present in the test loop for all liquid flow tests. Moreover, it was confirmed

by pressure and temperature monitoring within the test loop. The saturation pressure in the
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refrigerant circuit was set by adjusting the temperature in the RK 20KP LAUDA thermostat
connected to the refrigerant tank. Once established, the mass velocity was set through the
frequency controller acting on the micropump. Afterwards, the desired fluid subcooling in the
test section’s inlet was set by means of the pre-heater/subcooler; however, the electrical pre-
heater could be also used to do this. Heat flux was then applied to the heater to initiate the
transition to two-phase flow in the micro-evaporator. The experiments were performed at a
constant heat flux, increased with a step of ~4 Wem™2, whereas the mass flux was gradually
increased in steps of ~200kgm~2s~!. The frequency response of the IR camera was lower
that the frequency of the bubble growth in the microchannels, and thus the measurements were
limited to steady state conditions. The temperature, pressure, and voltage data were acquired

by using the NI DAQ with a sampling rate of 1kHz over 1 minute and then averaged.

1000
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Figure 4.7: Thermocouple response at: (a) the inlet, Tj,, and (b) the outlet, T,,; manifold’s
plenums corresponding to the change of the base heat flux.

In order to estimate the relaxation time, in which an operational steady state is reached
irrespective of its initial state, various tests were performed by increasing one of the parameters
and observing the others. Figure 4.7 shows the change of temperatures recorded at the inlet and

the outlet manifold’s plenums in response to the change of the base heat flux. As illustrated,
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the test facility reached stable operation within ~10 minutes. However, due to the experimental

protocol, the time of 30 minutes between two test conditions was applied for all the experiments.

4.2 Fluids

The properties of the test fluids, namely R245fa, R236fa, and R1234ze(E), were obtained
with the REFPROP 8.0 software, the National Institute of Standards and Technology (NIST)
Standard Reference Database 23. Table 4.1 presents the refrigerant saturation properties evalu-

ated at 31.5°C, which provided a range of pressures suitable for the silicon multi-microchannels.

Table 4.1: Refrigerant saturation properties at 31.5°C.

Parameter  Unit R245fa R236fa R1234ze(E)
P kPa 187.5 336.8 592.4
ol kgm™3 1320.7 1337.6 1137.6
Pv kgm™3 10.7 22.6 31.6
h kJkg™! 241.1 239.2 242.9
R kJkg~! 427.5 381.2 404.9
hiy kJkg™! 186.4 142.0 162.0
10 uPas 375.2 263.2 187.4
Lo uPas 10.5 11.1 12.8
k; mWm~ K1 86.1 70.9 60.7
k, mWm™ K1 13.4 13.3 16.3

o mNm~! 13.2 9.3 7.7

4.3 Operating conditions

The geometrical specifications, experimental parameters, and uncertainties for the uniform
heat flux tests are given in Table 4.2. A similar table for the two-phase flow experiments in
the half-heated test sections (those in which only the heater of the first half of the test section
was turned on) is shown in Chapter 6. The uncertainties of the measured values were obtained
through the equipment calibrations, while the uncertainties of the derived parameters were
calculated using the method developed by Kline and McClintock (1953). Appendix A includes
the equations used in the error propagation. For all the tests, the outlet saturation temperature
and the inlet liquid subcooling were within 31.5+1°C and 5.7+1.5K, respectively. Therefore,
they will not be reported throughout the manuscript.
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Table 4.2: Operating conditions and experimental uncertainties for the two-phase flow
experiments under uniform heat flux.

Parameter Unit Value Uncertainty
N - 67 -

Ly pm 9765 +5

B pm 10’000 +5

dg; pm 380 +10
dpy pm 525 +10

dy, pm 1.5 +0.075
H., pm 100 +3

W, pm 100 +3

Wy pm 50 +3

L rest pm 100 +3

Hip rest pm 100 +3

Win rest um 25, 50, 75, and 100 +5
Cin.rest - 4,2, 1.33, and 1 +0.5-0.04
a - 1 0.04
AT sub K 5.7 +1.5
Tout sat °C 31.5 +1

Ty °C 28.9-44.7 +0.1
Trr °C 29.4-57.1 +2 (+0.2%)
Pout kPa 188597 +1
Peh.end kPa 177632 +3.8
Apiotal kPa 2-122 +1
Apin,rest kPa 1.2-31.9 +1
Apout rest kPa (-25.9) - 32.9 +3.9
Apen® kPa (-2.5)-73.4 +4.2
Gen kgm=2s7!  283-2'370 4.5%¢
I A 3.99-23.4 +0.65%
\%4 A% 0.52-2.51 +0.53%
W W cm—?2 1.9-48.6 3%

Qu W em ™2 10.8-23.4 3%
Tout - 0-0.54 0.05
Teh,end - 0-0.54 0.05

Qi KWm=2K-! 10.1-38.9 +15%

¢ Including only steady flows.

® All the data points included. The negative channel pressure drops might be associated with an
estimation of the inlet and the outlet pressure restriction losses as well as the accuracy of the differential
pressure sensor at low values of Ap.

¢ The uncertainty in G takes into account a variation of channel dimensions within one test section
that was estimated to be £3 ym.
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4.4 Data reduction procedure

The nomenclature, used in this study, is defined in Fig. 4.8.
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Figure 4.8: Sectional view of the micro-evaporator.

4.4.1 Channel mass flux
Assuming flow uniformity within the test section, the channel mass flux is calculated as:

M
Gp = ———— 4.9
" NWepHep, (4.9)

where M is the total mass flow rate in kgs™! feeding N channels, each with a width of W, and
a height of H.

4.4.2 Pressures

In the current research, due to numerous technical difficulties, the pressure drop was mea-
sured between the inlet and the outlet manifold’s plenums, although some methods of more local
pressure measurements within microchannels are available in the literature. For instance, Kohl
et al. (2005) employed integrated multiple pressure-sensitive membranes for pressure measure-
ments inside a single microchannel down to 25 um. In case of multi-microchannels, however,

the applicability of such a single-channel method was not feasible.
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The total pressure drop, Apioal, is composed of several pressure gradients due to flow
contraction, Apeons, and flow expansion, Apeyp, as well as the channel pressure drop (refer to
Fig. 3.2(a), 3.5, and 3.6(a)):

Aptotal = Apcont,l + Apcont,Z + Apcont,?) + Apexp,l
+Apch (410)
+Apexp,2 + Apexp,?) + Apexp,4

In the present study, the fluid enters the test section subcooled, thus the single-phase
flow inlet restriction pressure losses due to flow contraction are computed according to Lee and
Garimella (2008):

e inlet manifold’s plenum —inlet slit

2 2
Aip sl G+ li
Apeont,1 = [1 - < X:fw> +Kcom,1] 2”pl & (4.11)
where
2
Keont1 = 0.0088 (””) —0.1785 (””) +1.6027 (4.12)
in,slit in,slit

e inlet slit—test section’s plenum

2
Apeont,2 = [1 - (;S:;;) + chmt,2] G}p’lpl (4.13)
where " ) "
Keont2 = 0.0088 (Wii) ~0.1785 <Wiz> +1.6027 (4.14)
e test section’s plenum— N orifices
2
Apeonss = [1 - (M) K3] e (4.15
where )
Keont,3 = 0.0088 <H”Z> —0.1785 <H”tt> +1.6027 (4.16)

Knowing the saturation pressure at the end of the orifice, the vapor quality at this location

is determined as:
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g o= Tout (4.17)

where: h;, and hyy are the enthalpies of the saturated liquid at the inlet and the outlet of the
orifice, and hy, is the latent heat of vaporization. Therefore, the pressure recovery due to the

flow expansion into the channel, Apeyp 1, is:

e for single-phase flow

Ain rest Am rest G?n rest
APexpisy = —2 X 1. —— ) |1 : : 4.1
Pexp.1=sp X133 ( Ach ) { ( Ach )] 2p (4.18)

e for two-phase flow

A; A; C 171G?
A L in,rest ( in,rest o 1>:| 1 — L. 2 |:1 & :| wn,rest 4.19
Pexp,1—tp |: Au, A, ( xz ( m,rest)) + X, + tht 201 ( )

where Xy is the Lockhart and Martinelli (1949) parameter for turbulent —turbulent flow and C'

varies from 5 to 20, depending on the flow regime of each phase.

The single-phase flow pressure recovery due to the fluid expansion from the channel to

the outlet manifold’s plenum is determined step by step using the following equations:

e N channels—test section’s plenum

NAu, NAwg \| G2,
Apoxpo = —2 x 1.33 1-— —n 4.20
Pexp,2 ( Ats,pl ) [ ( Ats,pl >‘| 201 ( )

e test section’s plenum —outlet slit

G2
Apexps = —2 X 1.33( Avs.p ) [1 —( Atspi )1 fo,pl (4.21)

Aout,slit Aout,slit 2Pl

e outlet slit —outlet manifold’s plenum

A t,slit Aout slit G?}ut slit
APexpa = —2 x 1.33 | =222 1-— ’ ’ 4.22

Those components are grouped as:

e the inlet restriction pressure losses

Apin,rest = Apcont,l + Apcont,Q + Apcont,?) + Apexp,l (423)
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e the outlet restriction pressure losses

Apout,rest = Apexp,2 + Apexp,B + Apepr (424)

pch,end, Tle,z]Omni
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Figure 4.9: Diabatic two-phase flow pressure gradients.

Flow direction B>

or
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Then, as shown in Fig. 4.9, the diabatic two-phase flow channel pressure drop is calculated
by subtracting the inlet and the outlet restriction pressure losses from the total experimentally

measured pressure drop as:

Apch = Api&oi&al - Apin,rest - Apout,rest (425)

where: Apip rest and Apoys rest are specified by Eqgs. (4.23) and (4.24), respectively.

The single-phase flow frictional pressure drop along a single channel is determined using;:

G2 Len

i =45 Dy

(4.26)

where f is the Fanning friction factor for hydrodynamically developing flow (in the present
study the Re of the liquid in the channels was always below 2’000) evaluated based on the Shah

and London (1978) interpolation formula:

- + _ +\—0.5
f-Re =344 <Z+) 0.5 n K (o0)/ (42 fiéleie)23.44 (z )

(4.27)

where

+o 7 4.98
: ReDh ( )

For rectangular channels with an aspect ratio of a, the f is calculated from Eq. (4.29) (Thome,
2010, in Chapter 4).
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344 24+ K (00) /2T —3.44 (z+) 0P

- Re= s 1+C(zh) 7

G (a) (4.29)

where
G (a) =1 —1.3553a + 1.9467a® — 1.7012a> + 0.9564a* — 0.2537a° (4.30)

The incremental pressure drop number K (co) and the parameter C' are 0.674 and 0.000029,
respectively. The gravitational pressure drop is neglected due to the horizontal channel orien-

tation.

The two-phase flow outlet restriction pressure loss, Apoyt rest, is obtained by employing
the method of Costa-Patry et al. (2011b). The Apoyt rest is expressed by:

Apout,rest = Pch,end — Pout (431)

knowing the absolute pressure measured in the outlet manifold’s plenum, p,:, and the pressure
at the outlet of the channel evaluated based on the vapor pressure curve at the lateral average
value of the steady state IR adiabatic zone temperature measurements, pep, enq, as illustrated in
Fig. 4.10. In order to determine the pcy end, the power is applied only to the first microheater, as
shown in Fig. 4.10(b), thus giving two-phase adiabatic flow at the channel outlets (z =10 mm)
of known vapor quality. Ideally, if the channel ends are not affected by a conjugate effect, the
local base temperature at the channel exit during the two-phase flow could be assumed to be the
local fluid saturation temperature. Then, presuming that the two-phase flow pattern does not
affect the pressure drop, the results obtained in the half-heated test section and correlated based

on the outlet experimental conditions might be extended to the uniform heat flux experiments.
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Figure 4.10: Two-phase flow of R236fa in the half-heated test section (e;p, rest =4) for the channel
mass flux of G, =2'077kgm~2s~! and the dissipated base heat flux of ¢, =52.6 Wem™!: (a)
flow pattern, and (b) IR temperature map.
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Firstly, a qualitative investigation of flow uniformity at the channel ends was performed
considering a sample of 2’000 grayscale images of the two-phase flow patterns, captured with
a frequency of 2’000 Hz over a time of 1second. The standard deviations of the pixel inten-
sity values over time were calculated, as depicted in Fig. 4.11 and displayed as a real image.
Figure 4.11 contains an example of the results for the test case presented in Fig. 4.10. The
horizontal black stripes are the fins with the channels in between them, where the black color
corresponds to low and white to high standard deviations. Along the channel, the color changes
from almost black (subcooled flow) to nearly white (transition to two-phase flow) and becomes
gray at the exit, which represents a core of vapor flowing towards the outlet manifold’s plenum.
The fluid leaves all the channels as annular flow (vapor surrounded by a ring of liquid ), which

was confirmed by observing the original high quality video images.
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Figure 4.11: Getting the standard deviations of the pixel intensity values over time and a
selected example of the obtained results.

In addition to the flow uniformity, the lateral-temperature profiles at the channel ends
(z=10mm) were analyzed.  Their spatial derivatives for the channel mass flux of
~2’087kgm~2s~! and the base heat flux ranging between 23.9 and 43.1 W cm ™! during the two-
phase flow of R236fa in the half-heated test section (ejp rest =2) are illustrated in Fig. 4.12(a).
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Figure 4.12: Spatial derivatives of: (a) the lateral-temperature at the channel loca-
tion of z=10mm, and (b) the temperature along the centerline in the flow direction
for the two-phase flow of R236fa flowing in the half-heated test section (e, rest =2) for

Gep =2'087+0.5% kgm™2s

I and ¢, ranging from 23.9 to 43.1 Wem™!
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Ten IR temperatures indicated by the vertical blue dashed lines (5 per each side) were excluded
from the analysis because of the 5 mm-curvatures in the corners of the window for IR visu-
alization (see Fig. 3.2(a)). Therefore, the average temperatures, T7g qve, and the temperature
standard deviations, STD, provided in Fig. 4.12(a) were calculated based on 90 IR temperatures
(removing 5 pixels from each side). The T7g qye varies between 32.0 and 32.7°C, and decreases
with increasing the base heat flux, which is associated with decreasing the fluid saturation tem-
perature in the two-phase flow region, as explained later in Fig. 4.13. For a certain ¢, the
lateral temperature decreases with respect to the test section width, y, due to the heating coil
connection being on the side at y =0, as can be seen in Fig. 4.2, although the STDs are on an

order of the accuracy of the IR camera’s calibration.

The adiabatic zone at the channel ends was examined by plotting the spatial derivatives
of the temperature along the centerline in the flow direction. For example, Fig. 4.12(b) demon-
strates the results of such an analysis for the channel mass flux of ~2’087kgm™2s~! and the
base heat flux ranging between 23.9 and 43.1 Wcem ™! during the two-phase flow of R236fa in
the micro-evaporator (e, rest =2) powered only by the first heater. The curves follow the same
trend regardless of the base heat flux imposed. Moreover, the gradients at the channel location
of z=10mm are, in general, lower than 0.1 °C. Thus, the adiabatic conditions at the channel
outlets were confirmed and the lateral average value of 90 IR local base temperature measure-
ments at the longitudinal channel position of z=10mm could be assumed to be the local fluid

saturation temperatures.

The inlet and the outlet restrictions pressure losses, as well as the resulting channel

pressure gradients are presented in Chapter 6.

4.4.3 Base and wall heat fluxes

The total heat flux supplied to the device is defined as:

Qel
= 4.32
W=7 5 (4.32)
where Q¢ is the electrical power:
Qer =1V (4.33)

The definition of the base heat flux includes a ratio between the heat transferred to the

working fluid and the total heat input:

— 4.34
=975 (4.34)

where ¢ takes into account the voltage drop down the wiring between the heater and the power
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supply assuming the resistivity of the heater to be constant within the temperature range of
the two-phase flow experiments as well as the heat losses to ambient if significant, as mentioned

earlier in Section 4.1.1.

The total base heat flux splits into two, as presented in Fig. 4.8, and it is a sum of the
heat transferred to the silicon substrate and to the black matt tape, used for IR temperature

measurements:

Q = qsi + Gtape (435)

The giqpe is balanced by the heat emission by radiation from the surface covered with
the high-emissivity matt black tape over the surface area, g,.q4. The heat emission by radiation,
E, 44, is determined based on the Stefan-Boltzmann’s law for a blackbody (g¢ape ~ 1 in the present
temperature range) exposed to the surroundings of known temperature, Tp,p. In Eq. (4.35),

the giape is usually lower than 0.05% of the g, so it is postulated to be negligible.

The wall heat flux, g, is estimated using the fin efficiency formula for (N — 1) parallel

rectangular fins with adiabatic tips:

N (Wf + Wch) - Wf

w = qsi 4.36
T = ASi5 (N = 1) (Hor + 05Wp) 1+ NWoa, (4.36)
where
tanh (m (Hep, 4+ 0.5W5))
_ 4.37
K m (He, + 0.5Wy) (4.37)
20y, (Lch + Wf)
_ 4.38
" ¢ ksiLaWy (4.38)

The temperature of the test section’s base in the lateral direction and the temperature
across the fin thickness, as explained by Incropera et al. (2007) for 1D conduction, are assumed

to be uniform. In general, the fin efficiency, 7, is higher than 0.95.

4.4.4 Base and footprint temperatures

The base temperature is computed based on the following equation:

d
Ty = Trr + L};’e tape (4.39)
tape

where Trr is measured by means of the IR camera with an accuracy of £0.2°C in the tem-
perature range of the two-phase flow experiments. The tape thermal conductivity, Kigpe, was

measured experimentally by carrying out some steady state thermal conductivity measurements
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for temperatures between 20 and 60 °C corresponding to the range of the two-phase flow ex-
periments. The temperature gradient through the tape is one order of magnitude smaller than
the IR temperature measurement accuracy. Therefore, the second term in Eq. (4.39) can be
neglected and the temperature observed by the IR camera is assumed to be the temperature of

the test section’s base, Tj.

Then, assuming 1D heat conduction from the silicon base to the root of the fins, the test

section’s footprint temperature, Ty, is expressed as follows:

qsids;
ks;

Ty =Trr — (4.40)
The thermal conductivity of silicon, kg;, was evaluated based on a curve fitting of the
experimental data of Shanks et al. (1963):

ksi = 0.0007T2 — 0.5416T + 157.39 (4.41)

including its change as the temperature drops across the micro-evaporator’s thickness.

4.4.5 Fluid temperature and inlet subcooling

For subcooled flow, the inlet of the channel after the inlet orifice is usually in the single-
phase flow region, i.e. inlet enthalpy is below that of saturated liquid or is higher but with
no flashing. Instead, for the flashing two-phase flow with and without back flow operating
regimes, as explained further on in Chapter 5, the two-phase flow occupies the entire length of

the channel, L.

Figure 4.13 schematically depicts the fluid temperature along a microchannel assuming
linear pressure drop, where the temperature gradient from the inlet to the outlet might be
positive for single-phase liquid flow or negative for two-phase flow. For the subcooled flow, the
local fluid temperature is obtained based on single-phase flow energy balance using the following

equation:

4
B 20: qsidz
T =1T; _ 4.42
#(2) =T+ —yr— (1.42)
The subcooled length is calculated as follows:
Mc
Lsub = QSi%l (Ttp,O - E ) (443)

where the subscript tp, 0 announces the transition to two-phase flow and the inlet liquid sub-
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Figure 4.13: Fluid temperature along a microchannel, based on Lee and Garimella (2008).

cooling, AT}, oup, is estimated as:

ATin,sub = Tfl,sat (pm) - T; (4.44)

where the fluid saturation temperature, T'f; sq¢, is obtained from the vapor pressure curve at the
Pin, and the T, is an average of the temperatures measured by two thermocouples installed in

the inlet manifold’s plenum.

For the saturated region, the local fluid temperature along the channel, T(2), is calcu-
lated in 100 increments at the local pressure using the REFPROP 8.0 software based on the
NIST Standard Reference Database 23 after subtracting the inlet restriction pressure losses,

Apin rest, from the absolute pressure at the inlet manifold’s plenum.

4.4.6 Vapor quality

The mass flow rate and the net power supplied to the device are known, thus the local

vapor quality is determined using an energy balance as follows:

h<z) - hl (psat)

x(Z) - hlv (psat)

(4.45)
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where:  hyy(psar) and hy(psqr) are the local latent heat of vaporization and the local liquid
enthalpy, respectively, evaluated based on the local saturation pressure. The local enthalpy,

h(z) is given as follows:

B qgsidz
0
M

The variation of vapor quality along the microchannel length is calculated for each dz = L, /100.

h(2) = hin + (4.46)

4.4.7 Heat transfer coeflicient

Assuming n~ 1, the local wall heat transfer coefficient, «,,(z), is estimated using the

following equation:

ay(2z) = 0 (?)

- Tr(z) — Th(z) (4.47)

Equations (4.36)—(4.38) and (4.47) are interdependent, and thus they are iteratively

solved using a fixed-point method.

4.5 Heat conduction schemes

The present 1D heat conduction approach does not take into account heat spreading
towards the colder surrounding regions that can be observed due to the variation in the local
heat transfer coefficient with vapor quality along the channel, for instance, in Fig. 3.9 at the two
lateral sides of the micro-evaporator. Costa-Patry (2011) noted that the lateral non-uniform heat
flux distribution might change the local pressure drop and evaporation rates. Consequently, the
calculated values of local wall temperatures and heat fluxes are influenced by the data reduction
procedure. As indicated in Chapter 2, heat transfer calculations, taking into account axial heat
conduction, viscous dissipation, conjugate heat transfer and entrance effects, are required. In
order to minimize heat spreading effects, the two- (2D) and three-dimensional (3D) thermal

conduction schemes of Costa-Patry (2011) are employed in the present study.
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For a chosen control volume (CV), shown in Fig. 4.14, knowing the temperature and heat

flux values at the test section’s base, the energy balance yields:

Qp+QL+Qr+Qu+Qr+Qp=0 (4.48)
where:
Qp = qpdzdydz (4.49)
Ty, — T
Q1 = ksidwdy~L—=" (4.50)
dz
Tr — T
Qr = ksidedz~"— =" (4.51)
dy
Tr — T
Qr = ksidzdy—"——% (4.52)
dz
Tp — T
Qp = ksidrdz=2—=V (4.53)
dy
X
Y Ty, Qy /
Z Ty, Oy
| \ Flow direction S
|\ == v 7
T < — " T., O,
I A W —
~NoL7
TL’ QL I /{-v =~ N~
— = dx ) ) B i\_ [ : ~< Heat source
s \
Vi
v £ by ,
| | Notations:
[ 4 g CV - control volume,
Ty, O g D - down, U - up,
F - front, B - back,
T,, 0, L - left, R - right

Figure 4.14: Control volume for heat conduction schemes.
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Then, assuming the external walls of the silicon test section to be adiabatic, the various
nodes are linked with each other, such that: Qr(n)=-Qr(n — 1), Qr(n)=-Qp(n — 1), and
Qp(n)=—Qu(n—1), where n is a natural number indicating the layer’s number. In Eq. (4.49),
qp is the heat flux transferred to the current control volume from the one below. For the first
CV, gp =q. In the 2D heat conduction scheme, then Qr=Qp =0.

The change of kg; across the test section’s thickness, with respect to the temperature drop,
is included by sub-dividing the silicon substrate into several layers. Grids with a layer thickness
from 70 down to 0.2 um were examined to ensure its independence. Figure 4.15(b) and 4.15(c)
demonstrate the mean relative errors (MAE) using different grids for 5 selected pixels of the IR
camera’s sensor array, which are shown in Fig. 4.15(a), and applying the 2D and 3D conduction
schemes, respectively. The MAE, defined by Eq. (6.12), decreases with decreasing the thickness
dz; in the other words — increasing the number of layers. As a result, a sandwich of 140 layers
having the thickness of 2 um, provided the MAE below 0.01%. Therefore, it was chosen for heat

transfer calculations, also for 1D thermal conduction.

Each layer consists of 10’000 pixel elements, corresponding to the IR local temperature
measurements. Thus, the control volumes are 100 pm-long (dz), 100 pm-wide (dy), and 2 pm-
thick (dz). The energy balance is performed one step at a time and moving to the next layer
up to the top of the silicon substrate. In Chapter 7, the temperature pixels influenced by the
edge effects will be excluded, in effect taking a matrix of 90x 90, as shown in Fig. 4.16. More

detail regarding heat transfer data processing will be noted there.
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Figure 4.15: Grid independence through the thickness of the test section for (a) 5 selected pixels
of the IR camera’s sensor array applying: (b) 2D, and (c) 3D heat conduction schemes under
the two-phase flow of R236fa in the micro-evaporator with the inlet restrictions of €;p rest =4,
Gep,=2099kgm 257! and ¢, =169 Wcem™!.
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Figure 4.16: IR temperatures selected for the heat transfer data analysis. Two-phase flow IR
temperature map for R236fa flowing in the test section with the inlet restrictions of e;y, yest =4

for Gep, =1903kgm 257! and ¢, =43.4Wm~2. The blue square indicates an array of IR tem-
peratures considered in heat transfer analysis.

The following convention in notations will be used lather in the thesis:
e 1D — one-dimensional heat conduction (axis X),

e 2D — two-dimensional heat conduction (axes XZ), and

e 3D — three-dimensional heat conduction (axes XYZ).



Chapter 5

Two-phase flow and temperature

visualizations

Visual investigation into the two-phase flow dynamics in the multi-microchannels was
carried out by means of a high-speed digital camera with the spatial resolution of 1’024 x 768
pixels at 2’000 fps over a 4 second period with a field of view that includes the channels as well as
the inlet and outlet plenums of the test section and their slits. As illustrated earlier in Fig. 3.9,
the single-phase liquid in the channel near the entrance and the annular flow downstream in the
channel are represented by the dark areas, where the two-phase flow mixture (bubbly and slug
flows) appears brighter with a very shiny liquid-vapor interface. As mentioned previously, the

fluid flows from left to right in all the presented images.

The temperature visualizations were conducted by means of the high-speed infra-red (IR)
camera with the spatial resolution of 320x 240 pixels at 60 fps taken over a time of 1 minute.
Due to technical issues, an array of 100x 100 IR temperature pixels measurements covered the
lecmx1cm heated area of the micro-evaporator. Thus, 600’000 individual temperatures are
acquired per second (3.6 million for the 1 minute). The temperature data are obtained through
the in-situ pizel by pizel calibration of the IR camera described in Chapter 3 that provides a
tenfold accuracy improvement compared to the manufacture’s value in the temperature range

of two-phase flow experiments.

5.1 Two-phase flow operational maps

In the current research, two-phase flow operational maps (Figs. 5.1—5.6) for 3 refrigerants,
namely R245fa, R236fa, and R1234ze(E), flowing within the 4 multi-microchannel evaporators
(€inrest =1, 1.33, 2, and 4) were obtained. The points represent the tested operating conditions,
such as the channel mass flux and the base heat flux, respectively G, and g, being calculated

from Eqs. (4.9) and (4.34). Such operational maps are very useful for defining the most advan-
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tageous operating conditions for stable flows, e.g. one can set a minimum operational mass flux

at which flow is always going to be stable.

50

2500 , ; , .
Fig.5.11(d .
o o kg5 ~ Fig39(b)
® °®
2000 | g e @ S @ - Fig:5.11(h\]
°
o o o o o | e ? o
o o o ® e o © o ©
- © Fig.5.11(g)
» e 0 e i o .
C\"E 1500 O | 0 @ | @ .‘ o 6 O o @
o @
2 ® o o e ® o . o 0 o
o ® 0 9 o e e © g o
1000} - - . . Fig.5.11(b). . . . © i
® 0o o0 o o @ e o o O
“Fig.5.11(c) ‘
* o 09 o o 0 ®
Fig.5.11(a)
50-® (o) © © e o e o .
e © o ©°
0 10 20 ,. 30 40
a, [W em™]

Figure 5.1: Two-phase flow operational map for R245fa in the micro-evaporator with the 50 pm-
wide, 100 gm-deep, and 100 pm-long inlet restrictions (e, rest = 2), where: @ - single-phase flow,
O - single-phase flow in the test section with the vapor bubbles at the manifold’s outlet plenum,
@ - single-phase flow followed by two-phase flow with back flow, © - unstable two-phase flow
with back flow developing into jet flow, O - jet flow, @ - single-phase flow followed by two-phase
flow without back flow, O - two-phase flow with back flow triggered by bubbles formed in the
flow loop before the test section, © - flashing two-phase flow with back flow, and @ - flashing
two-phase flow without back flow (the most desirable operating condition). The black circles
indicate representative images of the operating regimes (shown later in Fig. 5.11). The data
point marked by the red circle corresponds to the flow pattern shown earlier in Fig. 3.9(b).
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Figure 5.2: Two-phase flow operational map for R236fa in the micro-evaporator with the 50 pm-
wide, 100 gm-deep, and 100 pm-long inlet restrictions (e, rest = 2), where: @ - single-phase flow,
@ - single-phase flow followed by two-phase flow with back flow, ® - single-phase flow followed
by two-phase flow without back flow, O - two-phase flow with back flow triggered by bubbles
formed in the flow loop before the test section, and ® - flashing two-phase flow without back
flow (the most desirable).
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Figure 5.3: Two-phase flow operational map for R1234ze(E) in the micro-evaporator with the
50 pm-wide, 100 pm-deep, and 100 pm-long inlet restrictions (ejn rest =2), where: @ - single-
phase flow, ® - single-phase flow followed by two-phase flow with back flow, © - jet flow, ® -
single-phase flow followed by two-phase flow without back flow, O - two-phase flow with back
flow triggered by bubbles formed in the flow loop before the test section, and ® - flashing two-
phase flow without back flow (the most desirable). The black circles indicate representative
images of the operating regimes (see later in Fig. 5.11).
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Figure 5.4: Two-phase flow operational map for R245fa in the micro-evaporator without any
inlet restrictions (ejn rest = 1), where: @ - single-phase flow, and ® - single-phase flow followed
by two-phase flow with back flow. This two-phase flow operational map is based on a few
selected data points before the test section burned out. The data point marked by the red circle
corresponds to the flow pattern shown in Fig. 3.9(a).



72 Two-phase flow and temperature visualizations

2500 ! ! ! !
° ©O O @ ®© o0 9 0 O e e o
2000
e O O o o O 0O O 0 O o e e
e © o o e o O 0. o O o0 o0 e
» 450f® O 0 ©® @ @ @ o 0 0 O O O-
1=
2 ® O o e © e ¢ 0o O O o o O
o o O e e ® ¢ © o © o o o
1000 F e : g .
O e @ e o o e © o O ©
e O © 4 o ® ®© o © g
500 &  ©® @ . @ @ e 0. ¢ .
o ® 4 o o
0 10 20 ,. 30 40 50
a, [W em™]

Figure 5.5: Two-phase flow operational map for R236fa in the micro-evaporator with the 75 pm-
wide, 100 pum-deep, and 100 pm-long inlet restrictions (e;p rest = 1.33), where: ® - single-phase
flow, O - single-phase flow in the test section with the vapor bubbles at the manifold’s outlet
plenum operating regime, ® - single-phase flow followed by two-phase flow with back flow, O -
unstable two-phase flow with back flow developing into jet flow, © - jet flow, ® - single-phase flow
followed by two-phase flow without back flow, and O - two-phase flow with back flow triggered
by bubbles formed in the flow loop before the test section. The most desirable flow was not

observed with this orifice size.
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Figure 5.6: Two-phase flow operational map for R236fa in the micro-evaporator with the 25 ym-
wide, 100 gm-deep, and 100 pm-long inlet restrictions (e, rest =4), where: @ - single-phase flow,
@ - single-phase flow followed by two-phase flow with back flow, © - jet flow, ® - single-phase
flow followed by two-phase flow without back flow, O - two-phase flow with back flow triggered
by bubbles formed in the flow loop before the test section, O - flashing two-phase flow with back
flow, and @ - flashing two-phase flow without back flow (the most desirable).



74 Two-phase flow and temperature visualizations

Some of these operational maps were obtained based on the results of Szczukiewicz et al.
(2012a,b), who reported on the two-phase flow of R245fa, R236fa and R1234ze(E) in the micro-
evaporator with the 50 pm-wide, 100 gm-deep, and 100 pm-long micro-orifices (€ip rest =2). The
authors distinguished 8 different operating regimes: (i) single-phase flow in the test section with
the vapor bubbles at the manifold’s outlet plenum, (ii) single-phase flow followed by two-phase
flow with back flow, (iii) unstable two-phase flow with back flow developing into jet flow, (iv) jet
flow (two-phase flow is initiated only in few channels; vapor phase is pushed out of the channel
creating a jet), (v) single-phase flow followed by two-phase flow without back flow (desirable
operating regime), (vi) two-phase flow with back flow triggered by bubbles formed in the flow
loop before the test section, (vii) flashing two-phase flow with back flow, and (viii) flashing

two-phase flow without back flow (most desirable operating regime).

Their data were used to developed the two-phase flow operational maps shown in Figs. 5.1 —
5.3, where the following colors represent:
® - single-phase flow,
O - single-phase flow in the test section with the vapor bubbles at the manifold’s outlet plenum
(),
® - single-phase flow followed by two-phase flow with back flow (ii),
O - unstable two-phase flow with back flow developing into jet flow (iii),
O - jet flow (iv),
® - single-phase flow followed by two-phase flow without back flow (v),
O - two-phase flow with back flow triggered by bubbles formed in the flow loop before the test
section (vi),
© - flashing two-phase flow with back flow (vii), and
® - flashing two-phase flow without back flow (viii).

The black circles in Figs. 5.1 and 5.3 indicate the representatives of the above-mentioned
operating regimes illustrated later in Fig. 5.11 and described in the following subsection. Ta-

ble 5.1 provides more details on each of those data points.

Moreover, the results for the other micro-evaporators (e rest =1, 1.33 and 4) are added
here in order to provide a comprehensive view on the two-phase multi-microchannel phenomena
(Figs. 5.4-5.6). The exact transition parameters between these states are not known (they
are in between test conditions), and thus they are not indicated on the maps. The notations
from (i) to (viii) will be used later on to refer to particular operating regimes. As mentioned
above, the micro-evaporator without any inlet restrictions failed before its tests were successfully
accomplished. Therefore, in Fig. 5.4, there are only 8 points on its map. This two-phase
flow operational map is based on the selected data points. In some conditions in Fig. 5.6,
vapor bubbles could be flashed at the channel inlet, as indicated by a red circle in Fig. 5.7(a).
However, when comparing Fig. 5.7(b) to the temperature patterns in Fig. 5.16(g) and 5.16(h),
the temperature trends are different (Section 5.2). Therefore, these experimental points could

not be categorized as flashing two-phase flow (neither operating regime (vii) nor (viii)).



75

5.1. Two-phase flow operational maps

(111a) aop 3peq

(wor¢ 81q (W1r¢ 8iq ' Siq 0LV G68.T 8 RIGPCY  MOYIIM mop oserd-om) Suryseyy
(11a) moy
(8)o1°¢ 814 (@)11°¢ 814 T'G S1q ¢'9¥ eLV.1 4 RIGFEY  YoRQ UM MOff oseyd-om) Surysey
(1a) wory
-09S 1899 9y} @.HOMQQ QOO~ BOE L
Ul pouwLioj sorqqnqg Aq porogsLIy
(1or°¢ S1q M1re 8y €'g Sig eer 569 ¢ (d)ozpegiy  mopg peq yym moy oseyd-omy
(4)
MOJJ ¥oR( IMOYIM MO aseyd-om)
(@)91°¢6 811 (@)11°¢ 814 1'¢ Siq V'1G ¢%0.% 8 eIGygy  Aq  poamoroy moy oserd-oduls
(P)OT°¢G "S1d (P)IT°G S1q T'¢ Siq Ler 6L0.3 4 et (a1) moyy 9ol
()
mog 10l oyur Surdoessp mopg yoeq
(@)91°¢ "Sig (dO)11°¢ S 1°G 819 6€T 069 4 RIGHZY  U¥Mm  mop oseyd-om) d[qejsun
(11) mopy yoeq YIIM MOJ oseyd-om)
(Q91°¢ 814 (1176 814 TG S 0T (&ds 4 vjGhcd  Aq  pomofoj mopy oseyd-o[3urs
(1) wnuerd 9e[IN0 S, projrueur o)
1R so[qqnq IodeA o} [YIM UOI}
(®)9T°¢ "S1q (e)1T°g 814 1'¢ S 8¢ (diig 8 BIGHGY  -09s 1893 91y Ul mop oseryd-o[surs

e R e i

deur wre)yed MOy dewr 3uryerado

aunjerodure) Y oseyd-om], mop oseyd-omT, b Yy - asesiuly pmig owrtgar suryerod(

‘sowrdar Suryerodo mop oseyd-om) o) Jo soSewl oAl)eIUesoIdoy :T°G O[qR],



76 Two-phase flow and temperature visualizations

2 4 6 8 10
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Figure 5.7: Some vapor bubbles flashed at the channel inlet for R236fa flowing in e;p rest = 4,
G, =89%kgm 257! ¢,=20.7Wem~2: (a) snapshot from the high-speed video of the two-
phase flow, and (b) corresponding thermal map.
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The following observations have been made:

e R245fa flowing within the 2 test sections (€, ,est =1 and 2)

Figures 5.1 and 5.4 show the two-phase flow operational maps for R245fa flowing within
the 2 test sections: one without any inlet restrictions and the second one with the inlet
micro-orifices of the expansion ratio of €y rest =2. As can be seen in Fig. 5.8, the boiling
starts at a lower heat flux when using orifices. Furthermore, the (viii) operating regime

was not observed in the test section without any inlet restriction.

e R236fa flowing within the 3 test sections (€j,rest = 1.33, 2, and 4)

As shown in Fig. 5.5 in the range of the tested experimental conditions, neither (vii) nor
(viii) operating regimes were observed for R236fa flowing within the test section with the
inlet restrictions of the expansion ratio of €; rest =1.33. These inlet restrictions do not
provide enough pressure drop to generate some flashed bubbles at the beginning of the
channels. For e, rest =2 and 4, the zones where the operating regime (viii) was observed
correspond to each other relatively well (Fig. 5.9). For ej, rest =2, this operating regime is
observed above the channel mass fluxes of ~ 1’500 kgm~2s~! and base heat fluxes higher
than ~ 24 W cm ™2 (Fig. 5.2), whereas for e, rest =4, the transition line moves to lower

values of the mass flux (Fig. 5.6).

® einrest =2 and the 3 fluids: R245fa, R236fa, and R1234ze(E)

For R236fa, the (viii) operating regime was observed for mass fluxes higher than
~ 1’500 kgm~2s~! and base heat fluxes higher than ~ 24 W cm™2, as depicted in Fig. 5.2.
For R245fa, there were only 6 data points recorded that showed this operating regime
(Fig. 5.1), whereas for R1234ze(E), the two-phase flow was stable for the mass fluxes
higher than ~ 900 kg m~2s~! and the base heat fluxes higher than ~ 32 W cm~2 (Fig. 5.3).
As presented in Fig. 5.10, the transition lines between particular operating regimes are
fluid-dependent. The flow of R236fa was stable over a wider range of parameters and the
transitions in between the operating regimes were more predictable, when comparing to

R245fa and R1234ze(E).

As noted above, flashing two-phase flow without back flow is the most desirable operational
condition. The second most favorable condition is the flashing two-phase flow with back flow

along with the single-phase flow followed by two-phase flow without back flow.
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Figure 5.8: Simplified experimental test matrix for R245fa flowing within the test section with-
out any inlet restrictions (e rest =1), and with the 50 ym-wide, 100 pm-deep, and 100 pm-long
micro-orifices (€in rest = 2), where Gep rer and gp rer are the targeted channel mass flux and base
heat flux, respectively. The white squares indicate cases that have not been tested.
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Flashing two-phase flow without back flow operating regime
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Figure 5.9: Simplified experimental test matrix for R236fa flowing within the 3 test sections
(€inrest =1.33, 2, and 4), where Gep e and qp o are the targeted channel mass flux and base
heat flux, respectively. The flashing two-phase flow without back flow operating regime was not
observed in the test section with the inlet restriction of the expansion ratio of e, rest = 1.33.
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Figure 5.10: Simplified experimental test matrix for e;;, rest =2 and the 3 fluids: R245fa, R236fa,
R1234ze(E), where Geprep and gy ref are the targeted channel mass flux and base heat flux,

respectively.
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5.2 Two-phase flow operating regimes

The flow remains in the single-phase flow regime in the micro-evaporator for the lowest
base heat flux. In some conditions, bubbles are observed at the manifold’s outlet plenum, whilst
within the microchannels the flow stays in the single-phase regime, as seen in Fig. 5.11(a).
The transition to two-phase flow in the test section is a very dynamic process and is highly
unstable right after this occurs. The vapor bubbles come back to the inlet manifold and test
section plenums. Therefore, the temporal (Fig. 5.12) and spatial (Figs. 5.11(b) and 5.11(c))
non-uniformity of the flow inside the channels is observed. Moreover, in Figs. 5.11(b), 5.11(c)
and 5.11(g), the vapor back flow can be seen. For the jet flow operating regime (iii), which is an
alternative repeatable in time, the flow transition from two-phase flow to jet flow is illustrated
in Fig. 5.11(d). In case of the operating regime (iv), the two-phase flow is initiated only in a few
channels and the vapor phase is pushed out of the channels creating liquid jets. The amount
of vapor coming back to the inlet manifold’s plenum decreases when increasing the mass flow
rate while the heat flux is kept constant. The reverse flow from the boiling incipience is then
suppressed by the inlet restrictions. However, the transition to two-phase flow does not happen
at the same longitudinal positions in all the channels, as shown in Fig. 5.11(e). The flow in
the upper channels is still single-phase, while two-phase flow has already appeared in the rest
of the channels. The reason for this is the heat spreading into the copper manifold housing the
test section, which consequently reduces the heat flux to the flow. Such cases, when the flow
is not well distributed among the channels, are difficult to interpret since the flow behaviour is

different in respective channels.

As the heat flux is further increased, the operating regimes (vii) and (viii) are obtained,
as shown in Figs. 5.11(g) and 5.11(h). The flashing two-phase flow without back flow (viii)
operating regime is the most desired operating regime for two-phase flow boiling in multi-
microchannels. The two-phase flow is initiated from the beginning of the channel directly from
flashed vapor bubbles. The bubble flow develops along the channel into slug and annular flows.
Due to the flashing effect, the boiling starts at a lower value of heat flux, and thus the wall-
temperature distribution becomes more uniform and the wall-temperature overshoot for the

onset of boiling is circumvented (Park et al., 2009).
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A time sequence of images in Fig. 5.13 illustrates some flashed bubbles are generated by
the inlet restriction of the expansion ratio of ey rest =4 (blue circle). They grow and become
elongated further downstream (Fig. 5.13(b) and 5.13(c)). In Figs. 5.13(d) - 5.11(f), the situation
repeats (red circle). Furthermore, some isolated bubbles formed in the piping before the test
section pass through (Figs. 5.13(g) and 5.13(h)) without disturbing the flow in the micro-
evaporator. In Fig. 5.13(j), no back flow was observed (yellow circle). Those bubbles are created
through a combine effect of fluid pre-heating and geometrical components in the refrigerant loop.
However, for some of the experimental conditions, back flow can be triggered by those bubbles
(see Fig. 5.13(f) at left). This phenomenon did not have any significant effect on the two-phase
flow in the test section and the back flow observed in these few cases (operating regime (vi))

was not comparable to that occurring in the operating regimes (ii), (iii) and (vii).

(i)

Figure 5.13: Flashed vapor bubbles of R236fa (white at left). Zoom-in into the inlet restriction
of the expansion ratio of ejp rest =4, Gep, =1'311kg m2s7 ! ¢ =13.9Wem™2, At=0.001s.

Figure 5.14 illustrates the visual interpretation of the standard deviations obtained from
2’729 images of flow visualization for operating regimes (v) and (viii). The shiny areas corre-
spond to the two-phase flow transition. In Fig. 5.13(a), the two-phase flow starts at different
longitudinal distances among the channels, whereas, in the other case, the flow distributes uni-

formly with some flashed vapor bubbles at the channel inlets. The flow develops into annular
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flow faster in the middle channels. The flashing two-phase flow without back flow (viii) operating
regime appeared to provide very good flow uniformity in time and space (refer to Fig. 3.9(b)).

The flow was stable, and thus it is the most desirable operating condition.

———————
T ——
- e ——

(b)

Figure 5.14: Standard deviation of the image sequences over time provided by the two-phase
flow of R245fa flowing in the test section with the inlet restrictions of the expansion ratio of
€inrest =2 for: (a) single-phase flow followed by two-phase flow without back flow operating
regime, G, =2'025kgm 2571, ¢, =21.4 Wcem™? (desirable operating regime), and (b) flashing
two-phase flow without back flow operating regime, G, = 1’895 kgm 2571, g, =47 W cm™? (the
most desirable operating regime).

Due to the presence of the inlet orifices, the reversibility of two-phase flow in microchannels

was observed. Figure 5.15 is a time strip of one channel over a time period of 0.025s (Borhani
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et al., 2010). When the incoming subcooled flow transitions to two-phase flow, the bubbles being
generated push the neighbouring fluid in all directions in spite of the flow direction, as previously
reported by Park et al. (2009) (refer to flow recirculation in high aspect ratio microchannels).
Since the boiling incipience happens close to the inlet, the flow tends to move towards the inlet
and some reverse flow takes place. Nonetheless, the inlet restrictions block the vapor bubbles
from going back into the inlet header and the subcooled single-phase flow helps the bubbles to
move along the microchannels and leave the test section. The situation repeats periodically,

and thus the wavy behaviour of the two-phase flow transition zone could be seen in time.

t[s]

Flow Direction

.
>

z [mm)]

Figure 5.15: Reversibility of the two-phase flow of R245fa in 100x 100 #m? microchannels with
the inlet restrictions of the expansion ratio of €, rest = 2, Gep, = 1643 kg m2s7 ! =29 Wem™2.

5.3 Temperature visualization

Figure 5.16 illustrates several temperature maps of the test section’s base obtained for
different two-phase flow operating regimes. For the operating regimes from (i) to (vi), the
temperature increases along the channel and slightly decreases at the channel outlet. The
temperature increase towards the outlet is characteristic for the single-phase flow. Whereas,
for the operating regimes (vii) and (viii), the temperature decreases from inlet to outlet due to
the drop in the saturation pressure of the fluid. Table 5.2 presents the width-wise temperature
standard deviations (STD) for 4 longitudinal channel positions (z=2.0, 4.0, 6.0, 8.0 mm from
the inlet) for the 8 two-phase flow operating regimes from Fig. 5.16. The operating regimes (i)
and (iv) provide the highest width-wise temperature standard deviations even up to 0.6K. In
case of the operating regimes (ii), (iii), (vi), and (vii), the values of STD are relatively good;
however, the two-phase flow is non-uniform and unstable with the vapor bubbles coming back
to the inlet test section’s and manifold’s plenums. As showed, the temperature uniformity
along with very good flow stability and flow distribution among the channels is the best for

the operating regime (viii), for which, the calculated width-wise time-averaged temperature



88 Two-phase flow and temperature visualizations

standard deviations are about 1—2 % of the local wall superheat, AT. In the end, the flashing
two-phase flow without back flow operating regime (viii), depicted in Fig. 5.16(h), provided
the best flow and temperature uniformity and is the most desirable operating regime. That
confirms the statement of Park et al. (2009) that, due to the flashing effect, the wall-temperature

distribution becomes more uniform.

Table 5.2: Width-wise time-averaged temperature standard deviations for the 4 longitudinal
channel positions (z=2.0, 4.0, 6.0, 8.0mm) and the 8 representatives of the two-phase flow
operating regimes presented in Fig. 5.16. More details about the experimental conditions of
each operating regime are given in Table 5.1.

Operating regime STD [K]
z [mm] 2.0 4.0 6.0 8.0
single-phase flow in the test section 0.4 0.5 0.5 0.6

with the vapor bubbles at the man-

ifold’s outlet plenum (i)

single-phase flow followed by two- 0.2 0.1 0.2 0.2
phase flow with back flow (ii)

unstable two-phase flow with back 0.3 0.3 0.3 0.3
flow developing into jet flow (iii)

jet flow (iv) 0.5 0.6 0.6 0.6
single-phase flow followed by two- 0.2 0.2 0.2 0.2
phase flow without back flow (v)

two-phase flow with back flow trig- 0.2 0.2 0.2 0.2

gered by bubbles formed in the flow

loop before the test section (vi)

flashing two-phase flow with back 0.2 0.2 0.3 0.3
flow (vii)
flashing two-phase flow without 0.3 0.2 0.2 0.2

back flow (viii)
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Figure 5.16: Time-averaged temperature flow pattern maps for e;y rest =2: (a) single-phase flow
in the test section with the vapor bubbles at the manifold’s outlet plenum, (b) single-phase flow
followed by two-phase flow with back flow, (¢) unstable two-phase flow with back flow developing
into jet flow, (d) jet flow, (e) single-phase flow followed by two-phase flow without back flow,
(f) two-phase flow with back flow triggered by bubbles formed in the flow loop before the test
section, (g) flashing two-phase flow with back flow, and (h) flashing two-phase flow without
back flow. More details about the experimental conditions of each operating regime are given
in Table 5.1. The figure continues over pp. 89—92.
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Figure 5.16: (continued) Time-averaged temperature flow pattern maps for ejprest =2: (a)
single-phase flow in the test section with the vapor bubbles at the manifold’s outlet plenum, (b)
single-phase flow followed by two-phase flow with back flow, (c) unstable two-phase flow with
back flow developing into jet flow, (d) jet flow, (e) single-phase flow followed by two-phase flow
without back flow, (f) two-phase flow with back flow triggered by bubbles formed in the flow
loop before the test section, (g) flashing two-phase flow with back flow, and (h) flashing two-
phase flow without back flow. More details about the experimental conditions of each operating
regime are given in Table 5.1. The figure continues over pp. 89—92.
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Figure 5.16: (continued) Time-averaged temperature flow pattern maps for ejprest =2: (a)
single-phase flow in the test section with the vapor bubbles at the manifold’s outlet plenum, (b)
single-phase flow followed by two-phase flow with back flow, (c) unstable two-phase flow with
back flow developing into jet flow, (d) jet flow, (e) single-phase flow followed by two-phase flow
without back flow, (f) two-phase flow with back flow triggered by bubbles formed in the flow
loop before the test section, (g) flashing two-phase flow with back flow, and (h) flashing two-
phase flow without back flow. More details about the experimental conditions of each operating
regime are given in Table 5.1. The figure continues over pp. 89—92.
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Figure 5.16: (continued) Time-averaged temperature flow pattern maps for ejprest =2: (a)
single-phase flow in the test section with the vapor bubbles at the manifold’s outlet plenum, (b)
single-phase flow followed by two-phase flow with back flow, (c) unstable two-phase flow with
back flow developing into jet flow, (d) jet flow, (e) single-phase flow followed by two-phase flow
without back flow, (f) two-phase flow with back flow triggered by bubbles formed in the flow
loop before the test section, (g) flashing two-phase flow with back flow, and (h) flashing two-
phase flow without back flow. More details about the experimental conditions of each operating
regime are given in Table 5.1. The figure continues over pp. 89 —92.
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In order to investigate the temporal temperature fluctuations of the two-phase flow in
the multi-microchannels, the temperature distributions of several pixels of the IR camera’s
sensor array for the representative two-phase flow operating regimes (refer to Fig. 5.11) are
presented in Fig. 5.17. The colors used in here correspond to the ones used in the two-phase
flow operational maps (Figs. 5.1-5.6). Additionally, Table 5.3 presents the standard deviations
of the temperature (STD) for 3’200 data samples recorded at 60Hz for those data points.
As can be seen, the flashing two-phase flow (viii) operating regime provides the best flow and
temperature stability in both, time and space (the spatial uniformity was discussed above). The
temporal standard deviations in this case are about 0.3 % of the local wall superheat, ATy, and
an order of magnitude smaller than the accuracy of the IR camera. The standard deviations
of the temperature for the (vii) operating regime are comparable, even though one needs to
remember that vapor back flow occurs in this case. Whereas, for the (iii) operating regime, the

temperature fluctuations over time were as high as 2°C.

Table 5.3: Standard deviations of the temperature (STD) over 3’200 data points recorded at
60 Hz for the 4 pixels of the IR camera’s sensor array and the 8 representatives of the two-phase
flow operating regimes shown in Fig. 5.16. More details about the experimental conditions of
each operating regime are given in Table 5.1.

Operating regime STD [K]
Pixel Pi50,20) P20 50 P50,80) P(80,20)
single-phase flow in the test section 0.16 0.18 0.16 0.15

with the vapor bubbles at the man-

ifold’s outlet plenum (i)

single-phase flow followed by two- 0.22 0.22 0.25 0.21
phase flow with back flow (ii)

unstable two-phase flow with back 1.62 1.97 1.40 0.82
flow developing into jet flow (iii)

jet flow (iv) 0.06 0.06 0.06 0.06
single-phase flow followed by two- 0.16 0.25 0.21 0.16
phase flow without back flow (v)

two-phase flow with back flow trig- 0.1 0.08 0.1 0.09

gered by bubbles formed in the flow

loop before the test section (vi)

flashing two-phase flow with back 0.07 0.07 0.06 0.06
flow (vii)
flashing two-phase flow without 0.04 0.05 0.04 0.04

back flow (viii)
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Figure 5.17: Temporal temperature fluctuations for pixel: (a) Ps020), (b) P20,50), (€) P(50,80)5
and (d) P(go,80), where: - single-phase flow in the test section with the vapor bubbles at the
manifold’s outlet plenum, - single-phase flow followed by two-phase flow with back flow,

- unstable two-phase flow with back flow developing into jet flow, - jet flow,
- single-phase flow followed by two-phase flow without back flow, - two-phase flow with
back flow triggered by bubbles formed in the flow loop before the test section, - flashing
two-phase flow with back flow, and - flashing two-phase flow without back flow. More
details about the experimental conditions of each operating regime are given in Table 5.1. The
figure continues over pp. 94—95.
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Figure 5.17: (continued) Temporal temperature fluctuations for pixels: (a) P(50,20); (b) P(20,50);
(¢) Ps0,80), and (d) Pgp,80), where: - single-phase flow in the test section with the vapor
bubbles at the manifold’s outlet plenum, - single-phase flow followed by two-phase flow
with back flow, - unstable two-phase flow with back flow developing into jet flow, - jet
flow, - single-phase flow followed by two-phase flow without back flow, - two-phase
flow with back flow triggered by bubbles formed in the flow loop before the test section, -
flashing two-phase flow with back flow, and - flashing two-phase flow without back flow.
More details about the experimental conditions of each operating regime are given in Table 5.1.
The figure continues over pp. 94—95.
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Figure 5.18, supplemented by Table 5.4, shows the minimum and maximum junction
temperatures of the micro-evaporator’s base, respectively T7gr min and T7Rr mas, the maximum
dissipated base heat fluxes, ¢, as well as the corresponding maximum total pressure drops,
Apiotal, for all the test cases. The maximum junction temperature of 57.1 °C was obtained while
dissipating the base heat flux 47.6 W em ™2 with 63 kPa of total pressure drop (for the micro-
evaporator without any inlet restriction) or 47.0 W cm~2 of the base heat flux with 106 kPa of
total pressure drop (for the test sections with the micro-orifices). These are not however the

critical heat fluxes, which were avoided here not to risk the burnout of the test sections.
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Figure 5.18: (a) Minimum junction temperature of the micro-evaporator’s base (T7r min), (b)
maximum junction temperature of the micro-evaporator’s base (T7rmaz), (¢) maximum base
heat flux (g), and (d) corresponding total pressure drop (Apgerer) for all the test cases, where
0 indicates the cases which were not tested.
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Table 5.4: Detailed summary of the experimental campaign including the minimum and maxi-
mum (7R min and T7R maz) junction temperatures of the micro-evaporator’s base, the maximum

dissipated base heat flux (gp), and the corresponding total pressure drops (Apiotar)-

Trr,min [°C]
€in,rest 1 1.33 2 4
R245fa 41.5 31.2
R236fa 30.0 | 30.4 | 304
R1234z¢(E) 29.4
T1R max [°C]
Cinrest 1 [133] 2 | 4
R245fa 57.1 57.1
R236fa 50.4 | 50.3 | 51.8
R1234ze(E) 43.1
q [Wem™2
€in,rest 1 1.33 2 4
R245fa 47.6 47.0
R236fa 47.9 | 48.6 | 47.9
R1234z¢(E) 48.1
Apiotar [kPal
€in,rest 1 1.33 2 4
R245fa 63 106
R236fa 77 113 | 122
R1234z¢(E) 80
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5.4 Conclusions

The importance of the overall visual inspection in multi-microchannel experiments to

study phase change phenomenon has been shown.

Three different micro-orifice expansion ratios (€jnrest =1.33, 2, and 4) have been tested

and the obtained results were compared with the test section with no inlet restrictions.

Micro-orifices having the expansion ratio of 2 and 4 successfully suppressed flow instability,
vapor back flow and significantly improved flow uniformity among the channels in the
range of the tested operating conditions. Hence, the use of micro-orifices is essential for
two-phase cooling in the micro-electronics industry in order to ensure the stable operation

of future 3D interlayer cooling systems.

The two-phase flow experimental test conditions were categorized into 8 operating regimes,
among which the flashing two-phase flow without back flow (viii) operating regime was
found to provide the best flow and temperature uniformity in time and space. The transi-
tions from one regime to another were fluid-dependent. Among the test fluids, refrigerant
R236fa is proposed here to be used in the future 3D high-performance computer chips. The
reason behind is that this fluid was stable over a wider range of experimental conditions
and the transitions in between the operating regimes were more predictable compared to
R245fa and R1234ze(E).

The most advantageous operating conditions for stable flows, such as the flashing two-
phase flow without back flow, can be tracked using the two-phase flow operational maps
obtained for each test fluid and each micro-evaporator in terms of channel mass flux and

dissipated base heat flux.

The maximum junction temperature of 57.1°C was obtained while dissipating the base
heat flux 47.6 W cm™2 with 63kPa of the total pressure drop (for the micro-evaporator
without any inlet restriction ) or 47.0 Wem™2 of the base heat flux with 106 kPa of the
total pressure drop (for the test sections with the micro-orifices). For all the test cases the
temperature was below the given temperature limit of 85°C for CPUs, while dissipating
half of the heat flux being targeted. Thus, further research is needed extending for higher
heat fluxes and CHF tests. The fact that needs to be highlighted here is the following:
the junction temperature of the micro-evaporator can still increase more than 25 °C before

the given limit is reached.



Chapter 6
Pressure drop

The adiabatic and diabatic pressure drops for the micro-evaporator tests are presented
here. The equations used for pressure drop calculations were introduced previously in Chap-
ter 4. Besides quantifying these pressure drops themselves, they are used to determine the
local saturation pressure / saturation temperature to back out the local two-phase heat transfer

coefficients.

6.1 Adiabatic results

Prior to the flow boiling experiments, a series of adiabatic single-phase flow tests were

performed for the range of channel mass fluxes corresponding to the two-phase flow experiments.

6.1.1 Total pressure drop

The purpose of this section is to determine the influence of the micro-orifice’s expansion
ratio, € rest, and the fluid properties on the total adiabatic pressure drop, Ap;ozar,ap- Figure 6.1
illustrates the adiabatic pressure drops, measured between the inlet and the outlet manifold’s

plenums, as a function of the single-phase Reynolds number in the microchannels, Re.

As expected, the ascending trend of Apyyq1,ap is observed in Fig. 6.1 with increasing Re
due to a rise in the surface shear stress, 7¢,,. The total pressure drop increases when decreasing
the micro-orifice’s hydraulic diameter. In Fig. 6.1(a), for the Reynolds number of Re = 365,
the pressure drop of R245fa within the test section of ej, rest =2 is ~14% higher compared
to the micro-evaporator without any inlet restrictions (ejnrest =1). Moreover, a noticeable
pressure drop increase is seen between the expansion ratios of e, rest =2 and 4. For instance
for Re~ 645, the total adiabatic pressure drop of R236fa increases by a factor of ~2.78 when
reducing the width of the orifice from 50 to 25 um, as shown in Fig. 6.1(b). Potentially, the

micro-evaporators might be slightly different due to the fabrication process, but this would have
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Figure 6.1: Adiabatic single-phase flow pressure drops as a function of the channel Reynolds
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(€inrest =1.33, 2, and 4), and (c) fluids R245fa, R236fa, and R1234ze(E) flowing in the test
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only a minor influence on the present comparison.

Figure 6.1(c) shows the influence of the fluid properties of the refrigerants at the saturation
temperature of 31.5+1°C. R245fa has the highest pressure drops because of its high liquid

kinematic viscosity, v;, as listed in Table 4.1.

6.1.2 Inlet restriction pressure loss

The inlet restriction pressure losses, Apjy, rest, are quantified here excluding the test case of
R245fa flowing in the test section without any inlet restrictions (e;n rest = 1) that failed (broke)

before completing a full series of experiments.

Commonly, the singular pressure drop due to the flow contraction in the test section’s inlet
and the flow expansion in the test section’s outlet are computed by modifying the expression
given by White (1999) and Incropera et al. (2007):

Aptotal = Apfr + Apsg (61)

where the subscripts fr indicates pressure gradient due to friction and sg denotes the singular
pressure drop. The assumption that the outlet component is small relative to the one at the

inlet yields the following:

2

G+
Apin,rest = Aptotal - Apfr = 5%1681‘/ (62)

where ¢ is the singular pressure loss coefficient according to the Idelcik (1999) definition. An
example of the Apj, rest curve fitting for R236fa in the test section with the inlet restriction
of €inrest =4 is shown in Fig. 6.2. As it can be seen, the value of £ depends on the Reynolds
number, Re;p, rest, defined here with respect to the micro-orifice’s cross-sectional area. Therefore,

the coefficient £ can be then correlated in terms of Rejy, rest, as shown in Fig. 6.2.
Alternatively, the inlet restriction pressure losses can also be calculated as described in

Chapter 4. It stands that the total adiabatic pressure drop, Apiotar,ap, is composed of:

e the inlet restriction pressure loss

Apin,rest = Apcomk,l + Apcont,2 + Apcomf,3 + Apexp,l (63)

where Apcont,1,2,3 are the pressure drops due to fluid contraction calculated step-wise from
the inlet manifold’s plenum through the slit, the test section’s plenum to the inlet orifice

and Apegp1 is the pressure recovery due to fluid expansion into the channel.

e the channel pressure drop (the gravitational pressure drop is neglected due to the hori-

zontal channel orientation)
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Figure 6.2: Single-phase flow inlet restriction pressure losses for R236fa in the test section with
the inlet restrictions of e, rest = 4.

G2, L.,
Aps, = 4f b= 6.4
Dfr f 2pl Dy, ( )
where f is the Fanning friction factor defined by Eq. (4.29).
e the outlet restriction pressure loss
Apout,rest = Apexp,2 + Apexp,3 + Apepr (65)

where Apeqp 23,4 are the pressure recoveries due to fluid expansion from the outlet of the

channel up to the outlet manifold’s plenum.

Each component is calculated with the corresponding sign according to Eqgs. (4.11) —(4.30)
in Chapter 4. In Figs. 6.3 and B.1-B.3 in Appendix B, vertical bar charts are used to compare
the calculated values with the adiabatic total pressure drops, Apiotar,ap. Some discrepancies
were found, which might be associated with the measurement accuracy as well as imperfections
in obtaining the coefficients for contracting and expanding flows, Kot and Ky, respectively.
As presented, the inlet restriction pressure losses tend to be significant, while the outlet single-

phase flow pressure recovery, Apoys rest, are generally negligible compared to the other two.

The pressure drop due to the flow contraction, Apcont,1,2,3, and the pressure recovery due

to the flow expansion, Apeszp 234, are the single-phase flow components. Whereas, in most
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Figure 6.3: Adiabatic pressure gradients for: (a) R236fa in e;y rest =4, and (b) R1234ze(E) in

Cin,rest = 2.
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cases, due to the sudden flow contraction through the micro-orifice, Apeyp 1 is a two-phase flow
term (low values of vapor quality), depending on the size of the orifice and the experimental
conditions, although no vapor could be observed in orifice’s exit into channel since the flow
expands into a bigger volume and the bubbles collapse. The single-phase flow along the length
of the channel up to the outlet manifold’s plenum was indicated using flow visualization videos.
In order to compare the diabatic channel pressure drops, Ape;p 1 needs to be separated from
the value of Ap.,. Therefore, the second method better suits the current study since it allows

us to determine Apegp 1.

6.2 Diabatic results

Prior to data analysis, it should be mention that uniform distribution in all the channels is
assumed in this study. Nonetheless, for some two-phase flow operating regimes, significant flow
maldistribution, back flow and flow instabilities were observed, as was shown in Chapter 5. Some
channels might be in two-phase flow regime, while others are occupied by single-phase liquid flow
resulting in different channel flow resistances and thus mass fluxes. However, assuming uniform
flow is the only feasible option here, since the flow rate in the individual channels cannot be
measured. Moreover, in unsteady conditions, the total pressure drop is distinguishably affected
by vapor back flow leading to high-amplitude and high-frequency temperature and pressure

oscillations.

This experimental investigation was focused on the steady state operational conditions.
Flow observations were performed with a digital video frequency of 2’000 fps, thus a governing
phenomena could be observed. One needs to notice, however, that the sampling rate of the NI
data acquisition system and the frequency of IR temperature measurements were lower than the
one of the flow visualization camera. Therefore, the flow unsteadiness could be captured only
to a limited extent via these measurements. Further investigation of flow instability is required

to describe the underlying physics.

The nominal channel mass fluxes, reported in the graphs, are the averages of the values
for each series of tests. The channel mass flux, G, for an individual data point are within

+10% (often within +4%) of the nominal value targeted for the corresponding series of tests.

6.2.1 Total pressure drop

The maximum total pressure drop of 122 kPa was obtained in the micro-evaporator with
the expansion ratio of e;y yest =4 with two-phase flow of R236fa, as depicted in Fig. 6.4. The
remaining pressure drop results are shown in Figs. B.4—B.7 in Appendix B. In Fig. 6.4, the
total two-phase pressure drop, Apsoral, coming from both frictional and acceleration pressure

gradients, grows hugely with increasing ¢, due to an increasing z,,; (Jiang et al., 2002). The
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reason is that, in two-phase flow, vapor flowing along the channel with very high velocities
accelerates the liquid phase, thus causing an additional pressure drop for the fluid. Moreover,
the frictional pressure gradient increases due to the increasing shear stress between the two

phases.
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Figure 6.4: Total two-phase pressure drops of R236fa in the test section with the expansion
ratio of €, rest =4 in terms of the outlet vapor quality, Z,u. In general, the difference between
the channel mass flux, G, for an individual data point in a particular curve and the reported
nominal value is less than 4+3.15% of the latter.

Figure 6.5 outlines the total diabatic pressure drop dependence on the dissipated base heat
flux for the channel mass fluxes of 1’105 and 2'102kgm~2?s~!, where the pressure fluctuations
were within the accuracy of the differential pressure sensor (that is, for a very stable flow).
For single-phase flow in all the test cases, the total diabatic pressure drop first decreases with
increasing heat input, g, because the liquid dynamic viscosity drops with rising temperature.
The location of this transition depends on both the mass flux feeding the channels and the
heat flux supplied to the micro-evaporator and is an indication of the transition from single-
to two-phase flow operational regimes. Then, the pressure drop starts to take off, when the
transition to the two-phase flow takes place in the test section, which is associated with an
increase of the two-phase friction factor. The ascending trend of the total two-phase pressure
drop, Apiotar, is observed with increasing vapor quality at the manifold’s outlet plenum, .,
as was observed in Fig. 6.4. It progresses approximately linearly regardless of the two-phase
flow operating regimes. Furthermore, the pressure drop trend remains similar for the all the

test fluids and micro-evaporators, while the value of Apiy, grows with increasing ejp rest and
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Figure 6.6 displays the total diabatic pressure drop and the corresponding dissipated
heat flux versus the average test section’s base temperature for the channel mass flux of
2'102kgm~2s~!. In Fig. 6.6(a), the pressure drop slightly decreases and then climbs con-
siderably as the average base test section’s temperature increases with increasing heat flux, gp.
The fluid leaving the channels with a temperature close to the saturation temperature might be
partially flashed and the bubbles produced at the manifold’s outlet plenum cause the pressure
to increase. Consequently the total pressure drop decreases, as marked in Fig. 6.6(a) by a black
ellipsoid, in the case of R245fa flowing in the test section with the inlet restrictions of ey yest = 2
at low temperatures of the test section base. In Chapter 5, single-phase flow in the test section
had some vapor bubbles at the manifold’s outlet plenum for R245fa and R236fa flowing in the
test sections with the inlet restriction of €;, rest =2 and 1.33, respectively. However, for the
latter test case, the total pressure drop declines gently due to the lower value of vapor quality

at the outlet manifold’s plenum compared to R245fa.

Jiang et al. (2002) observed a linear increase of their chip’s temperature with increasing
input power in both single- and two-phase flow regimes with a change in the slope of the curve
corresponding to the single-to-two-phase flow transition. Figure 6.6(b) confirms that the base
temperature rises approximately linearly with increasing heat flux, although the two-phase flow
operating regimes were found to have a significant impact on the slope of the T7g 4ve —qp curve.
As can be seen, for R236fa flowing in the micro-evaporator of e, rest =4, the slope of the
curve changes from 2.0 for the single-phase flow followed by two-phase flow without back flow
operating regime to 5.3 for the flashing two-phase flow without back flow operating regime (the
representative images for those operating regimes were presented in Chapter 5). It can be seen
that the linearity of the dependency is well improved for the latter case due to the enhancement
of temporal temperature uniformity, as listed in Table 5.3. Similar observations were also made
for the other test fluids and micro-evaporators, for which the flashing two-phase flow without
back flow operating regime happened (for R245fa in ey rest =2, R236fa in e, rest =2 and 4,
as well as R1234ze(E) in ejyrest =2). For R245fa flowing in the test section with the inlet
restrictions of ejp rest =2 and G, =2°102+1.7% kg m~2s !, this operating regime was observed

only for the base heat flux of ~36.6 W cm ™2, as indicated by a green circle in Fig. 6.6(b).
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Figure 6.6: Average test section’s base temperature dependence on: (a) the total dia-
batic pressure drop, and (b) corresponding base heat flux for the channel mass flux of
Gep, =2'10241.7%kgm™2s~!. The fitted curves consider point no. 35 for the single-phase
flow followed by two-phase flow without back flow operating regime and points no. 6—13 for
the flashing two-phase flow without back flow operating regime (see Fig. 6.5).
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6.2.2 Outlet restriction pressure loss

Costa-Patry et al. (2011b) found that the two-phase outlet restriction pressure losses
(Apout,rest) in their silicon test section were up to 30% of the total pressure drop (Apiotar)-
Thus, it is important to determine the contribution of Apytrest in the Apioq attributable to
the outlet manifold’s plenum for the eventual design of multi-microchannel evaporators, as shown
in Fig. 6.7. Due to the complexity of the test section design, in most cases, the pressure drop
up to the channel ends, Apcj eng, may be higher than Ap,,; measured at the outlet manifold’s
plenum because of pressure recovery in the outlet (larger cross-sectional area deaccelerates the
flow).

lpm pf,,,y,,dl p,,ml

i = i :
| ~ 1
= O A =
2 [ CHANNEL =
| | I~ i
T N
3 Flow direction —> !
ADp!
¢ —————P P

Ap total
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! recovery after

Figure 6.7: Schematic of the pressure drop change within the device, where the flow direction
is from left to right (based on Schneider et al. (2007)). One needs to notice that the pressure
drop in the inlet, Apjy rest, and the outlet, Apyys rest, sections are simplified here to be linear.

In the present investigation, the values of Apyys rest Were determined experimentally us-
ing the method of Costa-Patry et al. (2011b). As described in Chapter 4, it is obtained as
the difference between the saturation pressure at the end of the channels obtained from the
local adiabatic saturation temperature measurement and the absolute pressure measured at the
manifold’s outlet plenum. The adiabatic conditions over the second half of the channels are
obtained by shutting off the corresponding heater (half-heating experiments). Flow and tem-
perature uniformities at the channel location of z=10mm need to be ensured, as demonstrated
in Figs. 4.11-4.12 in Chapter 4.



110 Pressure drop

In this manner, a data base of 560 points was acquired including the 3 test fluids flow-
ing in the 3 micro-evaporators. Table 6.1 presents the operating conditions and experimental

uncertainties for the half-heating experiments.

Table 6.1: Operating conditions and experimental uncertainties for the half-heating tests.

Parameter Unit Value Uncertainty
Gen kgm 257! 3012175 4.5%%
13 Wem™? 9.9-65.3 0.5%
AT sub K 5.7 +1.5
Tout,sat °C 31.7 +0.5
TIR,z=10mm °C 30.6 - 36.2 +0.2
Tout - 0.10-0.60 0.05
ZTch,end - 0.06—-0.59 0.05
Apiotal kPa, 3-103 +1
Apout rest kPa (—0.9) -30° +3.7
Pout kPa 187600 +1
Peh,end kPa 196 - 606 +3.6

% The Apout,rest curve fitting is performed for each micro-evaporator separately, thus the uncertainty
in G.n takes into account a variation of channel dimensions within one test section that was estimated to
be £3 pm.

® Without considering the test case of R1234ze(E) in the micro-evaporator with the inlet restrictions
of €in,rest =2, for which the Apout,rest varied between (—20) and 8.7 kPa.

The tests were performed for R245fa and R236fa within the test sections with the expan-
sion ratios of ejp rest =1.33, 2, and 4 including flow visualization and for R1234ze(E) inside the
micro-evaporator with 50 pm-wide micro-orifices without visual inspection due to the fact that,
in general, this fluid provides relatively high Reynolds numbers, and thus uniform flow distri-
bution among the channels. An analysis of the two-phase flow visualization videos for R245fa
and R236fa enabled confirmation of those conditions, for which the experimental assumptions
were valid. For R1234ze(E) flowing in the test section with the expansion ratio of e;p yest = 2,
all the acquired data (94 points) were considered. Therefore, for this test fluid at low channel
mass fluxes, the reliability of the measurement might be influenced by flow instabilities and flow

maldistribution.
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The present experimental results of Apoys rest for R245fa and R236fa (the test cases sup-
ported by flow visualization) were compared with the correlation of Costa-Patry (2011), given by
the following equation, which was developed based on the Collier and Thome (1994)’s relation

for two-phase flow pressure recovery through a sudden expansion:

0.2274
G2 Wen o1
Apout,rest = —ch (C

Teh.end — 6.6
Pl Win,rest en P ( )

v

As a result, 76.8% of data points were within an error band of +£50%, which is relatively
good considering the fact that the minor pressure loss coefficients are usually strong functions
of geometry parameters, which are different here. Figures 6.8 and 6.9 show the Ap;,; and
Apout,rest Tesults in the half-heated micro-evaporators versus the outlet vapor quality, Zous,
and the vapor quality at the channel ends, ¢ cnd, respectively. In Fig. 6.8(b), the xch end —
Apout,rest curves including only the stable flows are very smooth, whereas for R1234ze(E) in
€inrest = 2, the Apoyt rest values fluctuate and the curves for two different channel mass fluxes
might overlap, as presented in Fig. 6.9(b). In Figs. 6.8(b) and 6.9(b), the Apyys rest increases
with increasing Z.p eng and channel mass flux, G¢;. The two-phase flow tests revealed that the
ApDout rest can represent up to ~46% of the Apyyq for R236fa in the half-heated test section

with the 50 ym-wide micro-orifices.
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Figure 6.8: (a) Apiotar versus Tous, and (b) Apout,rest VErsus Zep end for the two-phase flow of
R236fa flowing in the half-heated micro-evaporator with the inlet restrictions of ey yest = 4.
The difference between the channel mass flux for an individual data point and the reported
nominal value is within £2.0% of the latter. Experimental results were selected based on flow
visualization.
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Figure 6.9: (a) Apiotar versus Tous, and (b) Apout,rest VErsus Zep end for the two-phase flow of
R1234ze(E) flowing in the half-heated micro-evaporator with the inlet restrictions of e;p, yest = 2.
The difference between the channel mass flux for an individual data point and the reported
nominal value is within £2.16% of the latter. Experiments were conducted without visual
observation, thus all the data were considered.
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Figure 6.10: Outlet restriction pressure drop ratios for: (a) R236fa in e, rest =4, and (b)
R1234ze(E) in €jp rest = 2.
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As shown in Fig. 6.11, the experimental data were correlated based on the outlet conditions

for each test case separately using the following equation:

Apout,rest = a¢m —b (67)

where

Qb = Zout (Gch/Gch,min)4 (68)

and the parameters: a, b, and m, as well as Gcp, min, are listed in Table 6.2, where Gy, min, refers
to the minimum channel mass flux. Firstly, one might spot that the reported parameters for
R236fa in the test section with the inlet restrictions of e, rest =2 differ considerably from the
other test cases, which is associated with the range of experimental conditions tested in this case
(Gch,min)- Secondly, the experimental data are well represented by the Apoys rest correlations
except for R1234ze(E) in the micro-evaporator with the inlet restrictions of e;, rest = 2, for which
the goodness of the fit, R, is the lowest. The scatter of the experimental data for R1234ze(E) in
the micro-evaporator with the expansion ratio of e;y, yest =2 in Fig. 6.11(b) is linked with the fact

that no observations were taken to segregate and exclude the non-stable and / or non-uniform

flows.
Table 6.2: Parameters and goodness of fit for the Apyys rest curve fitting.
Fluid €in,rest a b m Gch,min R2
- - - - kgm 257!

R245fa 2 32’830 11°705 0.28079 1’089 0.97881
1.33 3’618 2219.3 0.53299 507 0.95531
R236fa 2 2.9391-10° 2.8277-10° 0.022199 911 0.96003
11’364 9'261.9 0.1977 306 0.98661

R1234ze(E) 2 5'396.1 20’904 0.26935 308 0.85276
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Cin,rest = 2.
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6.2.3 Channel pressure drop

Knowing the inlet, Ap;p rest, and the outlet restriction pressure losses, Apoutrest; the
channel pressure drops, Ap,, were obtained by subtracting those from the total pressure
drops, Apiota;- The channel pressure drops are shown in Figs. 6.12, 6.13 and B.8—B.10 in
Appendix B. The maximum channel pressure drop of ~73.4kPa was obtained for R236fa in
the micro-evaporator of e€;p rest =2 with the vapor quality at the channel ends of z¢p, eng = 23%,
as presented in Fig. 6.12. It represents ~65% of the Apspiq for this test case. The remaining
quantity is distributed between the inlet and the outlet restrictions, where the Apyt rest is ~2x
of the Apjy rest- The slightly negative values of ¢, enq correspond to the single-phase flow in the
test section with the vapor bubbles at the manifold’s outlet plenum and the jet flow operating
regimes in Fig. 6.13, where the negative channel pressure drops are probably associated with
the estimation of the inlet and the outlet restriction pressure losses, as well as the accuracy
of the differential pressure sensor at low values of Ap. These negative values always remained

within the uncertainty of the measurement of App,.
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Figure 6.12: Ap,, for R236fa flowing within the micro-evaporator with the inlet restrictions of

Cin,rest = 2.
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Figure 6.13: Apcp

€in,rest — 4.

for R236fa flowing within the micro-evaporator with the inlet restrictions of

This research focuses on stable and uniform flows, therefore only the pressure drop data

for the flashing two-phase flow without back flow operating regime are considered here. In

Fig. 6.15, Ap,, increases almost linearly with increasing ., eng and follows the trend of Apyotq;-

As illustrated, the Apep, / Apiotar ratio for this operating regime varies from ~0.4 for low-z¢p, ena

flows up to ~0.7 as the vapor quality increases. The corresponding ratios of Apip rest / ADtotal

and Apout rest / APtotal are presented in Fig. 6.15. Generally, the pressure loss through the outlet

is about twice of that at the inlet.
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Figure 6.14: (a) Apcn, and (b) Apen / Apotar ratio for R236fa flowing within the micro-
evaporator with the inlet restrictions of €y, rest = 2.
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Figure 6.15: (a) Apinrest / APtotat, and (b) Apout rest / Aptotar ratios for R236fa flowing within
the micro-evaporator with the inlet restrictions of ejp rest = 2.
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Conceptually, if the channel itself remains unchanged, the values of Ap., for the same
value of xp enq should also be the same. In Fig. 6.16, the channel pressure drops for R236fa
flowing in the micro-evaporators with the inlet restrictions of e, rest =2 and 4 are compared at
two different mass fluxes for the flashing two-phase flow without back flow operating regime.
A noticeable bias is seen between e;y, rest =2 and 4 for the same G, associated with different
two-phase flow patterns within a channel. High-speed flow visualization videos confirmed that
the flashed bubbles coming into the channels affect the two-phase flow structure after the inlet
orifice and consequently the channel pressure drop. The difference in the channel pressure drops
for the two inlet orifices is notable but to some extension within their measurement error bands
and the method for backing out these values. Moreover, as shown in Figs. 5.1—-5.6 in Chapter 5,
the expansion ratio of the micro-orifice has a significant effect on the overall operational stability

of the micro-evaporator.
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Figure 6.16: Ap,y, for the flashing two-phase flow without back flow operating regime for R236fa
flowing within the micro-evaporator with the inlet restrictions of e;y, rest =2 and 4.

6.3 Fluid temperature

Assuming a linear pressure drop over the length of the channel, the values of Ap., can be
used to determine the local saturation temperature of the refrigerant along the channels, T'f; sq¢,
based on the vapor pressure curve. Then, the values of T’ s4; can be used to determine the local

heat transfer coefficients. The alternative way to obtain T s is to apply a well-established
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two-phase flow pressure drop prediction method for the channels. Several of them, listed in

Table 2.1 in Chapter 2, are compared to the experimentally obtained values of Apgp,.

The examined two-phase pressure drop prediction methods were developed for different

channel geometries, therefore the following definition of hydraulic diameter was employed:

4Wcthh

= cr o 6.9
2Wep + 2H oy, ( )

h

The homogeneous model was implemented using the fluid viscosity according to Cicchitti

et al. (1960). The Cioncolini et al. (2009) annular pressure drop prediction method is not
suitable for low vapor qualities, thus the Lockhart and Martinelli (1949) model was used for
vapor qualities below the isolated bubble to coalescing bubble (IB - CB) transition of Ong (2010)

given as follows:

w 0.65 p 0.9

rp-op = 0.36 (Co®?) (/””") (pj") Re?;7® Bo 251,091 (6.10)

o o

where

e

9g\pP1—pPv
Co= LILZP 6.11
0= L0 (6.11)

and the subscripts vo and lo refer to vapor only and liquid only, respectively.

Figure 6.17(a) presents one experimental example of the pressure trend over the length
of the channel assuming a linear pressure drop between the inlet and the outlet of the channel
after subtracting Apip rest and Apoyt rest along with several prediction methods considering a
stable flow of R236fa flowing in the test section of the inlet restriction of e;y rest =2 for the
channel mass flux of 1’471kgm~2s~! and the dissipated base heat flux of 48.2 Wem™2 (the
straight line illustrates the actual pressure drop for this set of conditions). The results shown in
Fig. 6.17(a) include the momentum pressure drop calculated using the void fraction of Steiner
(1993), as suggested by Thome (2010), if it was not specified by a respective model. The
corresponding local saturation temperatures of the fluid are illustrated in Fig. 6.17(b). All the
methods show the same belly shape of the saturation temperature profile. However, significant
discrepancies at the exit of the channel can be seen between them. Generally, when comparing
to the experimentally measured pressure drops, the models overpredict the value of Ap.;,, which
will have a crucial effect on the determination of the heat transfer coefficients. For instance
in Fig. 6.17(b), the saturation temperature at the end of the channel varies from ~28°C for
homogeneous model up to ~35°C obtained for Lee and Garimella (2008) prediction method
leading to a difference of ~50% in heat transfer coefficient at the T, ~42°C.
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Table 6.3 lists the mean absolute errors, M AE [%], between the experimental and the

predicted pressure drop values calculated based on:

1

1

Ameas - Apred

- 100% (6.12)

Ameas
where A relates to the evaluated parameter and ¢ is a number of data points. To eliminate the
influence of flow instabilities and flow maldistribution, the present comparison was performed
only for the flashing two-phase flow without back flow operating regime. This set of values
should be taken only for qualitative comparison, since a dedicated set of results with direct

measurements of Ap.;, would be required to do a more exact quantitative comparison.

Table 6.3: Comparison of the experimental results with the correlations described in Chapter 2
considering the flashing two-phase flow without back flow operating regime.

Fluid R245fa R236fa R236fa R1234ze(E) MAE
einrest | 2 2 4 2 %
Homogeneous model 182.07 410.53 499.28 50.20 285.52
Lockhart and Martinelli 93.33 381.26 425.56 102.16 250.58
(1949)

Muller-Steinhagen and 47.52 165.20 167.55 27.35 101.91
Heck (1986)

Mishima and Hibiki (1996) 61.47 10.82 15.15 59.56 36.75
Lee and Garimella (2008)  19.65 172.24 171.42 26.10 97.35
Cioncolini et al. (2009) 54.91 212.48 222.48 19.86 127.43
Cioncolini et al. (2009) 69.33 281.27 292.68 39.55 170.71
+ Cioncolini and Thome

(2012)

As demonstrated in Fig. 6.16, the two-phase flow patterns within the microchannel have
a significant effect on the pressure drop. This effect is taken into account in the Cioncolini
et al. (2009) prediction model that appears to give the intermittent values and it was found
to be the best method in Costa-Patry (2011), who had a differential pressure transducer for
direct measurement of Ap., in channels of similar width. Therefore, in the present study, the
heat transfer data will be reduced using the Cioncolini et al. (2009)’s annular pressure drop
prediction method with the Lockhart and Martinelli (1949) model for vapor qualities below the
isolated bubble to coalescing bubble (IB-CB) transition of Ong (2010) and applying a ratio of
the experimental and the predicted pressure drop values. An example of the prorated fluid

temperature is shown in Fig. 6.18.
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Figure 6.18: Prorated fluid temperature for R236fa flowing in the test section with the inlet
restrictions of e;p rest = 4, Geop, =17692kg m~2s7!, g =47.8 wcm ™2 for the experimental pressure
drop of 46.3 kPa.

6.4 Conclusions

e The maximum two-phase pressure drop of Apsyar = 122 kPa was obtained in the micro-
evaporator with the expansion ratio of ey, rest =4 for two-phase flow of R236fa. The total

pressure drop was found to be independent of the two-phase flow operating regimes.

e The inlet and outlet restriction pressure losses, respectively Apj, rest and Apout,rest, need
to be quantified in order to accurately simulate the hydraulic performance of microchannel
evaporators and provide more reliable heat transfer data. In the present study, the single-
phase flow inlet pressure losses were calculated and compared to the adiabatic experimen-
tally measured pressure drops revealing good agreement. The pressure losses through the
outlet restriction were determined experimentally using the method of Costa-Patry et al.
(2011b) and correlated based on the outlet conditions separately for each micro-evaporator
and each test fluid.

e The maximum channel pressure drop of Ap., ~ 73.4 kPa was measured for two-phase flow
of R236fa in the micro-evaporator with the inlet restriction of e, st =2 with the vapor

quality at the channel ends of xcp eng~23%. In general, the Ap., is ~65% of the total
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measured pressure drop as soon as the flashing two-phase flow without back flow operating

regime occurs.

The diabatic channel pressure drops, Apgy, for the same experimental conditions and the
same fluid flowing in two different test sections (different inlet restrictions, while the size
of the channel remains unchanged) are dependent on the two-phase flow pattern in the
channel. There appears to be a downstream effect of the micro-orifices” impinging jet of

vapor into the channel.

The comparison of the experimentally measured two-phase channel pressure drops with
the existing prediction methods revealed significant discrepancies. The flow-pattern-based
pressure drop method of Cioncolini et al. (2009) for annular flow coupled with the Lockhart
and Martinelli (1949) for the vapor qualities below the isolated bubble to coalescing bubble
(IB-CB) transition of Ong (2010) will be used in heat transfer coefficient data reduction

for obtaining local saturation temperature of the fluid.



Chapter 7
Two-phase flow heat transfer

The present chapter reports the time-averaged two-phase flow heat transfer results deter-
mined based on IR temperature measurements conducted across a heated area of the micro-
evaporator’s base. As explained in Chapter 4, in order to minimize the edge conduction effects,
5 pixels on each side (around the perimeter) are not taken into account, so that an array of 90 x
90 pixels is considered here. The data are reduced based on the 3D (axes XYZ) heat spreading
model of Costa-Patry (2011) that takes into account the heat spreading towards the colder sur-
rounding regions, due to the non-uniformity of the flow boiling heat transfer coefficients versus
vapor quality, to obtain the actual local heat fluxes for then determining the local heat transfer
coefficients. The comparison between heat transfer coefficients computed assuming 1D heat
conduction and accounting for 3D heat spreading is also included here for comparison purposes.
Prior to the heat transfer calculations, the IR signals were filtered by fitting a 4" order polyno-
mial curve to the temperature data in order to remove the high-frequency noise. The presented
heat transfer data consider only the stable flows described in more details in Chapter 5 so as
not to mix unstable results with stable data. The general trends are shown based on selected

examples. The remaining results can be found in Appendix B.

7.1 Transitions for stable flows

The current study confirmed that the two-phase flow in multi-microchannels is sensitive
to various flow instabilities and non-uniform flow distribution. Table 7.1 gives more details on
the percentage of stable and unstable flows in the present database. Such phenomena were in-
hibited but not eradicated by placing restrictions at the inlet of each channel, which successfully
suppressed back flow, eliminated flow instabilities, and considerably improved flow uniformity
among the channels for relatively high heat fluxes and mass fluxes. Therefore, before analysing
the heat transfer data, the operating boundaries for achieving stable flow need to be determined

and quantified.
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Figure 7.1 illustrates a Gy, —@eh,end Plot of the test conditions for R236fa flowing in the
test section with the inlet restrictions of e;p rest =2, wWhich corresponds to the two-phase flow
operational map shown in Fig. 5.2 in Chapter 5. In Fig. 7.2, the two-phase operational regimes
were superimposed on the G, —cp ena flow pattern map. The green dots represent the exper-
imental conditions for which there was single-phase flow followed by two-phase flow with back
flow before changing to the one regime without back flow. Whereas, the blue dots indicate the
range of xcp eng and G.p,, where flashing two-phase flow without back flow operating regime was
observed. The remaining area corresponds to the single-phase flow followed by two-phase flow
without back flow. The G, and g steps were not fine enough however to capture the exact

transitions between the particular operating regimes.
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Figure 7.1: Flow pattern map for R236fa in the micro-evaporator with the inlet restriction of

Cin,rest = 2.

Taking this information from Fig. 7.1 and plotting these transitions in Fig. 7.2, for low
channel mass fluxes the flow stability improves with decreasing . ¢nq. For higher G, above
~1’500kgm~2s~!, the back flow was eliminated. The flashing two-phase flow without back
flow regime was viewed with further increasing xcj enq. For R236fa in the micro-evaporator
with the inlet restrictions of ey, rest = 2, the flashing two-phase flow without back flow operating

regime (the most desirable operating regime) occurs at xcpenq higher than ~8.0-13.5% and
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G, >1'500kgm—2s~!, while for the other test sections and fluids, this operating regime is
entered for the range of vapor qualities between 0.1 and 0.4. Generally, it moves to lower values
of Tcp end, when Gepeng increases. In the present chapter, only heat transfer results in the

flashing two-phase flow without back flow operating regimes are evaluated and presented.
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Figure 7.2: Transitions for stable flows of R236fa in the micro-evaporator with the inlet restric-
tion of €y rest = 2.

7.2 Comparison between 1D and 3D heat conduction schemes

Firstly, the 3D heat spreading implementation was validated by imposing a uniform base
heat flux of ¢, ~43 W cm™2 and setting the temperature boundary condition of Trr=48°C at
the silicon base. Since the side walls are assumed to be adiabatic, the actual heat flux at the

root of the fins, gy, should be uniform and equal the base heat flux, as shown in Fig. 7.3.

The comparison between 1D and 3D heat conductions schemes was performed for the two-
phase flow of R1234ze(E) in the test section with the inlet restrictions of e;p yest =2 showing
the flashing two-phase flow without back flow operating regime. Figure 7.4(a) demonstrates

the temperature map at the base of the silicon substrate with a nearly uniform temperature
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Figure 7.3: Validation of the 3D heat spreading implementation (flow is from left to right): (a)
heat flux map at the root of the fins, ¢, and (b) lateral average heat flux distribution along
the channel length.

distribution in the lateral direction. The footprint temperatures, where footprint refers to the
root of the fins, were calculated using 1D and 3D conduction schemes. The lateral averages
of base and footprint temperatures obtained through 1D and 3D calculations, are shown in
Fig. 7.4(b). The biggest discrepancy is noticeable at the corners, where the edge effects are
significant and they were captured by the 3D conduction model. As pointed out in Chapter 4,
the results for the edges will not be used for the heat transfer analysis due to the measurement

errirs associated with the edges.

Figure 7.5(a) presents the actual 3D heat flux distribution compared to the uniform 1D
heat flux distribution that is commonly assumed in the multi-microchannel studies, both aver-

aged laterally and presented as a function of channel location, z. For the first and the last 5
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Figure 7.4: Two-phase flow of R1234ze(E) in the test section with the inlet restrictions of
€in,rest =2 for G, =1'705kg m~2s7! and ¢, =32Wecm~2: (a) temperature map at the base of
the silicon substrate, Trgr, and (b) lateral averages of base and footprint temperatures obtained
assuming 1D and 3D heat conduction. The area inside the blue square indicates the array of
IR temperatures considered in heat transfer analysis.

pixels the calculated values includes edge effects and they will not be analyzed here. As can
be seen, the heat spreads towards the colder surrounding regions, here the inlet and the outlet,
and the actual heat flux in those zones is first higher and then lower than that assumed in 1D
calculations. Therefore, the heat transfer coefficients determined assuming 1D conduction from
the base of the silicon micro-evaporator to the root of the fins are underpredicted at the inlet
and the outlet of the channel (eliminating the first and the last 5 pixels), as demonstrated in
Fig. 7.5(b), where the local vapor quality is calculated with corresponding heat flux. The vapor
quality increases linearly with slightly different incremental steps for both of the calculations

(Fig. 7.5(c)), as expected for uniform heat flux imposed by the two heaters. If the heat spread-
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Figure 7.5: Two-phase flow of R1234ze(E) in the test section with the inlet restrictions of
€in,rest =2 for G, =1"705kg m~2s! and ¢, =32Wcm™2: (a) actual heat flux at the root of
the fins along the channel length, (b) local wall heat transfer coefficients, a,,, obtained using
the 1D and 3D conduction schemes in function of local vapor quality, , and (c) vapor quality

along the length of the channel.



134 Two-phase flow heat transfer

ing is not considered, the heat transfer coefficient is overpredicted at the local minimum, which
corresponds to a flow transition. Thus, the 3D heat spreading needs to be accounted for to

obtained the most accurate results and data trends.

7.3 Heat transfer coefficient trend with 3D heat spreading

Simultaneous flow and temperature visualizations confirmed that the two-phase flow pat-
terns appearing in the channel and the transitions in between them have a significant influence
on the heat transfer. Figure 7.6(a) illustrates the wall heat transfer coefficient, c,, obtained
using 3D heat spreading in the silicon base, plotted versus the longitudinal channel location,
z, and compared to the corresponding flow pattern map transition (vertical blue line). The
descending trend of a, at the beginning of the channel (low vapor quality range) corresponds
to the coalescing bubble region, where the elongated bubbles coalesce and the local intermit-
tent dry-out patches are formed (Thome et al., 2004). The coalescing bubble—annular flow
(CB-AF) transition of Costa-Patry and Thome (2012) represents the local minimum of the

heat transfer coefficient well and is given as:

0.1 p 1.1
P Bo
_AF =425 —
rop-Ar (Pl) Cot>

where Bo is the boiling number and Co is the confinement number. According to the above

(7.1)

equation, the transition is a function of the liquid-to-vapor density ratio, as well as the mass
flux and heat flux. As pointed out by the authors, this criterion gives similar results to those
of Ong (2010), which is used in the present study to find the starting point of annular flow and

to determine the local saturation pressure in the microchannel, as explained in Chapter 6.

Figure 7.6(b) shows a video image of the flow aligned with the graph at the top. The
color changes along the channel from almost black at the entrance (subcooled flow/bubbly flow)
to nearly white (transition region) and becomes gray at the exit. The blue line indicating the
CB - AF transition of Costa-Patry and Thome (2012) falls between the second and third zone.
This means that more than half of the channel is in the annular flow regime. Due to the thin-
film evaporation, a core of vapor surrounded by a ring of liquid flows with high velocity towards
the outlet manifold’s plenum, providing a good heat transfer rate. As presented in Fig. 7.6(a),
after reaching the local minimum, the heat transfer coefficient increases downstream along the

channel, which is associated with thinning the liquid film with increasing vapor quality.



7.3. Heat transfer coefficient trend with 3D heat spreading 135

x 10
7
6 ,,,,,,,,, 4
5p L 1
—_ . . 2
X 4 CB-AF transition of . - =5 1
e Costa-Patry ard”
E; gt Thome(2012) ... ... ... N
o -
2f ]
1 ,,,,,,,,,,,,,,,,,,,,, 4
(a) ° 2 4 6 : 1
I z[mm] I

Annular —

Flow

Flow direction

(b)

Figure 7.6: The flashing two-phase flow without back flow operating regime of R236fa in
the micro-evaporator with the inlet restrictions of e;; rest =4 for G, = 2096 kg m~2s~! and
@ =47Wcm™2: (a) wall heat transfer coefficient, ay,, and (b) video image of flow.
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7.4 'Wall heat transfer coefficients

The lateral-averaged wall heat transfer coefficients, «n,, were obtained with a fine reso-
lution and are presented as a function of local vapor quality, . The effects of channel mass
flux, G, wall heat flux, gy, orifice expansion ratio, e, rest, and fluid properties will be shown
below for a selected number of data sets. To lighten the text, some more experimental results

are shown in Appendix B.

7.4.1 Effect of channel mass flux

Figures 7.7 and 7.8 demonstrate the trends of the wall heat transfer coefficient, a,,, as
a function of the local vapor quality for increasing mass flux including the predicted CB- AF
transitions of Costa-Patry et al. (2012). They move to lower vapor quality with increasing the

mass flux, as shown in Figs. 7.7 and 7.8.

At vapor qualities prior to the line the heat transfer coefficients are only marginally in-
fluenced by the mass flux. In the annular flow beyond the transition line, the wall heat transfer
coeflicient increases with increasing mass flux for a constant vapor quality. As explained previ-
ously, the heat transfer coefficient first decreases at low vapor qualities and the local minimum
of the heat transfer coefficient corresponds to the CB- AF flow pattern transition, after which
the heat transfer coefficient grows considerably when the flow transitions into annular flow. The
heat transfer coefficient does not change sharply at the transition zone, but rather has a smooth
change in trend. The characteristic U-shape of the heat transfer coefficient trend, illustrated in
Fig. 7.8, was observed throughout the current data bank. The descending branch of the curve
corresponds to the coalescing elongated bubble flow regime, while the ascending one represents
the increasing heat transfer coefficient in the annular flow regime, which is associated with the

thinning of the liquid film around the channel perimeter (Thome et al., 2004).
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Figure 7.7: Two-phase wall heat transfer coefficient as a function of local vapor quality for
R236fa flowing in the test section with the inlet restrictions of €;y rest =2 for g, =175 kW m~2.
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Figure 7.8: Two-phase wall heat transfer coefficient as a function of local vapor quality for
R236fa flowing in the test section with the inlet restrictions of €;y rest =4 for g, =171 kW m~2.
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7.4.2 Effect of wall heat flux

The effect of the wall heat flux, g, on the wall heat transfer coeflicients, «,,, is discussed
based on the selected example. Figure B.14 shows the two-phase wall heat transfer coeffi-
cients for R236fa flowing in the micro-evaporator with the inlet restrictions of €;y rest =2 for
Gen~1'500kgm~2s~1. It is noticeable that the average level of the wall heat transfer coefficient
increases with increasing the wall heat flux. The influence of the wall heat flux diminishes with
increasing vapor quality and the g, versus x curves tend to a common line in annular flow,
as mentioned previously by Ong and Thome (2011b) based on their experimental results for a
single channel micro-evaporator. For the higher wall heat fluxes, the heat transfer coefficients
in annular flow seem to be independent on the x. This might be explained by the formation of
cyclical dry-out of the channel as the vapor quality increases. This is similar to the elongated

bubble regime as explained by the three-zone model of Thome et al. (2004).
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Figure 7.9: Two-phase wall heat transfer coefficient as a function of local vapor quality for R236fa
flowing in the test section with the inlet restrictions of e, rest =2 for G, = 1’500 kg m2s7L.
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7.4.3 Effect of fluid properties

Figure 7.10 shows the effect of fluid properties on the wall heat transfer coefficient, ay,, for
the mass flux of 1'483+1.5% kg m—2 s~ !, while dissipating the wall heat flux of 205.84£3% kW m~2.
The data sets were obtained in the test section with the same expansion ratio of e, rest = 2. The
vapor quality is a function of local saturation conditions (enthalpy) obtained based on the local
fluid temperature and therefore its range in the graph depends on the fluid. R1234ze(E) has
the highest heat transfer coefficient, which is probably due to its higher vapor-to-liquid density
ratio (py / p1~0.028), as listed in Table 4.1 in Chapter 4. The film thickness is thus thinner and
the heat transfer increases, as predicted by the three-zone model of Thome et al. (2004). As
can be seen, the trends of the wall heat transfer coefficients are basically the same for all the

test fluids.
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Figure 7.10: Two-phase wall heat transfer coefficient of R245fa, R236fa, and R1234ze(E) flowing
N €inrest =2, quw=205.8+3%kWm™2, G, =1'4834+1.5% kgm =251
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7.4.4 Effects of orifice expansion ratio

In order to determine the effect of the expansion ratio, e;, rest, @ comparison was performed
for R236fa flowing in the micro-evaporators with different inlet restrictions, namely ey rest = 2
and 4, as shown in Fig. 7.11. The red vertical line corresponds to the predicted CB-AF
transition of Costa-Patry et al. (2012). The represented points are from the flashing two-phase
flow without back flow operating regime. This regime was found to provide the best flow and
temperature stability. Based on the high-speed flow visualization videos, it was determined
that the bubbly flow was initiated at the beginning of each channel and almost immediately

developed into slug and consequently annular flow.
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Figure 7.11: Two-phase wall heat transfer coefficient as a function of local vapor qual-
ity for R236fa in the test section with the inlet restrictions of e;nrest =2 and 4 for
Gen=2081kgm 257! and ¢, =173 kW m—2.

At low vapor qualities, the descending trend of oy, corresponds to the coalescing elongated
bubble region, as predicted by the three-zone model of Thome et al. (2004). Nonetheless, the
flow patterns within the microchannels might be locally different, which to a certain extend was
shown in Chapter 6 to have an effect on the experimental channel pressure drop. After reaching
the local minimum, which corresponds relatively well to the transition of Costa-Patry et al.
(2012), the heat transfer increases with increasing vapor quality. The test section of ey, yest =2
show a heat transfer coefficient plateau in the mid range of vapor quality (Fig. 7.11). At higher
vapor qualities, it slightly increases again. Whereas, for the test section of e, rest =4, the heat

transfer coefficient in annular flow increases more and from a lower value. In this case, the
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liquid film is perhaps more perturbed by the vapor jet at the channel inlet. That might cause
more liquid to be entrained in the vapor core and eventually thin the liquid film at the channel

perimeter, thus enhance heat transfer in the annular flow.

7.5 Comparison with prediction methods

The analysis of heat transfer data showed that the heat transfer coefficient, a,,, strongly
depends on the flow patterns within a microchannel and the transitions between flow patterns.
Therefore, the flow pattern-based model of Costa-Patry and Thome (2012) and a composite
heat transfer model of Bertsch et al. (2009), which are widely considered to be the most ac-
curate ones, are compared with the current experimental data for stable flows (the flashing
two-phase flow without back flow operating regime). Figure 7.12(a) presents the heat trans-
fer coefficient trends predicted by those models including the experimental results for R236fa
flowing in the test section with the inlet restrictions of ejy rest =4 for Gep, =1'525kg m2s7!
and g, =155.3kW m~2. The heat transfer coefficient predicted by Bertsch et al. (2009) keeps
decreasing with increasing vapor quality. Thus, their correlation does not capture the increas-
ing heat transfer rate in the annular flow. The prediction method of Costa-Patry and Thome
(2012) predicts the trend and the value of the heat transfer coefficient well. This is especially
true at low and high values of vapor quality and for the location of the local minimum of the
heat transfer coefficient. The minimum corresponds to the CB- AF transition and it is given
by Eq. (7.1). The largest discrepancies between the predicted and the experimental values are
noticeable at this transition, which remains a region of uncertainty in the multi-microchannel

heat transfer studies and needs to be further investigated.

The V-shape of the heat transfer coefficient is nowadays a commonly accepted trend,
where the descending branch of the curve corresponds to the coalescing bubble flow regime,
while the ascending one represents the increasing heat transfer coefficient in the annular flow
regime. In the present experimental investigation, in comparison to the previous studies, such
as Costa-Patry and Thome (2012), the heat transfer coefficient was measured with a very fine
resolution corresponding to a vapor quality increment of a fraction of a percent. It was showed
in this study that the heat transfer coefficient has a smooth transition from coalescing bubble
to annular flow. The U-shape of the heat transfer coefficient trend in the Costa-Patry et al.
(2012) prediction method in Fig. 7.12(b) was obtained by modifying the vapor quality buffer

for coalescing bubble to annular flow transition.

In the data sets compared here, the isolated bubble (IB) flow pattern is suppressed by the
coalescing bubble regime (CB), although the development length of annular flow (AF) does not
change as significantly and the CB- AF transition usually occurs for a length between 2—4mm
along the channel length, as shown in Fig. 7.6. Moreover, it was observed that the IB and CB
regimes are approximately equal in length. Therefore, the new vapor quality buffer is defined

as:
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Figure 7.12: Predicted o, versus the current experimental results for R236fa in
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Figure 7.13: Comparison of the experimental local heat transfer coefficients, o, of R236fa

flowing in ey yest =2 with the: (a) Costa-Patry and Thome (2012), and (b) Bertsch et al.
(2009) prediction methods.
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Thuf fer = +2x0B-AF (72)

where zop_ar is the coalescing bubble to annular flow transition of Costa-Patry and Thome
(2012) given by Eq. (7.1).

As can be seen in Fig. 7.12(b), the V-shape of the Costa-Patry et al. (2012) prediction
method transformed to a U-shape. Moreover, the predicted and the experimental heat transfer
coefficients at the transition became closer. The sharp IB-CB flow transition in Fig. 7.12(a) at

low vapor qualities was smoothed out.

Table 7.2: MAEs [%] for local two-phase heat transfer coefficients of R245fa, R236fa, and
R1234ze(E) in €jp rest =2 and 4.

Method R236fa R236fa R245fa R1234ze(E) Total
€in rest = 2 Cinrest =4  Cingest =2  Einrest = 2

Bertsch et al. 31.96 20.69 22.65 40.27 28.89

(2009)

Costa-Patry and 18.07 12.32 11.52 44.27 21.55

Thome (2012)

New buffer 20.33 12.43 14.90 44.74 23.1

In Table 7.2, the flow pattern-based prediction method with a modified buffer is compared
with the experimental data along with the other two prediction methods. Figures 7.13-7.16
illustrate the comparisons of the predicted and the experimental values of the wall heat transfer
coefficients, where the apparent lines corresponds to a single experiment as the vapor quality
changes from inlet to outlet (the comparison is performed with local data versus local pre-
diction). The performance of the respective correlations is evaluated by means of the mean
absolute error (MAE [%]) given by equation (6.12). Table 7.2 lists the MAEs for 4 different
test cases excluding R236fa flowing in e, rest = 1.33, for which the stability of the flow was
not achieved. As presented, the experimental data are in good agreement with the existing
prediction methods, especially for R245fa and R236fa, which is based on similar conditions to
those tested by Costa-Patry and Thome (2012) in their silicon micro-evaporator with similar
channel width. Nonetheless, they did not test any fluids with higher saturation pressure, such
as R1234ze(E), for which the MAE is the highest. This is probably due to the reduced pressure
of physical properties of this fluid. To the knowledge of the author, refrigerant R1234ze(E) has
not been tested in silicon microchannels of similar size to this study before. The underpredicted
heat transfer coefficients might be an effect of different interactions of R1234ze(E) with Si com-
pared to R245fa or R236fa. The modification of the Costa-Patry and Thome (2012) prediction
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Figure 7.14: Comparison of the experimental local heat transfer coefficients, an,, of R236fa

flowing in ey, yest =4 with the: (a) Costa-Patry and Thome (2012), and (b) Bertsch et al.
(2009) prediction methods.
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Figure 7.15: Comparison of the experimental local heat transfer coefficients, an,, of R245fa

flowing in ey yest =2 with the: (a) Costa-Patry and Thome (2012), and (b) Bertsch et al.
(2009) prediction methods.
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Figure 7.16: Comparison of the experimental local heat transfer coefficients, «,,, of R1234ze(E)

flowing in e;y, yest = 2 with the: (a) Costa-Patry and Thome (2012), and (b) Bertsch et al. (2009)
prediction methods.
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method slightly increased the MAE, although the trend is better predicted, as demonstrated in
Fig. 7.12. Generally, the models underpredict the experimental data. This might be due to the
size of the channels, micro-orifice’s entrance effects or due to the fact that the heat loss to the

surrounding environment was neglected.
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Figure 7.17: Comparison of the experimental and predicted local heat transfer coefficients ap-
plying a new vapor quality buffer of x4, fer = £220B-_aF to the flow pattern-based model of
Costa-Patry and Thome (2012). The lines in the graph correspond to the local change in vapor
quality for a single experiment.

7.6 Conclusions

The following conclusions can be drawn from the present heat transfer tests and trends

analysis:

e The two-phase flow patterns appearing in the channel and the transition in between them
were found to have a significant influence on the heat transfer coefficient. The coalescing
bubble regime was found to have a decreasing trend in heat transfer coefficient versus
vapor quality, while annular flow has an increasing trend in heat transfer coefficient versus
vapor quality. The coalescing bubble to annular flow (CB- AF) transition of Costa-Patry
and Thome (2012) was found to relatively well predict the location of the minimum in

this transition in the current experimental database.

e The heat transfer coefficients were determined with a very fine resolution corresponding

to the vapor quality increment of a fraction of a percent that enabled a very detailed view
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of the heat transfer coefficients along the channel length in the neighborhood of the flow
transition from coalescing bubble to annular flow. It was shown that the heat transfer
coefficient does not change sharply at the transition zone, but rather has a smooth change
in trend. A characteristic U-shape of the heat transfer coefficient trend was observed,
where the descending branch of the curve corresponds to the coalescing bubble flow regime,
while the ascending one represents the increasing heat transfer coefficient in the annular
flow regime. The shallow, broad minimum is probably due to churn flow in between these

dominant flow patterns.

e The wall heat transfer coefficient increases with increasing mass flux for a constant vapor
quality and its average level increases with increasing wall heat flux for a constant mass

flux.

e Refrigerant R1234ze(E) has the highest heat transfer coefficients, which brought the junc-
tion temperature to values below 43.1°C, as listed in Table 5.4. That is only about
10—-12°C above the coolant temperature. According to the knowledge of the author, it
is the first experimental study in silicon multi-microchannels that investigated the heat
transfer performance of this fluid along with two other low-pressure refrigerants. The tests
for a medium-pressure refrigerant were possible due to a robust design of the modular test
sections with the customized aluminium micro-heater sputtered onto the silicon base to

simulate the power dissipated by the active components in a 3D CMOS chip.

e The expansion ratio of the inlet restriction seems to have a noticeable effect on the heat
transfer coefficient trend, so that the reduction in the flow area causes more perturbation
to the liquid film. The entrained liquid fraction in the vapor core potentially increases
and the liquid film at the channel perimeter becomes thinner. Therefore, the annular flow

heat transfer coeflicient increases.

e The best prediction method was found to be the flow pattern-based model of Costa-Patry
and Thome (2012). It predicts the trends and minimum in the data for low aspect ratio
channels, where the liquid film is redistributed over an equivalent diameter being two
times smaller than that tested by Costa-Patry and Thome (2012). Moreover, a new vapor
quality buffer for the transition from coalescing bubble to annular flow of Costa-Patry
and Thome (2012) is proposed in order to better reflect the U-shape of the heat transfer
coefficient trend. The comparison of the modified method with the experimental results

showed good agreement.






Chapter 8

Concluding remarks and
recommendations for further

investigations

8.1 Final remarks

The present experimental investigation of the two-phase refrigerant flows, namely R245fa,
R236fa, and R1234ze(E), opens a new avenue towards two-phase electronics cooling of a future
3D stacked computer chip in order to extent the CMOS performance trend over the next decades.

The major achievements and conclusions are stated below:

e New modular test sections, comprised of 67 parallel microchannels, each having a cross-
sectional area of 100x 100 ym? and 2 customized back-side microheaters, which eliminated
the necessity of using thermal interface materials (TIMs), were designed and tested in

meticulous manner, utilizing an existing test facility.

e Significant flow instabilities in both time and space, back flow, and flow maldistribution
were observed in the micro-evaporator without any inlet restrictions leading to high ampli-
tude, high-frequency temperature and pressure oscillations. Such undesired phenomena
were successfully eliminated by placing micro-orifices at the inlet of each channel, thus
ensuring a wide range of stable two-phase flow operating conditions and considerably

improving flow uniformity.

e Simultaneous high-speed video and infra-red camera visualizations of the two-phase flow
and heat transfer dynamics across the micro-evaporator area allowed the various different
operating regimes to be identified and then represented by the two-phase flow operational

maps.

e In the present research study, the IR camera was successfully applied to visualize the tem-
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perature distribution at the base of the silicon micro-evaporator providing two-dimensional
temperature fields of 10’000 pixels over a 1cm? heated area. Thus, 600’000 IR tempera-
ture measurements per second were recorded at 60 Hz with an accuracy of £0.2°C in the

temperature range of the two-phase flow experiments.

The use of micro-orifices is essential for two-phase cooling in order to ensure the stable
operation of future 3D interlayer cooling systems. A downstream effect of the micro-
orifices’ impinging jet’s of vapor into the channel seems to have a noticeable effect on the
channel pressure drops and the heat transfer coefficients, so that the reduction in the flow
area causes more perturbation to the liquid film. Therefore, the annular flow heat transfer

coefficient increases, due to thinning of the liquid film at the channel perimeter.

The flashing two-phase flow without back flow operating regime with the best flow stability
and heat transfer performance was identified as the optimal operating regime. Due to the
flashing effect, the onset of boiling starts at lower heat fluxes, so that the wall-temperature
distribution becomes more uniform and the wall-temperature overshoot for the onset of

boiling is significantly reduced or eliminated entirely.

The maximum junction temperature of 57.1 °C at the test section base was measured while
dissipating the maximum base heat flux of 48.6 W cm ™2 for an exit saturation temperature
of 31.5°C.

The inlet and the outlet restriction pressure losses, respectively Apj, rest and Apout rest
were quantified in order to accurately simulate the hydraulic performance of microchan-
nel evaporators and provide more reliable heat transfer data. The single-phase flow inlet
pressure losses were calculated and compared to the adiabatic experimentally measured
pressure drops, revealing good agreement. The pressure losses through the outlet restric-
tion were determined experimentally using the method of Costa-Patry et al. (2011b) and
correlated based on the outlet conditions separately for each micro-evaporator and each
test fluid.

The 3D heat spreading towards the colder surrounding regions, due to the non-uniformity
of the flow boiling heat transfer coefficients versus vapor quality was simulated, to obtain
the actual local heat fluxes, which were then used to determine the local heat transfer

coefficients.

The heat transfer coefficients were determined with a very fine resolution (90 pixels)
corresponding to a vapor quality increment of a fraction of a percent, which enabled a
very detailed view of the trends in the heat transfer coefficients along the channel length in
the neighborhood of the flow transition from coalescing bubble to annular flow (CB—AF).
It was shown the heat transfer coefficient does not change sharply at the transition zone,
but rather has a smooth change in trend. The characteristic U-shape of the heat transfer
coefficient trend was observed, where the descending branch of the curve corresponds

to the coalescing bubble flow regime, while ascending one represents the increasing heat
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transfer coefficient in the annular flow regime. The shallow, broad minimum is probably

due to churn flow occurring in the transition in between these dominant flow patterns.

e The CB- AF transition of Costa-Patry and Thome (2012) was found to predict relatively
well the location of the minimum in this transition, when extrapolating their method to

the current experimental database of much smaller channels.

e The best heat transfer prediction method was found to be the flow pattern-based model
of Costa-Patry and Thome (2012), which was updated here by introducing a new va-
por quality buffer for the transition from coalescing bubble to annular flow in order to
better reflect the U-shape of the heat transfer coefficient trend. The comparison of the
modified method with the experimental results showed good agreement and respected the

experimental trends.

8.2 Future recommendations

In future multi-microchannel investigations, attention should be brought to the following

aspects:

e two-phase flow stability of multi-microchannel evaporators and their prediction
e higher heat flux and CHF tests, which will require using RTDs to control a down power

e prediction of heat transfer performance for medium- and high-pressure refrigerants in

multi-microchannels

e modification of microchannel surface or /and channel microstructure to enhance heat

transfer
e study flashing phenomena in the micro-orifices with a high resolution optical system

e development of more precise measurements of the microchannel film flow without disturb-

ing the flow such as use of uPIV

e pressure and mass flow rate measurements in individual channels of a multi-channel test

elements.






Appendix A

Error propagation

A.1 Fluid properties

The properties of the test fluids were obtained using the REFPROP 8.0 software (NIST
Standard Reference Database 23) with uncertainties between 0.1 and 5% depending on its state

and temperature. In general, the estimated uncertainties fall within 0.1-0.2%.

A.1.1 Single-phase flow

6Ty =Ty (hi + 0hy,p + dp) — 6T (h, p) (A1)
Shy = hy (T + 0T 41, p + 6p) — Oy (Tf1, p) (A.2)
dpr = p1 (L1 + 0Ty, p + 0p) — 0pr (T'y1,p) (A.3)
oy =y (Tyy + 0Ty, p + dp) — Sy (Tyy, ) (A4)
depr = (T 4 6Ty, p + 0p) — O (T1, p) (A.5)

A.1.2 Two-phase flow

0T 11 sat = Tf1,sat (Psat + ODsat) — 0T f1 sat (Psat) (A.6)
0psat = Psat (T1,sat + 0T f1.sat) — ODsat (Tf1sat) (A7)
dhy = hy (Psat + Opsat) — 0Ny (Psat) (A.8)
Shy = hy (Psat + 0psat) — 0hy (Psat) (A.9)

5Pl = pi (psat + 6psat) - 5Pl (psat) (AlO)
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5,“/[ = (psat + 5psat) - 6/“ (psat) (All)

A.2 Derived parameters

The errors of the derived parameters were computed using the method of Kline and

McClintock (1953). The following equations were applied.

A.2.1 Expansion ratio

2 2
1 W,
(561277,,7‘68t = < 5Wch> + <VV2h§Wm,rest> (A'12)

4 wn,rest in,rest

A.2.2 Aspect ratio

2
1 > (H
5&2 = <W 5Hch> +< Ch5Wch> (Al?))
ch

A.2.3 Channel mass flux

2 2
1 2 M M
0G* = ————6M ————0H, —— A.14
Get (NWcthh ) - (NWcthh C") - <NW3thh WC”) (4-14)

For the flow rate, M, lower than ZS5/0.001:

Z8
OM = +57 - 100% (A.15)

where ZS is the zero stability and it is equal 5.56 - 107 kgs 1.

A.2.4 Base heat flux

I N2 [V N2 oIV N2 [(oIv_\> 71V _\?
g (LhBav (£51) +(Lmo8) + (g ) + (550 (A.16)
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A.2.5 Pressures
Inlet restriction pressure loss
5Ap12n,rest = 5Apzont,1 + 6Apgont,2 + 5Apgont,3 + 5Ap<23xp,1 (A17)
where
S th‘ i 2 Scont IG2 li 2
6Apgont,1 = <W§Gin,slit) + ’—;W§pl (A18)
Pl 2p;
S, tZGt 1 2 Scont QG? 1 2
6Apgont,2 = (MéGts,pl) + 772&1)5,@ (Alg)
Pl 2p;
S, t 3G' t 2 Scont 3G2 t 2
6Apgont 3= (W(SGin,rest) + #(h)l (AZO)
’ P 207
and
A 2
Scont,l =1- < ”L’SME) i Kcont,l (A21)
Ay
2
A
Scomg,g =1- <ts,pl > + Kcont,2 <A22)
in,slit
2
NA;
Scont,?) =1— (aneﬁ) + Kcont,S (A23)
Ats,pl
with ,
Keonta = 0.0088 | 0 ) 0.1785 =% 11 6027 (A.24)
Win,slit in,slit
Higp \’ H
Keont,2 = 0.0088 <”’l> —0.1785 =2 11,6027 (A.25)
ts,pl ts,pl
H; ? H,
Keonts = 0.0088 | —L ) 0.1785 " 11,6027 (A.26)
Win,rest in,rest
Moreover )
S G; 2 S, G?
(5Apgxp 1= (W(sGm,rest) + Lgn,restépl (A27)
’ Pl 2p;
where Sexp,1 might refer to single-phase flow (sp) or two-phase flow (¢p):
A; t A; t
S < _ — _2 X 1‘33 < m,res > |:1 _ ( wm,res >:| A'28
exp,l—sp A, A ( )
A; A; C 1
Sexp,lftp = [ inyrest < inyrest - 1):| (1 - (Lin,rest))z |:1 + —— + ] (A29)

Ach Ach X tt X ,%



158 Error propagation

A.2.6 Frictional channel pressure drop

G2, L ? Gen L ?
2 _ ch ch ch Lich
0Apg, = (4 20 D 5f> + <8f2 o D 5Gch> <4f2 2 D )

A.30
oo ,  (A30)
4 oL
<f2mD Ch) ( 20 B )
Outlet restriction pressure loss
5Apgut,'rest = 6pzh,end + 5pc2)ut (A'31)
where
5pch,end = Psat (TIR,zzlomm + 5TIR,Z:10mm) — Dsat (TIR,zzl(Jmm) (A32)
Channel pressure drop
5Apgh = 5Ap%otal + éAp?n,rest + 5Apzut,rest (A33)

A.2.7 Vapor quality

R N\ (Shuear)\® . (1(2) = hu(Peat) ?
53)2— <)) + (lt> + <tht5hLV(psat)> (A34)

hyy (psat hiy (pszzt) lv(psat)

A.2.8 Silicon thermal conductivity

0kg; = 0.0014T0T — 0.54166T (A.35)

A.2.9 Footprint temperature

ds > (gsi > [ gsids; ’
6T7 = 0T7g + < Zéqgl) + < 5dsz> + | g Oksi (A.36)
k kSZ kSz
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A.2.10 Heat transfer coefficient
For the AT between the wall and the temperature of the fluid, the error is:
SAT? = 6T, + 6T, (A.37)
5 1 2 q 2
=(— Y _SAT A.
502, <AT5qw) + (ATQ(S ) (A.38)
where
5Qw = ql5QSi (A.39)
qsi
A.2.11 Multi-dimensional heat conduction
0Ty = 0Ty 4, (A.40)
1
w = —— . A4l
dq dydz 0Qu.dg; ( )
6Q% = 6Q% + 6Q% +5Q% + Q% + Q% (A.42)
AT 2 ksi 2
5@% = (dxdy&k&-) + (d:ndyScSAT> = 5@% (A.43)
dz dz
) AT 2 ki 2 9
0Q% = | dedz——0dkg; | + (dxdz——0AT ) =0Q% (A.44)
dy dy
6AT2 = 5T(2)’V + 6T30tati0n (A45)

where the subscript notation indicates: D — down, U — up, F — front, B — back, L — left, and

R — right.






Appendix B

Further results

B.1 Total adiabatic pressure drops
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Figure B.1: Adiabatic pressure gradients for R236fa in the test section with the inlet restrictions
of €in rest = 1.33.
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Figure B.2: Adiabatic pressure gradients for R236fa in the test section with the inlet restrictions
of €in,rest = 2.
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Figure B.3: Adiabatic pressure gradients for R245fa in the test section with the inlet restrictions
of €in,rest = 2.
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B.2 Total two-phase flow pressure drops under uniform heating
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Figure B.4: Apiotar versus oy for R236fa in the test section of e, rest = 1.33, where G, for an
individual data point might vary +£10% of the reported nominal value of the curve.
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Figure B.5: Apiotar versus xoy for R245fa in the test section of €, rest =2, where Gy, for an
individual data point might vary +10% of the reported nominal value of the curve.
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Figure B.6: Apiotar versus xq, for R236fa in the test section of e, rest =2, where Gy, for an
individual data point might vary +5.36% of the reported nominal value of the curve.
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Figure B.7: Apiotar versus zoy for R1234ze(E) in the test section of ejp rest =2, where G, for
an individual data point might vary +3.33% of the reported nominal value of the curve.

B.3 Two-phase flow channel pressure drops
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Figure B.8: Ap. for R236fa flowing within the micro-evaporator with the inlet restrictions of

€in,rest = 1.33.
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Figure B.9: Ap. for R245fa flowing within the micro-evaporator with the inlet restrictions of

Cin,rest = 2.
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Figure B.10: Ap,, for R1234ze(E) flowing within the micro-evaporator with the inlet restrictions
of €in,rest = 2.
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B.4 Two-phase heat transfer coefficient with 3D heat spreading
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Figure B.11: «,, versus x for R245fa flowing in the test section with the inlet restrictions of
€in,rest = 2 for q, = 172kW m~2.
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Figure B.12: «a,, versus x for R1234ze(E) flowing in the test section with the inlet restrictions
of €in,rest = 2 for Qu = 175 kW I’Il_2.
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Figure B.13: «,, versus x for R1234ze(E) flowing in the test section with the inlet restrictions
of €in,rest = 2 for g, = 192kW m~2.
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Figure B.15: Two-phase wall heat transfer coefficient of R245fa, R236fa, and R1234ze(E) flowing
N €inrest =2, qu~175kWm™2, G, ~ 1900 kgm 2571,
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Figure B.16: Two-phase wall heat transfer coefficient of R245fa, R236fa, and R1234ze(E) flowing
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Appendix C

Existing heat transfer prediction
methods compared with the current

results

This appendix describes in more detail the two heat transfer prediction methods, namely
the correlation of Bertsch et al. (2009) and the model of Costa-Patry et al. (2012), used for
comparison with the experimental results. Recently, these two methods have been shown to be

the most accurate ones (Costa-Patry et al., 2012).

C.1 A composite heat transfer correlation of Bertsch et al. (2009)

The heat transfer prediction method of Bertsch et al. (2009) is based on the Chen (1966)
correlation and assumes that the flow boiling heat transfer coefficient is a sum of weighted

nucleate and convective heat transfer terms:

arp = anpS + aconv,th (Cl)

where S is a suppression factor applied to the nucleate boiling term that in small channels takes
into account a dryout condition as the vapor quality increases. Their model stands for a linear

decrease of the nucleate boiling heat transfer coefficient, anp, with increasing vapor quality:

S=1—-x (C.2)

and F is an enhancement factor applied to the convective heat transfer term taking into account

the enhanced convection due to higher flow velocities at higher vapor qualities:
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F=1+a . (:U2 - :U6> (C.3)

where a and b are constants determined based on the experimental results from 14 studies
available in the literature for 12 different fluids, vertical and horizontal channels (both single
and multiple) with diameters ranging from 0.16 to 2.92 mm and confinement numbers, Co, from
0.3 to 4.0. The parameters a and b are here equal to 80 and 0.6, respectively. The model
considers the effect of bubble confinement in small channels by means of the factor F', while
the nucleate boiling suppression factor, S, appears to be independent of the channel diameter
(Bertsch et al., 2008).

Furthermore, the nucleate boiling contribution is expressed by the Cooper (1984) nucleate

pool boiling correlation:

anp = 55 py 4T H B R (—logyo pr) 7 Mg (C.4)

mol

where R, is the surface roughness according to DIN 4762, which should be set equal to 1 pm if
this parameter is unknown. Notably, the authors did not actually observed nucleate boiling in

microchannels, but only hypothesized its existence.

Afterwards, the convective heat transfer coefficient is calculated as follows:

Qconv,tp = Aconwv,l (1 - 37) + Qconv,w® (CB)

where the convective heat transfer in the liquid and the vapor phase is described by the Hausen

(1943) correlation for developing laminar flow, respectively:

0.0668 - 1 . Re; - Pr k
Qeonvt = | 3.66 + L | & (C.6)
1+0.04- [%-Rel-Prl]S :
0.0668 - L= - Re, - Pr, Ky
Qconv,y = 3.66 + 3 . F (C?)
1+0.04-[%.ReU.Prv}3 h
with the tubular Reynolds numbers of saturated liquid and saturated vapor defined as:
G-D
Rel = h (CS)
2
G-D
Re, = h (C.9)

Ho
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C.2 Flow pattern-based model of Costa-Patry et al. (2012)

It is commonly accepted that the heat transfer coefficient trend strongly depends on
the two-phase flow patterns within a channel and the transitions between them (Szczukiewicz
et al., 2012b). Figure C.1 illustrates the experimental results of Costa-Patry and Thome (2011)
obtained for a multi-microchannel test element with 35 local heaters. As seen, good agreement
between those and the heat transfer prediction methods, namely the three-zone model of Thome
et al. (2004) and the annular model of Cioncolini and Thome (2011), was shown within their
range of applicability defined by the coalescing bubble to the annular flow transition (CBA
transition in Fig. C.1).
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Figure C.1: Multi-microchannel two-phase flow heat transfer coefficient versus vapor quality for
R236fa and G, =823kgm~2s~!. Figure extracted from Costa-Patry and Thome (2011).

A new flow pattern-based model was then proposed that combines the above-mentioned
heat transfer prediction methods assuming the prorated heat transfer coefficient values around
the flow transition since, as stated by the authors, it always changes smoothly between the flow

regimes. The prorated heat transfer coefficient is expressed as follows:

ra
achar = (1—71)asz + = a3‘Z‘F+ v X (raar = (1= 1) asz) (C.10)

where the subscripts 3Z denotes the three-zone model of Thome et al. (2004) and AF refers
to the annular model of Cioncolini and Thome (2011). The parameter r in Eq. (C.10) is a
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proration factor:

T — TCB-AF
= ———+40.5 C.11
" 0-237e:m't + ( )

The range of proration is given by the vapor quality buffer:

T
Thuffer = TCB—-AF £ egm (C.12)

where: x..;; is the outlet vapor quality evaluated based on the energy balance neglecting the
effect of flashing due to the pressure losses and xop_ap is the transition from coalescing to
annular flow defined by Eq. (7.1).

The descriptions of the original models of Thome et al. (2004) and Cioncolini and Thome
(2011) are provided below, respectively, in Sections C.2.1 and C.2.2, while Section C.2.3 presents

the modifications that have been made in each of them.

C.2.1 Three-zone model of Thome et al. (2004)

The three-zone model describes the evaporation of elongated bubbles in microchannels
as a sequential and cyclical passage of a liquid slug (without any entrained vapor bubbles), an
evaporating elongated bubble (the film surrounding the bubble is formed from liquid removed
from the liquid slug), and a vapor slug if the liquid film dries out. Figure C.2 presents such a

triplet, which repeats over time.
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Figure C.2: A triplet of liquid slug, an elongated bubble and a vapor slug. Figure extracted
from Thome et al. (2004)

Then, the local time-averaged heat transfer coefficient at a fixed location z along a mi-
crochannel during flow and evaporation of an elongated bubble at a constant, uniform heat flux

boundary condition is:
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@ (2) = Lo (2) + i (2) + L (2) (C.13)

where 7 is a period of pair generation:

(C.14)

T

1 [mcp,lATsat] 212Dy,
o

e YN

2.1

where D; is the thermal diffusivity in m*s™".

The following assumptions have been made to develop the three-zone model:

1. The flow is homogeneous, which states that the liquid and vapor velocities are equal.
2. A time-constant heat flux is uniformly distributed over the inner wall of the microchannel.

3. The temperatures of the liquid and vapor remain at T4, which means that all the energy

delivered to the fluid is used for vaporization.
4. The local saturation temperature is determined based on the vapor pressure curve.

5. At x =0 until it grows to the size of the channel diameter, the liquid slug initially contains

all liquid that flows past the nucleating bubble.
6. No vapor shear stress on the liquid film, which remains attached to the channel wall.
7. The film thickness, dg, is much smaller than the tube radius of R.

8. The channel wall has no thermal inertia.

The model is initialized with the total mass flow rate given as:

4
Miygtar = Mig + gwR?’p—;’ (C.15)

thus

4 v
Giotal = G + -tR” ~ G (C.16)
3 T
The assumption that Gioe is equal G is fairly good except for COs.

Furthermore, the initial lengths are for:
e a liquid slug

LZO = —T (Cl?)
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e vapor

Ly,o==-R (C.18)
® a pair

G 4
Lpo= Lo+ Lo = o7 +3R (C.19)
1

Whereas, the length of the tube L,—1, at which the fluid is totally evaporated is calculated
based on the energy balance on the internal surface of the tube with a constant and uniform

heat flux boundary condition:

Mtotal [1 — l’o] Ahlv = WRzGtoml [1 — :L’o} Ahlv = QﬂqRszl (020)

where g is a mean initial vapor quality calculated from the mass flow rate of liquid and vapor

during the time period of 7:

My 0 1

xro = = C.21
"7 Mg+ My 1+ 297 (©21
Then, substituting Eq. (C.21) into Eq. (C.20):
RARy,
L,y =—""—70G C.22
=1 2(] ( )

Based on 2™ assumption of the three-zone model, the vapor quality profile along the tube

is linear:

x(z) = (11;3710) z + g (C.23)

where z is the axial distance from the point of bubble nucleation at z.
Assuming that the flow is homogeneous, the liquid and vapor velocities are, respectively:

1—
U = Giotal (ac) (C.24)
Pl 1- Etp

Pv Etp

U, = Grotal <x> (C.25)

where &4, is the homogeneous cross-sectional void fraction expressed as a function of vapor

quality:
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1

(C.26)

Etp =

since the volumetric void fraction for this special case is identical to the cross-sectional void

fraction.

Finally, the velocity of the pair is:

zr 11—z
Up = Giotal [ + } (C27)
Pv Pl
It is worthwhile noting that normally the p; is much greater that p,, therefore:
x
Up 7 Gtotal () (028)
v

and the pair/triplet velocity varies nearly linearly along the tube.

Following Eq. (C.27), the mean equivalent length of the pair at each location during 7 is:

1—
Lp = TUp = TGtotal |:x + x:| (029)
Pv Pl
and
G ota,
Li=(1—¢)L,= T%l (1—2) (C.30)
l
L,=¢L,= TG;)Wx (C.31)
!

Then, the time periods that correspond to the presence of a liquid and vapor slugs passing

through the cross-section at location z are, respectively:

L T
O C.32
T, 1+ 2 (C.32)
L,
e R N— (C.33)

- Pvl-—x

v, 1+ =
The model involves the prediction of the initial film thickness, which is difficult to measure
experimentally. Starting from the Moriyama and Inoue (1996) correlation, it is described in

terms of the Bond number as follows:
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{ 505/% =0.1 for Bond > 2 (C.34)

%%?F = 0.07Bond®*! for Bond < 2

where: Dy is the tube diameter and Bond is the Bond number in function of the acceleration
of the front of the bubble:

2 2
(D2 d D2 . Us
Bond = 21~ tube e Uinter face) = P ke ”tth ace (C.35)

In Eq. (C.34), ¢* is the dimensionless boundary layer thickness in front of the bubble:

(C.36)
where t¢ is the time need for the bubble to reach a particular radius, here tg = Diype / Up.

In order to ensure the continuity in estimating the initial liquid film over the whole range
of conditions, the method of Churchill and Usagi (1972) is employed:

1
8

-8
%  _ gosa [(O.O?Bond0'41> +0.18} (C.37)

Dtube

Further improvement of the liquid film thickness measurement was provided by Addlesee

and Kew (2002) leading to the following formula:

0.84 1
9 Y 0.41) 8 —8}8
- .07Bond® 1 .
By = Coo (3 Uthub€> [(0 07Bond”*!) " 40 (C.38)
where
D
Bond = 22tube 172 (C.39)
ag

The initial thickness of the liquid film will change due to vaporization by the heat flux, ¢,

at the inner wall of the tube. Therefore, based on the 3" assumption of the three-zone model:

dé
q(2rRAz) = —p;2m (R — 0) aAzAhh, (C.40)
which leads to:
q R
- _ _ 41
dé PN 5dt (C.41)

Integrating Eq. (C.41) with the initial condition 6(z,0) =dp(z) and assuming R — d~ R

gives:
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q
5 (2,t) = 0o (2) — t C.42
() = b0 () — (C.42)

Prior to the heat transfer coefficient calculations, the time periods of film, #t;;,, and the

dry-out zone, t4,, as well as the final thickness of d.,q need to be estimated, so that if:

1 tdry,film >ty

dend (2) = 6 (2, tv) (C.43)
tritm = to (C.44)
tary = to — tfiim (C.45)
Lary = Uptary (C.46)
® Loy fitm <tuy
dend (2) = Omin (C.47)
tfitm = tdry, film (C.48)
tary =ty — Lfilm (C.49)
Lry = Uptary (C.50)

where the maximum duration of the existence of the film, ¢4y, fiim, at position z is:

Ahy,
tary,pitm (2) = 2 S 190 () = G (C.51)

Now, in Eq. (C.13), the heat transfer coefficients are:

e for liquid film

1 tfitm kjl kl ( 50 )
il (Z) tfz'lm /0 0 (Z7 t) 60 - 5end " 6end ( )

e for liquid and vapor slugs

1 k 1
— 4 4 4 _ 4 4 4
Q= (alam + aturb) - Dtube (Nulam + NUturb) (053)
where the average laminar and turbulent Nusselt numbers at z are
Dyype R
Nttgam,z = 2 x 0.455/Pr | —ube € (C.54)

L(2)
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£ [Re — 1000] P Do\ 3
Ntgyrp,. = 3[R ]2 - [H( ““’6)3] (C.55)
1+12.7,/§ (Prf -1) L(2)
and
€ = (1.821og;gRe — 1.64) 2 (C.56)

The model requires few constant to be determined based on the experimental results.

There are as follows:

1. pmin = 0.3, which is the minimum liquid film thickness related to the unknown roughness

of the surface and the thermo-physical properties of the fluid,

2. Cs0=0.29, which is the correction factor on the prediction of §y taking into account the

difference between the fluids and the geometries under investigation,

3. f being the pair frequency; its optimum values is estimated as:

1.74
fopt: ( 1 ) (057)

and

DPsat ) =05

Grof = 3328 (
DPerit

(C.58)

The values of 0y, and Csp, as well as the constants in Eqgs. (C.57) and (C.58) provided

above are applicable in the general three-zone model (Dupont et al., 2004).

C.2.2 Unified heat and flow model for annular flows of Cioncolini and Thome
(2011) including entrainment prediction method of Cioncolini et al.
(2009)

In annular flow, which is shown schematically in Fig. C.3, the unified heat transfer model of
Cioncolini and Thome (2011) is considered that assumes the annular liquid film to incompressible
and the liquid to be Newtonian with constant physical properties for a fluid in steady state

condition.
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Figure C.3: Schematic representation of annular two-phase flow. Figure extracted from Cioncol-
ini and Thome (2011)

As stated, the heat transfer coefficient, «, is determined using following equation:

oy
Nu=12 L= TT6 X 10705 0P S (C.59)

where: 6}_1'lm is dimensionless average liquid film thickness:

*

2T I 5o
0t = max ( —lf-().066—lf) — “fim (C.60)

where: RT is the dimensionless tube radius and the Ff} is the dimensionless liquid mass flow

rate calculated using;:

Fl_; _ (1 - eLF) (1 - l‘) I G Diupe

=1—-ep)(1—2) (C.61)

Rt 2 R 4
and
yt =L (C.62)
PN o
1
Tw = §ftpchc (063)

where ¢ denotes vapor core.
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Figure C.4: Schematic representation of the cross-sectional area A split among the phases.
Figure extracted from Cioncolini et al. (2009).

The entrained liquid fraction, ey, shown schematically in Fig. C.4, as well as the two-
phase flow friction factor, f,, are obtained applying the prediction method of Cioncolini et al.
(2009). More details about this model can be found in Chapter 2. The err might be also
estimated using the more recent prediction method of Cioncolini and Thome (2012). Both of
these models show the strong dependence of the vapor core Weber number, We. on the annular
flow. It needs to be clarified that Eq. (C.59) is used when:

10 < 67F, <800
{ < Ofim < (C.60)

0.86 < Pr<6.1

C.2.3 Modification to the original heat transfer prediction methods

It has been shown in Costa-Patry et al. (2012) that several modifications to the original
heat transfer models of Thome et al. (2004) for elongated bubble flow regime and Cioncolini and
Thome (2011) for annular flow are required in order to improve their performance in predicting

heat transfer coefficient.

Three-zone model of Thome et al. (2004)

Firstly, the model was modified by setting the minimum film thickness to the measured
wall roughness since the roughness breaks the liquid film, as shown in Fig. C.5. It is worthwhile
to mention that this has been already proposed in the previous studies of Agostini et al. (2008¢c)
in silicon test section, Ong and Thome (2011b) in stainless steel microtubes, Vakili-Farahani
et al. (2012) in aluminium multiport tubes, while the study of Costa-Patry et al. (2012) included

silicon and copper test sections.
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Figure C.5: Schematic of the transition from film evaporation to vapor convection in the dry
zone. Figure extracted from Thome et al. (2004)

Secondly, the developing flow Nusselt number correlations were replaced by fully-developed

ones for laminar and turbulent flow, respectively:

Nuggm = 4.36 (C.65)

Pr § (Re — 1000)

Nugyry = 05 (066)
14127 (§) 7 (Pri —1)
where £ is a frictional pressure drop coefficient.
Finally, the liquid film heat transfer from Eq. (C.52) is now given by:
ky do
i = 1 C.67
A fitm 50 - 6end +1x107° . <5end) ( )

Annular flow model of Cioncolini and Thome (2011)

The annular flow model of Cioncolini and Thome (2011) was developed for circular chan-
nels. Therefore, in order to conserve the liquid cross-sectional area proportions in rectangular

channels, the equivalent diameter is used:

[ AW, H
D, = % (C.68)

Moreover, the true value of the perimeter of P =2H ., + Wy, is applied, whereas the cross-
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sectional area taken for a circular channel is as follows:

A= (D2= (D - 20)°) (C.69)

il
4
In the end, the equivalent liquid film thickness for the rectangular channel is calculated
as:
A
Ofilme = — C.70
fitme = 5 (C.70)

with A and P specified as above.

C.3 Validation of Matlab implementations

The Matlab implementations were validated versus the results available in the literature
with a good match. Figure C.6 shows an example of such a validation for the three-zone model

of Thome et al. (2004) considering the global parameter.
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Figure C.6: Validation of the Matlab implementation of the three-zone model of Thome et al.
(2004) using the global parameters: (a) the results available in the literature, and (b) the
simulated heat transfer coefficients.
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