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Abstract

Micro or mini heat spreaders are used in the interest of providing higher cooling capability
for microtechnologies. Heat spreaders using micro or mini channels are not yet well studied,
for this the fundamentals of two-phase heat transfer in microchannels are being studied.
Here, a comprehensive experimental two-phase flow study has been carried out on two single
round tubes (D = 0.509 and 0.790 mm) and for two different fluids: R-134a and R-245fa.
An optical measurement method for two-phase flow characterization in microtubes has been
applied to determine the frequency of bubbles exiting a microevaporator, the coalescence
rates of these bubbles and their lengths as well as their mean two-phase vapor velocity. Four
principal flow patterns (bubbly flow, slug flow, semi-annular flow and annular flow) with
their transitions (bubbly/slug flow and slug/semi-annular flow) were observed. A new type
of flow pattern map for evaporating flow in microchannel has been developed. The first zone
corresponds to the isolated bubble regime. It includes both bubbly flow or/and slug flow and
is present up to the onset of coalescence. The second zone is the coalescing bubble regime.
It is present up to the end of coalescence process. The third zone is the annular zone and
is limited by the fourth zone of this diabatic map, the onset of critical heat flux. This flow
pattern map can be used for heat transfer model and design of microevaporator.

The vapor velocity or cross sectional void fraction have been measured. For R-134a, the
flow can be considered to be homogeneous (or near homogeneous). For R-245fa, more tests
exhibit instabilities and surprisingly show vapor velocities below those of homogeneous flow.
Frictional two-phase pressure drops have been measured over a wide range of conditions for
the two microchannels and two fluids. Three regimes are distinguishable when regarding to
the variation of the adiabatic frictional pressure drop with the vapor quality or the two-phase
friction factor with the two-phase Reynolds number: a laminar regime for Rerp < 2000, a
transition regime for 2000 < Repp < 8000 and a turbulent regime for Rerp > 8000. The
turbulent two-phase flows are best predicted by the Miiller-Steinhagen correlation. New
accurate CHF data have been measured with the test facility. A new microchannel version
of the Katto - Ohno correlation has been developed to predict the CHF in circular, uniformly
heated microchannels. Moreover, a new transition curve from annular flow to dryout has
been proposed.
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Version Abrégée

Les micro ou mini dissipateurs thermiques sont utilisés dans les microtechnologies pour leurs
trés hautes performances de refroidissement. Ces dissipateurs thermiques ne sont cependant
pas encore suffisamment étudiés. Pour cette raison, une étude expérimentale des écoulements
biphasiques a été réalisée sur deux tubes a section circulaire (D = 0.509 et 0.790 mm) et
pour deux fluides différents : R-134a et R-245fa.

Une méthode de mesure optique a été appliquée afin de caractériser les écoulements liquide-
vapeur en microtubes, en déterminant la fréquence des bulles quittant un microévaporateur,
la vitesse de coalescence de ces bulles, leur longueur ainsi que leur vitesse moyenne. Quatre
principaux régimes d’écoulement (écoulement a bulles, écoulement a bouchons, écoulement
semi-annulaire et écoulement annulaire) avec leurs transitions (écoulement a bulles/bouchons
et écoulement a bouchons/semi-annulaire) ont été observés. Une nouvelle forme de carte
d’écoulement a été développée. La premiére zone correspond au régime d’écoulement a
bulles isolées qui inclut I’écoulement & bulles et/ou I’écoulement & bouchons. Ce régime est
présent jusqu’au début de la coalescence. La seconde zone est le régime de coalescence des
bulles. Ce régime est présent jusqu’a la fin de la coalescence. La troisiéme zone est la zone
annulaire, limitée par la quatriéme zone qui est le début du flux de chaleur critique. Cette
nouvelle carte d’écoulement peut étre utilisée dans des modéles de transfert de chaleur et
pour le dimensionnement de microevaporateurs.

La vitesse de la vapeur, ou indirectement le taux de vide, a été mesurée. Pour le R-134a,
’écoulement peut étre considéré comme homogéne (ou proche de I’homogéne). Pour le R-
245fa, des instabilités ont été observées et les résultats ont montré des vitesses de bulles de
vapeur inférieures a celles d’un écoulement homogéne.

Les pertes de charge par frottements ont été mesurées pour un grand intervalle de conditions
expérimentales, en considérant les deux dimensions de tubes et les deux fluides. La varia-
tion du coefficient de frottement biphasique en fonction du nombre de Reynolds biphasique
permet de distinguer trois régimes: un régime laminaire pour Rerp < 2000, un régime de
transition pour 2000 < Rerp < 8000 et un régime turbulent pour Rerp > 8000. La corréla-
tion de Miiller-Steinhagen prédit correctement 1’écoulement biphasique en régime turbulent.
De nouvelles valeurs du flux de chaleur critique ont été mesurées avec le dispositif expérimen-
tal. Une nouvelle corrélation basée sur celle de Katto-Ohno a été développée pour prédire le
flux de chaleur critique en microtubes circulaires uniformément chauffés. De plus, une nou-
velle courbe de transition entre le régime annulaire et la zone d’asséchement est proposée.
Les résultats obtenus peuvent étre directement utilisés pour développer un modele de trans-
fert de chaleur et de pertes de charge en microcanaux ainsi que pour dimensionner les micro
dissipateurs thermiques.
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Chapter 1

Introduction

Electronic components dissipate more and more heat due to their increasing working capaci-
ties. Irreversible damages occur when their internal temperatures reach 150°C. For this, the
internal temperature of these electronic components is limited to about 100°C with a surface
temperature of 85°C due to the temperature gradient. For a specific example, PC chips have
a maximum surface working temperature of about 67°C. Thus, effective heat dissipation is
required.

Micro or mini heat spreaders are used in the interest of providing higher cooling capability
for microtechnologies. They are characterized by a high heat flux dissipation and a better
heat transfer coefficient compared to conventional processes. Higher effectiveness means,
for an identical power, a reduction of size and cost. Compactness also reduces the amount
of charge of the fluid, which has also a direct positive impact on safety and environment.
However the negative point is possibly a higher pressure drop related to the micro or mini
flow channels.

The thermal performance of heat spreaders using micro or mini channels are not yet well
understood, for this the fundamentals of two-phase heat transfer in microchannels are be-
ing studied. Many heat transfer design methods exist for refrigerant vaporization inside
macrochannels, but these have been found to not be suitable to the small dimensions found
in microchannels due to small-scale phenomena. Therefore, research is underway to investi-
gate these small-scale phenomena and to develop new microchannel design methods.

Thome et al. [51, 19] proposed the first mechanistic heat transfer model to describe evap-
oration in microchannels with a three-zone flow boiling model that describes the transient
variation in the local heat transfer coefficient during sequential and cyclic passage of (i) a
liquid slug, (ii) an evaporating elongated bubble with a thin liquid film trapped between it
and the channel wall and (iii) a vapor slug when film dryout has occurred. Fig. 1.1 depicts
a schematic of their three-zone heat transfer model. The new model illustrates the strong
dependency of heat transfer on the bubble frequency, the lengths of the bubbles and liquid
slugs, and the liquid film thickness trapped between the heated wall and the bubble, and is
so far only applicable to the slug flow regime.

The present study is carried out on two single round tubes (D = 0.509 and 0.790 mm) and
for two different fluids: R-134a and R-245fa. Many questions are open:
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Figure 1.1: Schematic of three-zone evaporation model.

What is the critical heat flux (CHF) in microchannels compared to conventional ones?
One of the limiting factors in two-phase heat transfer is the onset of dry-out. It
happens when the heat transfer surface is no longer completely wetted by the liquid
phase. Vapor now completely or partially blankets the surface and heat transfer is no
longer to a highly conducting liquid but to a poorly conducting gas. Such a condition
can damage the microevaporator and the electronic component.

What are the different flow patterns encountered in microchannels flow? Under what
conditions do they occur? Heat transfer and pressure drop models should be based on
the liquid and vapor distributions created by the flow patterns. The flow patterns are
the description of the two-phase flow structure to explain under which condition the
vapor is a continuous phase in the central core of the tube (annular flow) or is arranged
as bubbles etc.

How does the void fraction behave compared to that known in macrochannels? Void
fraction is an important parameter used in heat transfer and pressure drop models.

How large is the pressure drop inside microchannels? This information is valuable to
engineers for designing microcooling systems.

What phenomena govern the two-phase flow in micro or mini channels? Gravity seems
to have less influence than surface tension forces. As an example, Fig. 1.2 shows
elongated bubbles in 2.0, 0.8 and 0.5 mm tubes and demonstrates that the gravity has
essentially no buoyancy effect for the 0.5 mm channel.

(a) 2.0 mm tube. (b) 0.8 mm tube. (c) 0.5 mm tube.

Figure 1.2: Elongated bubble in 2.0, 0.8 and 0.5 mm tubes.
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For these reasons, it is opportunistic to apply an optical measurement technique to quan-
titatively characterize flow pattern transitions, determine void fraction, and measure the
frequency, velocity and length of vapor bubbles in microchannels, in particular at the exit
of microevaporators in which the flows are formed. Such an optical measurement technique
has been developed here and implemented in a new multi-purpose microchannel test facility.
The main objectives of this work are to increase the database for refrigerants flowing in
microchannels for CHF, flow patterns, void fraction and pressure drop and to develop corre-
sponding prediction methods. These methods are imperative for the design and optimization
of efficient micro heat spreaders for cooling of electronic components.

This manuscript is organized as follows:

e Chapter 1: introduction.

e Chapter 2: presents the fundamentals of two-phase flow with the main parameters and
definitions described.

e Chapter 3: reviews the state of the art. The first topic is CHF, the second one is flow
patterns and flow pattern maps, the third one is void fraction and the last topic is the
pressure drop.

e Chapter 4: presents a description of the new experimental facility and presents the

results for the critical heat flux as well as proposing a new correlation for predicting
CHF.

e Chapter 5: shows the experimental work and results carried out on flow patterns. A
new diabatic flow pattern map for evaporating flows in microchannels is also presented.

e Chapter 6: shows the results on void fraction and vapor velocity as well as the drift
flux model applied to the results.

e Chapter 7: presents the experimental pressure drop results and a new correlation is
proposed to predict the results.

e Chapter 8: presents the general conclusions.
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Chapter 2

Fundamental definitions and flow
parameters

This chapter introduces the primary variables used throughout this work and derives some
simple relationships between them for the case of one-dimensional two-phase flow. To dis-
tinguish between vapor and liquid the subscripts ’;’ for liquid and 'y’ for vapor will be
used.

2.1 Two-phase flow

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

In internal convective vaporization and condensation processes, the vapor and liquid are
in simultaneous motion inside the flow channel. The resulting two-phase flow is generally
much more complicated physically than single-phase flow. In addition to the usual inertia,
viscous, and pressure forces present in single-phase flow, two-phase flows are also affected by
interfacial tension forces, the wetting characteristics of the liquid on the tube wall, and the
exchange of momentum between the liquid and vapor phases in the flow.

2.2 Vapor quality

The vapor quality (z) is defined to be the ratio of the vapor mass flow rate (My |kg/s])
divided by the total mass flow rate (My + My):

M
My, + My,

5
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When phase change does not take place in a channel, one needs to measure the mass flow
rate of each phase, and the quality is then determined for the entire channel. In case there
is a phase change in the channel, e.g. if the channel is heated and boiling takes place, then
the quality will increase (inverse for condensation) in the direction of flow.

If there is not thermal equilibrium between the phases, one cannot calculate the quality
merely by knowing the inlet quality and the heat flux from the wall. Unfortunately, it is
very difficult to measure or calculate with precision the quality of the liquid-vapor mixture
flowing in a channel where a change of phase takes place. A fictitious quality, the so called
thermodynamic equilibrium quality can be calculated by assuming that both phases are sat-
urated, i.e. that their temperatures are equal to the saturation temperature corresponding to
their common pressure. The so-called thermodynamic equilibrium quality can be calculated
as:

. h(Z) — hL
= o (2.2)

where hy [J/kg| is the enthalpy of the saturated liquid, hry [J/kg| is the latent heat of
vaporization, and h(z) [J/kg| is the enthalpy at a cross section z, which can be calculated
from:

1 5,
h(z) = hin, + M/o ¢ (2)dz (2.3)

where h;, is the enthalpy of the fluid at the inlet and ¢'(z) [W/m] is the heat input from
unit of length.

2.3 Mass flux

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

G=— (2.4)

Considering the continuity law, the mass flux is the expression of the mean flow velocity
multiplied by the mean density. The usual unit of the mass flux is |kg/m?s|.

2.4 Velocities

In two-phase flow there are a number of velocities which can be defined. Also, in general, the
phases will not have the same velocity and there will be a relative velocity between them.
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2.4.1 True average velocities
The true average velocities of the phases uy and uy, are the velocities by which the phases

actually travel. The cross sectional average true velocities are determined by the volumetric
flow rates Qy and Q [m?/s] divided by the cross-sectional areas occupied by each phase:

_ Qv _ Qv

Uy = AV = A (25)
_ QG
UL_A_L_(l—e)A (2.6)

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

M G
uy = =212 (2.7)
e pvyA  py €

_1—{EM G1l—z

_ - = 2.8
1—e€e ptA pr1l—ce (28)

ur,

2.4.2 Superficial velocities

The superficial velocities (also called volumetric fluxes) of the phases ji, and j;, are defined
as the ratio of the volumetric flow rate of the phase considered over the total cross-sectional
area of the two-phase flow. It might also be expressed as the phase velocity if it would flow
alone in the entire cross section.

Jv = % = p%:vzeuv (2.9)
jL:%:%(l—x):(l—e)uL (2.10)

The total superficial velocity is defined as:

J=Jv+iL (2.11)

2.4.3 Drift velocities

The drift velocities of the phases Vi, and Vz; are defined as the true average velocity of the
phase in relation to the total superficial velocity, namely:
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Liquid

Figure 2.1: Cross-sectional void fraction ().

Wji=uvy—J (2.12)

VL]' = Uur —j (213)

The drift fluxes of the phases jy; and jr; are defined as follows:

Jvi = Vv; = e(uy —J) (2.14)

Jrg =1 =)V = (1= e)(ur = j) (2.15)

It follows, from Eqs. (2.14), (2.15) and (2.11) that:

Jvi+JjL; =0 (2.16)

2.5 Void fraction

In two-phase flow, void fraction is one of the most important parameters to be defined. It
defines the cross-sectional area occupied by the gas or vapor phase respect to the total.
As it determines the true average velocities of the liquid and the vapor, it represents a
fundamental parameter in the calculation of pressure drop, flow pattern transitions and heat
transfer coefficients.

Cross sectional void fraction is defined as:

Ay

- v 2.17
e (2.17)

€

where Ay is the sum of areas occupied by vapor and Ay is the sum of areas occupied by
liquid, for example those shown in Fig. 2.1.
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In two-phase flow, the superficial velocity is used to calculate the cross-sectional void fraction
as written in Eq. (2.18).

e = 2L (2.18)
uy

The time average centerline void fraction, on the other hand, is calculated by assuming
that its value is 1 if there is vapor and 0 if liquid. It does not take into account the radial
distribution of the liquid and vapor but only that at the nose and rear of the bubble, i.e.
essentially that at the centerline of the channel, in a slug flow.

2.6 Definition of non-dimensional numbers

The principal non-dimensional numbers used in the present study are defined below.

2.6.1 Reynolds number

The Reynolds number represents the ratio of the inertial forces to the viscous forces. For the
particular case of forced convection inside a tubular channel, the liquid Reynolds number
can be expressed in the following form:

prur Dy,
KL

R€L =

(2.19)

where D), is the hydraulic diameter defined as the ratio of the cross-sectional area of the
fluid A to the wetted perimeter Py :

4A

Dy = —
h PL

(2.20)

In the case of circular tubes, Dy = D.

Considering one-dimensional flow and using the definition of the true average velocity from
Eq. (2.6), the liquid Reynolds number can be expressed as:

GDy, 1—
Rey = 22h 271 (2.21)
pr 1 —e€
where the D), for the liquid phase is expressed in the following form:
4A 4(1—¢e)A
p, = e _41=¢ (2.22)

P P

Substituting Eq. (2.22) into (2.21) the liquid Reynolds number is defined as:
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4G(1 —x)A

Rej, = 2.23
t prLPr (2.23)
The same approach will be used for the vapor Reynolds number which is defined as:
GD
Rey = == 2 (2.24)
vy €
where the D,, for the vapor phase is expressed as:
4AV 4A €
Dy=—=— 2.25
"“ P T PR (2.25)

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

(2.26)

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

Re, = U= D (2.27)
1222

Rey = S22 (2.28)
123%

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

D

RGLO = G— (229)
KL

Revo = G—D (230)
2%

It represents the liquid or the vapor phase only flowing alone in the complete cross-section
of the tube at the total mass flux. Prediction methods for two-phase frictional pressure
drops use one set of these Reynolds number definitions and one must be careful to use the
definition used in the particular method.

2.6.2 Weber number

The liquid Weber number expresses the ratio of inertia to surface tension forces. The refer-
ence length is the tube diameter:
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2
D
Wey, = PLULZ (2.31)
o
Usually, in two-phase flow experiments, the liquid Weber number is expressed as:
G?D(1 —
We, = FPU=2) (2.32)
pLO
or
G?D
WeLo = (233)
PLO

for when the liquid phase only flows alone in the complete cross-section of the tube at the
total mass flux.

For the vapor, the same type of definitions are obtained:

G*D
Wey = —— (2.34)
pvo
or
G?D
WGVO == (235)
pvo

2.6.3 Boiling number

The Boiling number expresses the ratio between the heat flux and the potential heat flux
that would have been applied for complete evaporation:

4q
Bo = 2.
0 WG (2.36)

2.6.4 Martinelli parameter

The Martinelli parameter [34] is the ratio of the theoretical frictional pressure drop that
would occur if each phase could flow separately in the complete cross-section of the channel
with the original rate of each phase. In general form the Martinelli parameter is calculated
as:

(E)L] | (2.37)
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where
dP 2G? 9
(@)L = fL—DpL(l — ) (2.38)
dP 2G%
— = T 2.39
(4 ) oo (2.39)
(2.40)

with fr, the friction factor for the liquid expressed by:

16
fL = R—GL for Rey, < 2000 (241)

fr = 0.079Re % for Rey, > 2000 (2.42)

with Rej, from Eq. (2.27),

and fy, the friction factor for the vapor expressed by:

16

fv = —— for Rey <2000 (2.43)
R€V

fv = 0.079Re;** for Rey > 2000 (2.44)

with Rey from Eq. (2.28).

Xy can be also defined as a measure of the degree to which the two-phase mixture is closer
to being a liquid (Xy >> 1) or being a gas (Xyu << 1).

2.7 Conclusions

The fundamentals parameters and definitions used for describing two-phase flows have been
presented.



Chapter 3

State of the Art Review

This Chapter presents the state-of-the-art review relevant to the present investigation on
critical heat flux, flow pattern maps, void fraction and two-phase frictional pressure drops.

3.1 Critical heat flux

Critical heat flux (CHF) or burnout is a limiting operating heat flux for the safe operation
of heat dissipation applications and refers to the replacement of liquid being in contact with
the heated surface with a vapor blanket. The thermal conductivity of the vapor is very low
compared to the liquid and the surface heat transfer coefficient drops dramatically, resulting
in the sudden increase of the surface temperature and possible failure of the cooled device.

CHF may occur in subcooled as well as in saturated boiling conditions. In subcooled CHF,
the bulk temperature at the channel outlet is subcooled and the thermodynamic equilibrium
vapor quality is lower than zero, x<<0. These are the typical conditions for very high mass
velocities, high inlet subcoolings and relative short channels compared to their hydraulic
diameters. In saturated CHF', the thermodynamic equilibrium vapor quality at the channel
outlet is greater or equal to zero, x=0. This is typically encountered at low mass velocities,
at low inlet subcoolings and in channels with a large length to diameter ratio.

Many researchers are trying to respond to the question "what is the upper limit for the

critical heat flux in microchannels in order to estimate the maximum cooling rate of a say a
PC microprocessor?"

3.1.1 The Gambill and Lienhard study

Indepedent studies have been summarized by Gambill and Lienhard [21|. They noted that,
if one could contrive to collect every vapor molecule that leaves a liquid-vapor interface
without permitting any vapor molecule to return to the liquid, then

13
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RT
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where ¢4, is the highest heat flux that can conceivably be achieved in a phase transition
process and R the ideal gas constant and M the molar mass. This equation is based on
kinetic theory and the average speed of a Maxwellian gas. Fig 3.1 shows the variation of the
upper limit of heat flux as a function of reduced pressure (P/P..;) for refrigerants tested
in the present study, namely R-245fa and R-134a. As can be seen, the maximum heat flux
increases for both refrigerants with the increase of the reduced pressure, reaching a peak
at Pr = 0.85. Then it starts to decrease and arrives at zero for vapor quality equal to
one, x=1. Figure 3.1 shows the astonishingly high values of heat fluxes that might seem
to be attainable. There are several reasons that this limit will be unattainable in practice.
The most serious restriction is that many vapor molecules will inevitably be returned to
the interface by molecular collisions. Another problem lies in the premise that all the heat
ultimately passes through a liquid-vapor interface, according to Gambill and Lienhard.

From the practical point of view, the target level of CHF appears to be about 0.1¢q.. If
burnout consistently reaches one tenth of the limit, then burnout is occurring because a
molecular effusion fails to provide sufficient cooling. Molecular effusion is an unobserved
until now burnout mechanism according to Gambill and Lienhard. At 35°C, the value of
Gmaz 18 125 MW /m? for R-245fa and 464 MW /m? for R-134a. As will be seen later, only a
fraction of these values are achievable in the present microchannels.

1400

— R-245fa
- - R-134a
1200 -7 RN 8

1000
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Figure 3.1: Dependence of ¢, on reduced pressure for R-245fa and R-134a.

3.1.2 The Katto and Ohno study

One of the most widely used empirical methods developed for predicting saturated CHF in
a single channel is the Katto-Ohno [25] correlation. For no liquid subcooling, they correlate
CHF as:
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For most regimes, they found a linear rise in CHF with increasing liquid subcooling. There-
fore, subcooling was taken into account by the following equation:

qc Ahm
—— =, |1+ K 3.3
Ghiy ( hiy ) (3:3)

where ¢. is the CHF for subcooled conditions, q., is the saturated CHF, Ah;, is the inlet
enthalpy of subcooling with respect to saturation and K is an empirical inlet subcooling
parameter. All these parameters are calculated as described in Table 3.1.

To ascertain the applicability of the above correlation to fluids other than water, they con-
ducted the following experiments:

- R-12 for D = 3.0 and 5.0 mm, L,/D = 200 and 333, py/pr = 0.109 — 0.306 and
G = 1100 — 8800 kg/m?s in Katto et al. [26];

- R-12 for D = 5.0 mm, Ly/D = 50, py/pr, = 0.109 — 0.306 and G = 700 — 7000 kg /m?s
in Katto et al. [24];

- liquid helium for D = 1.0 mm, L,/D = 25 — 200, py/pr = 0.409 and G = 10.5 — 108
kg/m?s in Katto et al. [27].

Hence, for normal refrigerants this method is applicable only down to about 3.0 mm channels.

3.1.3 The Qu and Mudawar study

Qu and Mudawar [42] compared 414 data points they obtained for water channels with in
D =1.0-3.0 mm with L,/D = 50—975 and R-113 in D = 3.15 mm with L, /D = 40 to the
correlation of Katto-Ohno. They found that this correlation is fairly accurate at predicting
saturated CHF in single circular mini-channels. The mean absolute error for this correlations
was 17.3% with most of the data points falling within a + 40% error band.

Furthermore, Qu and Mudawar [42] adapted the Katto-Ohno correlation for microchannel
heat sinks containing 21 parallel 215 x 821 um channels. They found that as CHF was
approached, flow instabilities induced vapor backflow into the heat sink’s upstream plenum
mixing vapor with subcooled liquid. The backflow negated the advantages of inlet subcooling,
resulting in a CHF virtually independent of inlet subcooling. Their new empirical correlation
based on their experimental CHF data for water and R-113 in mini/microchannel heat sinks
is as follows:

1.11 —0.36
qc . 19% —0.21 (Lh)
=3343 — We — 3.4
Ghry (PL) L D (3.4)
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Gco1 O( opL )0'043 1
Ghry  \G%L, Ly/D

0 1/3
Gco2 —01 _V ( apL ) 1
Ghryv ) PL G?%L,, 1+ 00031Lh/D
Geos _ 0098 (p_v>0.133 ( opL >0.433 (Lh/D)0.27

GhLV PL G2Lh 1+ 00031Lh/D
Ghry oL G2Ly, 14 0.280(cpr/G?Ly,)0233 Ly, /D

Geos 0934 p_v 0.513 ( opL >0.433 (Lh/D)0.27
Ghry ) PL G?L,, 1+ 00031Lh/D

C =0.25 for L,/D < 50
C = 0.25 + 0.0009 [Ly/D — 50] for Ly/D = 50 to 150
C =0.34 for L,/D > 150

1.043

Ky = 27 10.043

4C (UpL/G Lh)

) 0.0124 + D/ Ly,
Ky = 6 0.133 27 N\1/3

(pv/pL)" " (opL/G?Ly)
97 10.233

K3:1.121.52<UPL/G Lh) +D/Lh

(pv/pr)® (opr/G2Ly)" '™

for py/pr <0.15
— when geo1 < Geo2, Geo = Geot
— when geo1 > geo2
if Geo2 < eo3s Geo = Geo2
if Geo2 > Geo3s Geo = Geo3
— when K; > Ky, K = K3
— when K; < Ky, K = K,

for py/pr > 0.15
— when Geo1 < Geoss Geo = Geot
— when geo1 > Geos
if Geos < Geods Geo = Geon
if Geos > Geods Geo = Geos
— when K, > Ky, K = K,
— when K; < K,
if Ky < Kg, K = Koy
if Ky > Ka, K = K

Table 3.1: CHF correlation of Katto-Ohno.
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This correlation predicted their experimental data with very low mean absolute error of 4%.

3.1.4 The Pribyl et al. study

Pribyl et al. [41] studied the effect of the flow patterns on CHF. They plotted experimental
water CHF data obtained in three independent test facilities against vapor quality. The
total number of experimental points was 4109. The tube diameters tested varied from 1.0
to 37.0 mm, heated lengths from 31 to 3000 mm and mass flux from 10 to 18580 kg/m?s.
The database was sorted by regime using the Taitel- Dukler [48] map to identify annular,
intermittent and bubble flows. They found that CHF varied linearly with quality in distinct
segments, with a relatively sharp discontinuity and change in slope at low vapor qualities,
where the Taitel- Dukler map predicts a regime transition. The most apparent difference in
slope was observed between bubble and annular flow. They concluded that a change in flow
regime might affect the mechanism of CHF and that within each flow regime a similar but
distinct CHF mechanism could be expected to apply.

3.1.5 Conclusions

Only few studies exist on the critical heat flux in microchannels while it has been exten-
sively studied for conventional channels for a variety of flow boiling configurations. A larger
database for single uniformly heated microtubes should be developed, especially for fluids
other than water and old (retired) refrigerants. Existing correlations have to be tested and
modified, if needed, to predict CHF in microtube for the new refrigerants and other coolants.
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3.2 Flow pattern maps

One of the most important features of a two-phase flow is the variety of flow patterns,
i.e. how do the phases distribute themselves in the conduit. Are the bubbles going to be
distributed uniformly throughout the liquid or are they going to coalesce and form larger
bubbles? Without knowing the flow regime (pattern) one cannot calculate correctly the
design parameters for defined flow conditions such as heat transfer and pressure drop. The
flow patterns depend on many parameters such as pressure, geometry, inclination of the tube,
etc. In the first part of this chapter, the flow patterns in conventional channels and the flow
pattern maps encountered in macrochannel two-phase flow will be described. In the last
part, the state-of-the-art of two-phase flow patterns and flow pattern maps in microchannels
will be presented.

3.2.1 Flow patterns in conventional channels
Flow patterns in horizontal two-phase flow

The flow patterns observed in horizontal two-phase flow are complicated by asymmetry of
the phases resulting from the influence of gravity. The generally accepted flow patterns are
shown in Fig. 3.2 and described below:

e Bubbly flow: The gas or vapor phase is distributed as discrete bubbles in a continuous
liquid phase. The size of bubbles does not approach the diameter of the pipe. The
bubbles tend to travel in the upper half of the pipe.

e Plug flow: This pattern is an intermittent flow that occurs at low gas flow rates and
moderate liquid rate. In this regime, liquid plugs, free of entrained gas bubbles, are
separated by zones of elongated gas bubbles.

e Slug flow: When the gas velocity is increased in a plug flow, the liquid slugs become
aerated and contain small bubbles. The flow is more chaotic compared with plug flow
and the interface between gas and liquid is not as clearly defined. Plug flow and slug
flow are often categorized as one flow regime called intermittent flow.

e Stratified flow: The two phases are separated with the all liquid at the bottom of
the channel (under normal gravity conditions). This flow pattern occurs at low liquid
and gas velocities. This flow regime is subdivided into two regimes: stratified smooth
and stratified wavy. The stratified smooth occurs at low gas velocities.

e Wavy flow: As the gas velocity is increased, waves are formed on the liquid-gas
interface, with the waves traveling in the direction of the flow. This flow pattern
corresponds to the stratified wavy flow.

e Annular flow: Higher gas flow rates will cause the liquid to form a film on the tube
wall, somewhat similar to that observed in vertical flow, with the important exception
that the film at the bottom of the tube may be much notably thicker than the film at
the top.
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Figure 3.2: Schematic of flow patterns in internal horizontal two-phase flow from Collier and
Thome |[14].

Flow patterns formed during the generation of vapor in horizontal tubular channels can
be influenced by departures from thermodynamic and hydrodynamic equilibrium. Figure
3.3 shows a schematic representation of a horizontal tubular channel heated by a uniform
low heat flux and fed with liquid just below saturation temperature. The sequence of flow
patterns shown corresponds to relatively low inlet velocity (< 1 m/s). Asymmetric phase
distributions and stratification introduce additional complications. Important points to note
from a heat transfer viewpoint are the possibility of intermittent drying and rewetting of the
upper surfaces of the tube in slug and wavy flow and the progressive drying out over long
tube lengths of the upper circumference of the tube wall in annular flow. At higher inlet
liquid velocities the influence of gravity is less obvious, the phase distribution becomes more
symmetrical and the flow patterns become closer to those seen in vertical flow.

Flow patterns in vertical two-phase flow

The distribution of the phases in vertical upward two-phase flow is no more influenced by
the gravity. The most common flow patterns encountered in vertical upward flow are shown
in Fig. 3.4 and presented below:

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

e Slug flow: When the quality increases, the bubbles coalesce and form larger bubbles,
of a size similar to the pipe diameter. These are called Taylor bubbles and have a
characteristic spherical cap nose and are somewhat abruptly terminated. The elongated
gas bubbles are separated by liquid slugs, which may have smaller bubbles in them.
The Taylor bubbles are separated from the wall by a thin film of liquid.



20 CHAPTER 3. STATE OF THE ART REVIEW

x=1
|
' Flow
—-—
Bubbly Plug Flow Slug Flow Wavy Annular Flow
Flow Flow Dispersed
Single-Phase o4 Fiw
Liquid Flow Single-Phase
Vapor Flow

Figure 3.3: Schematic of flow patterns in internal horizontal two-phase flow during evapora-
tion from Collier and Thome [14].

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

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

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

The formation of a two-phase mixture by vapor generation in a vertical heated tubular
channel represents an important special case. The presence of a heat flux through the channel
wall may alter the flow pattern from that which would have occurred in a long unheated
channel at the same local flow conditions. These changes occur due to two main reasons; the
departure from thermodynamic equilibrium coupled with the presence of radial temperature
profiles in the channel and the departure from local hydrodynamic equilibrium throughout
the channel. Figure 3.5 from Collier and Thome [14] depicts a schematic representation of
a vertical tubular channel heated by a uniform heat flux and fed with liquid just below the
saturation temperature.

3.2.2 Flow pattern maps in conventional channels

Many flow pattern maps exist for predicting two-phase flow regimes. They can be classified
into two classes: Adiabatic flow pattern maps that usually work for air/water and diabatic
flow pattern maps that work for evaporating refrigerants. Mechanistic type of heat transfer
and pressure drop models are based on these flow pattern maps.
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Figure 3.4: Schematic of flow patterns in internal vertical two-phase flow from Collier and
Thome [14].

Kattan et al. |23] proposed an improved two-phase flow pattern map for evaporation in
horizontal tubes as presented in Fig. 3.6. The new map was developed based on flow
pattern data for five different refrigerants covering a wide range of mass velocities and vapor
qualities. The map is valid for both adiabatic and diabatic (evaporating) flows in horizontal
tubes. The smallest channel Thome and coworkers tested this map against was 0.8 mm.
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Figure 3.5: Schematic of flow patterns in internal vertical two-phase flow during evaporation
from Collier and Thome [14].
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Figure 3.6: Flow pattern map for horizontal channels of Kattan et al. [23| for R-134a,
D = 10 mm, T,,; = 30 °C, ¢ = 10 kW/m? (S=Stratified flow, SW=Stratified Wavy flow,
I=Intermittent flow, A=Annular flow, M=Mist flow).
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3.2.3 Flow patterns and flow pattern maps in microchannels

Many studies exist now on flow patterns in microchannels. The most representative are
presented here.

The Suo and Griffith study

Among the first studies to describe flow patterns in microchannels is that by Suo and Griffith
[47] in 1964. The adiabatic two phase flow of gas and liquid was studied in horizontal tubes
for different conditions as summarized in Table 3.2. Two flow regimes which bound the slug
flow regime (S) are annular flow (A) and bubbly-slug flow (the author’s definition apparently
corresponds to the churn flow regime) (C), and are shown in Fig. 3.7. The authors concluded
that the characteristics of the capillary slug flow regime indicates that surface tension forces
predominate over gravity forces in the flow. The slug to bubbly-slug (churn) transition is
correlated with the following equation:

Rey x Wey = 2.8 x 10° (3.6)

T —l——r'rr,rr[ T T ;]"r...l T T lrrrrr[ T T rrrart
040 UPPER BOUNDARY UNKNOWN ]

BUBBLY SLUG FLOW
035 — —
030 — —
0251 SLUG FLOW —

ANNULAR
o 015 —
010 i
005+ —
OOO — L TR | - 1 il |.||l-l L L .;1.-1[_! L i1 i g i
10 10 1o i0 |
O
QL+QG

Figure 3.7: Flow pattern map of Suo and Griffith [47] for £& = 50 and fel — 0.75 x 105,
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The Kew and Cornwell studies

Many investigations have been carried out to determine the mechanisms involved during
boiling in single and multiple narrow channels. The experimental facility of Kew and Corn-
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Table 3.2: Experimental conditions of two-phase flow in microchannel.
Year Authors Fluid Size L P G T Flow patterns
mm mm bar kg/m?s
1964 Suo and Griffith [47] Heptane/No o 1.59 - - - - S, C& A
Water/No o 1.59 - - - - -
Heptane/He o0 1.028 - - - - -
Heptane/No o 1.028 - - - - _
Hoctane/No o 1.028 - - - - -
1992 Cornwell and Kew [15] R-113 1.2x0.9 300 1-2 117-627 3-20 1B, CB,
ASF & PD
3.25x1.1 - - - - -
1996 Mertz et al. [37] Water 1x1 - 1 50-700 - B,S& A
& R-141b
0O 1x2 - - - - -
0O 1x3 - - - - -
0 2x2 - - - - -
0 2x4 - - - - -
0 3x3 - - - - -
0 2.5x1 - - - - -
1995 Kew and Cornwell [16] R-141b o 2.05 500 - 180 35.6 1B, CB,
ASF & PD
1997 Kew and Cornwell [30] R-141b 3.69 500 10-15 188-1480 10-100 1B, CB,
ASF & PD
o 2.87 - - - - -
o 1.37 - - - - -
1999 Tripplet et al. [54] Air/water o 1. 200 1 - - B,C,S,S/A & A
ol. - - - - -
ANE - - - - -
A 1. - - - - -
1999 Coleman & Garimella [11] Air/water o 5.50 - - - - B, D, EB, S,
0 2.60 - - ‘ - St, W, WA & A
o 1.75 - - - - -
o 1.30 - - - - -
O 5.6x4 - - - - -
2000 Coleman & Garimella [13] R-134a o 4.91 - - 150-750 0-1 B, D, EB, S,
St, W, WA & A
2000 Coleman & Garimella [12] R-134a 0O1x1 - - 150-750 0-1 B, D, EB, S,
O 2x2 - - - - St, W, WA & A
0O 3x3 - - - - -
0 4x4 - - - - -
2000 Sheng & Palm [45] Water o 1.0 500 1 52-518 - B, CB & A
o 1.6 600 - - - -
o 2.0 700 - - - -
o 4.0 800 - - - -
2000 Kuwahara et al. [31] R-134a o 1.2 - 9.2 80-1260 0.008-0.975 B, P, S, WA, & A
2001 Yang & Shieh [57] Air/water o1l 200 1 0 - - B, S,P, WS, D &A
o2 400 - 0 - - -
o3 600 - 0 - - -
2001 R-134a o2 400 7.7 - 300-1600 0.003-0.74 B, S,P, WS, D &A
o3 600 - - 0.006-0.92 -
2002 Serizawa et al. [44] Air/water & o 0.020 10 1 - - B, S, R, L,
Steam/water A, F, Ri & LD
o 0.025 - - - - -
o 0.050 - - - - -
2003 Steinke & Kandlikar [46] Water 0 0.214x0.200 57.15 - 157-1782 - NB, B, S,A,
AN, C & DO
Legend: A=Annular, AN=Annular Flow with Nucleation in the Thin Film, ASF=Annular-Slug Flow, B=Bubbly, C=Churn, CB:Confined bubble, D=Disperse, DO= Dry Out,
Legend: EB=Elongated Bubble, F=Frothy, IB: Isolated Bubble, L= Liquid Lump, LD=Liquid Droplets, NB=Nucleate Boiling, P=Plug, R=Liquid Ring, Ri=Rivulet,

Legend:

S=Slug, St=Stratified, W=Wavy, WA=Wavy-Annular, WS= Wavy-Stratified
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well [15, 16, 30] was capable of accommodating either a single tubular section 500 mm long in
either horizontal or vertical upflow configuration or a vertical multichannel test section (300
mm x 76 mm with either 76 or 36 channels) heated from behind and with a glass adiabatic
wall in front. The test fluid was R-141b and R-113.

The flow regimes have been observed using a high speed video recorder providing 200
frames/sec. Four flow regimes may occur during evaporation in narrow channels as pre-
sented in Fig. 3.8, namely Isolated Bubble (IB), Confined Bubble (CB), Annular Slug Flow
(ASF) and Partial Dryout (PD). Experimental conditions are summarized in Table 3.2. The
authors concluded that in the IB regime, the heat transfer mechanism is predominantly
nucleate boiling, while in the CB, ASF and PD regimes heat transfer may be by convec-
tion through and evaporation of the liquid layer separating the vapor core from the heated
surface.

Flow

1B CB ASF FD

Figure 3.8: Flow patterns of Kew and Cornwell [15, 16, 30|.

The Mertz et al. study

The study of flow boiling heat transfer of water and R-141b in vertical narrow rectangular
channels has been carried out in Mertz et al. [37]. The experimental conditions are sum-
marized in Table 3.2. For the multichannel test section, the flow patterns observed by the
authors for water and G = 200 kg/m?s are:

- ¢ <20 kW /m? single bubbles
- 20 < ¢ < 100 kW /m? confined bubbles

- ¢ > 100 kW /m? annular flow
For the multichannel tests, the flow patterns observed for R-141b and G = 200 kg/m?s are:

- ¢ < 7 kW /m? single bubbles
- 7< ¢ <20 kW/m? confined bubbles

- ¢ > 20 kW/m? annular flow
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The frequencies of bubble generation increased for the smaller and flatter channels. They
are estimated to be about 10 Hz for water and up to 40 Hz for R-141b. The frequencies
also depended on the heat fluxes, where higher heat fluxes led to higher frequencies. For low
mass fluxes and high heat fluxes, back flow was observed. For the single channel, the same
conclusions as for the multichannel can be drawn.

The Tripplet et al. study

A systematic experimental investigation of two-phase flow patterns in microchannels was
the objective of this study. Using air and water, experiments were conducted in circular
microchannels (pyrex circular channels) with 1.1 and 1.45 mm inner diameters, and in mi-
crochannels with semi-triangular cross-sections (acrylic or polycarbonated rod was used)
with hydraulic diameters 1.09 and 1.49 mm. The flow regimes in the test sections were
identified visually by the authors with the aid of a strobe and a digital camera.

Flow patterns and flow pattern maps using gas and liquid superficial velocities as coordinates
were similar for all the test sections. The discernible flow patterns were bubbly (B), churn
(C), slug (S), slug/annular (S/A) and annular flow (A) at the experimental conditions sum-
marized in Table 3.2, as shown in Fig 3.9. Neither of the test sections supported stratified
flow, confirming the predominance of surface tension as emphasized by Tripplet et al.
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Figure 3.9: Flow pattern map for air/water in a 1.1 mm tube from Tripplet et al. [54].

The experimental data were compared with similar data of Suo and Griffith [47], Damianides
and Westwater [17] with good overall agreement and with inconsistencies mainly attribut-
able to the confusion in the identification of flow patterns. Available relevant flow regime
transition models were compared with data, with poor agreement.

The Coleman and Garimella studies

Coleman and Garimella [11]| investigated the effect of tube diameter and shape on flow
regime transitions for two-phase flow in tubes with small hydraulic diameters. Flow patterns
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for co-current flow of air/water mixtures in horizontal round and rectangular tubes are
determined by high-speed video analysis to develop flow regime maps and the transitions
between these flow regimes. Bubble (B), dispersed (D), elongated bubble (EB), slug (S),
stratified (St), wavy (W), wavy-annular (WA) and annular flow (A) are observed. The
effect of tube diameter and shape on the flow patterns for hydraulic diameters ranging
from 1.3 to 5.5 mm is identified. Experimental test conditions are reported in Table 3.2.
There is a suppression of the stratified flow when decreasing the tube diameter and an
increase of the size of the intermittent regime. The flow map of Taitel and Dukler available
for conventional channels was shown not to be valid for small diameter tubes. In 2000,
Coleman and Garimella [13| proposed an experimental investigation of two-phase flow during
condensation of refrigerant R-134a in a 4.91 mm round tube. The different flow patterns are
presented in Fig. 3.10. In the same time the authors [12]| performed experiments with four
different square cross-sectional channels. A graphical flow pattern map is presented in Fig.
3.11 for R-134a.

Garimella et al. |22] proposed a correlation for during flow transition condensation of R-
134a with the hydraulic diameter (in mm) as parameter to determine the transition between
intermittent and non-intermittent flow as shown in Eq. (3.7).

a
r = (3.7)
G+b
with
a = 69.5673 + 22.595 exp (0.2586.Dy,) (3.8)
b= —59.9899 + 176.8137 exp (0.3826D;,) (3.9)
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Figure 3.10: Flow patterns of Coleman and Garimella [11] study.
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Figure 3.11: Flow pattern map of Coleman and Garimella [12] study for R-134a.

The Sheng and Palm study

Flow boiling heat transfer for water in a single glass tube has been visualized experimentally
using a high-speed video camera by Sheng and Palm [45]. The experiments were done
at atmospheric pressure and different flow directions (upward, downward and horizontal).
Three flow regimes were sufficient to describe the patterns observed according to the authors.
They are isolated bubble flow (B), slug bubble flow (probably referring to confined bubble
flow (CB)) and annular flow (A). Experimental conditions are summarized in Table 3.2. The
isolated bubble flow is a typical flow pattern for subcooled boiling, while the slug bubble flow
and annular flow are the typical flow patterns for saturated boiling in their small diameter
tubes. Horizontal and downward flow are more stable than upward flow. In horizontal flow,
the flow was unsymmetrical although it is a small tube.

The Kuwahara et al. study

Kuwahara et al. [31] investigated experimentally the characteristics of flow pattern for evap-
oration of pure R-134a in a capillary tube of 1.2 mm inside diameter. The flow patterns were
observed through a glass tube section at a constant pressure of 9.2 bar. The experimental
test conditions are presented in Table 3.2. The flow patterns were visualized with a high-
speed digital video camera and are: bubble (B), plug (P), slug (S), wavy-annular (WA) and
annular flow (A). These flow patterns are typical of those in relatively large diameter tubes.
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However, the transition points between each flow pattern are different from the modified
Baker map and the Taitel-Dukler map, which are proposed for relatively large diameters.

The Yang and Shieh study

Experimental investigations of two-phase flow patterns for refrigerant R-134a and air/water
in horizontal tubes was performed by Yang and Shieh [57] with experimental test conditions
presented in Table 3.2. The flow patterns observed are presented in Fig. 3.12: bubble (B),
slug (S), plug (P), wavy stratified (SW), dispersed (D) and annular flow (A). The authors
concluded their work by saying that none of the existing flow pattern maps was able to
well predict air-water and refrigerant flow in small tubes. The change in working fluid from
air-water to R-134a lead to a shift in the slug to annular transition to a lower value of
gas velocity. The locations of bubble to plug and slug flow transition are also significantly
affected by the working fluid properties. The surface tension effect was also identified as an
important parameter for flow pattern transition.
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Figure 3.12: Flow patterns of Yang and Shieh [57] study.

The Serizawa et al. study

Serizawa et al. [44] viewed gas-liquid flow patterns with a microscope coupled with a high-
speed video camera for air/water and steam/water flow in circular tubes of 20, 25 and 100
pm inside diameter (very small compared to the prior studies). Several distinct flow patterns,
namely, dispersed bubbly flow (B), gas slug flow (S), liquid ring flow (R), liquid lump flow
(L), annular flow (A), frothy flow (F), rivulet flow (Ri), liquid droplets flow (LD) and a
special type of flow pattern, namely, skewed barbecue shaped flow are identified both in
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air-water and steam-water systems as shown in Fig 3.13. It was confirmed that two-phase
flow patterns are sensitive to the surface conditions of the inner wall of the test tube. All
the experimental conditions are summarized in Table 3.2.

(a) Bubbly Flow (b) Slug Flow

(c) Transition (d) Skewed Flow (Yakitori Flow)
(e) Liquid Ring Flow (f) Frothy Annular Flow

(g) Transition (h) Annular Flow

(i) Rivulet Flow

Figure 3.13: Flow patterns of Serizawa et al. [44] for air/water in a 100 ym inside diameter.

The Steinke and Kandlikar study

Steinke and Kandlikar [46] explored flow boiling and pressure drop of water in six parallel
microchannels. A high-speed CCD camera was used to collect videos of the flow boiling
process. The experimental test conditions are presented in Table 3.2. The following flow
patterns were observed in their test section: nucleate boiling (NB), bubbly flow (B), slug
flow (S), annular flow (A), annular flow with nucleation in the thin film (AN), churn (C) and
dry-out (DO). Observations suggest that the conventional flow boiling patterns also occur in
microchannels. They suggested that there is no difference in the theory used for conventional
channels. A flow reversal was observed under certain conditions in microchannels. CHF was
also observed during experimentation.
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3.2.4 Conclusions

Many studies now exist on two-phase flow in microchannels and are summarized in Table 3.2.
Many of them (not all presented here) are adiabatic two-phase flow experiments, i.e. liquid
and gas flowing in the same pipe without any heating, generated by a gas injector or liquid-
vapor mixer. The resulting flow pattern and bubble characteristics are probably imposed or
influenced by the design of the injector or mixer (none of those studies addressed this issue).
Only few studies were for diabatic experiments (with evaporation or condensation).

Based on the present summary of existing experimental work, one can conclude that only
three principal flow patterns can be used to describe two-phase flow in microchannel : Bubbly
flow, confined bubble flow and annular flow. No stratified flow is observed in microchannels
due to the predominance of surface tension over gravity forces so that the tube orientation
has negligible influence on the flow pattern. Too many regime designations lead to too much
complexity when trying to develop a model based on these flow regimes.

The subjectivity related to the flow pattern observation and their transition determination
is another difficulty. How to say if a bubble is isolated or not? How can one determine the
transition from wavy-annular to annular? Many questions and uncertainties arise due to
this lack of objectivity in the identification of the flow patterns. Thus, an objective method
should be used to create a correct flow pattern map starting point for building heat transfer
and pressure drop models.

Multiple geometries can lead to a new difficulty of fundamentally studying two-phase flow in
microchannels, even if Mertz et al. found that the characteristics of two-phase flow are the
same for single and multiple channels. The choice of the channel size can also be a problem
because that determines either macro or microscale or the transition between them.

Thome et al. [51, 19] proposed the first mechanistic heat transfer model to describe evap-
oration in microchannels with a three-zone flow boiling model that describes the transient
variation in the local heat transfer coefficient during sequential and cyclic passage of (i) a
liquid slug, (ii) an evaporating elongated bubble and (iii) a vapor slug when film dryout has
occurred. Fig. 1.1 depicts a schematic of their three-zone heat transfer model. The new
model illustrates the strong dependency of heat transfer on the bubble frequency, the lengths
of the bubbles and liquid slugs, and the liquid film thickness but is so far only applicable to
the slug flow regime.

For these reasons, it is opportunistic to apply an optical measurement technique to simulta-
neously and quantitatively characterize flow pattern transitions, and measure the frequency,
velocity and length of vapor bubbles in microchannels, in particular at the exit of microe-
vaporators in which the flows are formed.
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3.3 Void fraction

3.3.1 Homogeneous model

The homogenous model is based on the assumption that the vapor and liquid phases flow at
the same average velocities. After comparison of vapor and liquid velocities defined in Eqs.
(2.7) and (2.8), the void fraction can be calculated as:

e = [1 + (1 - x) (2—2)]_1 (3.10)

This model represents the upper physical limit of void fractions for horizontal co-current
two-phase flows. There is no surprise that the homogenous model overpredicts the real
void fraction for most practical cases, where the vapor phase usually flows at the higher
velocity. This ideal method is reasonably accurate only for bubbly and dispersed droplet
mist flows, where the entrained phase travels at nearly the same velocity as the continuous
phase. The homogenous model is also the limiting case as the pressure tends towards the
critical pressure, where the difference in the phase densities disappears.

3.3.2 The general drift lux model of Zuber and Findlay

Zuber and Findlay [59] proposed the general form of the drift flux model in 1965. This
model takes into account both the effect of nonuniform velocity and void profiles as well
as the effect of the local relative velocity between the phases. The first effect is taken into
account by a distribution parameter, whereas the weighted average drift velocity accounts
for the latter.

Zuber and Findlay considered a three-dimensional problem and expressed the velocities in
terms of vectors. Hence, the volumetric flux densities are defined as:

Jv = elly (3.11)

jr = (1—e)iy (3.12)

The relative velocity between the two-phases is:

—

R = Uy —Uf (3.13)

and the drift velocities with respect the volumetric flux density of the mixture are:

Vs =iy —j (3.14)

Vi =i, —J (3.15)
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and the volumetric flux density of the mixture is defined by:

-

j:j\/ +JL (3.16)

Considering the continuity equation for the liquid and gas phases, they concluded that the
volumetric flux densities of the two-phases do not depend upon space coordinates but only
upon time, thus:

Jv+iL=7@) (3.17)

Zuber and Findlay proposed the average value of a scalar or of a vector quantity F over the
cross-sectional area of the duct defined by:

(F) = % /A FdA (3.18)

Introducing the expressions for the local values of the local velocities uy calculated from
(3.14) into (3.18), they obtained the average velocities (over the cross-sectional area) of the
vapor; thus

() = (20) = () + (Vi) (3.19)

However, the system input parameters readily available to a designer or to an experimenter
are the average volumetric flux densities defined by

(v) = (euy) = % (3.20)

In view of these relations, Zuber and Findlay considered the weighted mean value of the
quantity F, defined by:

- (eF) 4 JyeFdA
F= o A%ngdA (3.21)

whence they obtained the weighted mean velocity @y of the gas phase, which is

_ (uye)  (jv)
uy = = =2 (3.22)
(e) (e)
In view of equation (3.14), the weighted mean velocity also can be expressed as:
o (eg) (W)
Uy = — + (3.23)
(€) ()
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In general, the average velocity < uy > defined by Eq. (3.19) is not equal to the weighted
mean velocity @y defined by Egs. (3.22) and (3.23).

The weighted mean velocity 4y can be cast in several forms which are useful for analysing
experimental data and for determining the average volumetric concentration (void fraction)
< & >. Thus, multiplying and dividing the first term on the right-hand side of Eq. (3.23)
by < j >, we obtain

_ (Jv) N
ay =~ = Co(j) + (3.24)
{e) (e)
where the distribution parameter C, is defined by:
' 3 idA
o, = & _ s (3.25)

@0 & faidA] [4 )y edA]

Equation (3.24) can be expressed in a nondimensional form by dividing both sides of < j >,
thus

W

£)

which after rearranging, results in the general expression for predicting the average volumet-
ric concentration (void fraction) < € > in the form:

(3.26)

(8)

(V)
Co+ 569

(e) = (3.27)

where < (3 > is the average volumetric flow concentration corresponding to the homogeneous
void fraction:

(5 = v @y [1 + (1 — x) (p—Vﬂ h (3.28)

Gy  Qv+Qn T oL

In contrast to previous analyses, Zuber and Findlay derived an expression, which is applicable
to any two-phase flow regime. Furthermore, the analysis takes into account both the effect of
nonuniform flow and void profiles and the effect of the local relative velocity. The first effect
is accounted for by the distribution parameter C,, whereas the second one is accounted for by
the weighted mean drift flux velocity (eVy;)/(¢). For each particular flow regime, the value
of the average volumetric void fraction < € > can be obtained from the general expression
(3.27) by inserting the appropriate velocity and void profiles and the appropriate expression
for the drift velocity.

Zuber and Findlay showed that the distribution parameter C, depends on the flow structure.
Analyzing experimental results in (j) — @y coordinates, they showed linear dependence of the
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results for slug, bubbly and annular flow regimes. According to Eq. (3.24), for a particular
two-phase flow pattern, the slope of such a straight line gives the value of the distribution

parameter C,, wheras the intercept of this line with the uy = % axis gives the value of the

weighted mean drift velocity Vi;.
Without any reference to flow pattern, a mean value of C, = 1.13 correlated the steam-water

mixture data of Zuber et al. [60] at elevated pressures. For vertical slug flow they proposed
C,=1.2.

The weighted mean drift flux velocity obtained by Zuber and Findlay for the vertical, slug
flow regime is

) ' D10
Ty = <5<‘gf> ~0.35 [gﬁ—L] (3.20)
and for the vertical, bubbly churn-turbulent regime it is
0.25
Vi = <5<‘gj> —1.53 l”—gf] (3.30)
PL

Zuber et al. [60] proposed for vertical flows of steam-water mixtures at elevated pressure, a
mean value of Vy,; applicable without any reference to flow regime as

(V)
(€)

In the case of a horizontal flow, the weighted mean drift flux velocity without buoyancy is

Vvi = — (3.31)

0.25
ng]
PL

=141 [

;=0 (3.32)

As can be seen, the drift flux model of Zuber and Findlay allows one to calculate the void
fraction < ¢ > taking into account numerous aspects occurring in two-phase flow. They
presented their model for specific flow patterns and hence there is not a continuous transition
in void fraction values between different flow regimes.

3.3.3 The Tripplet et al. study

Void fraction and two-phase frictional pressure drop in microchannels were experimentally
investigated by Tripplet et al. [53]. Using air and water, experiments were conducted in
transparent circular microchannels with 1.1 and 1.45 mm inner diameters and in microchan-
nels with semi-triangular (triangular with one corner smoothed) cross-sections with hydraulic
diameters of 1.09 and 1.49 mm. Gas and liquid superficial velocities were varied in the 0.02
to 80 m/s and 0.02 to 8 m/s ranges, respectively, and void fractions were calculated by
analyzing photographs taken from the test sections with the circular cross-section.

Each photograph typically covered a 6 mm-long segment of the test section. In the bubbly
flow pattern, individual bubbles were assumed to be spheres or ellipsoidals, depending on
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their shape. In slug flow, the Taylor bubbles were divided into cylinders and spherical
segments. In bubbly flow each photo typically covered a large number of bubbles, thus
providing a reasonable volume-averaged estimate of the void fraction. In slug flow the flow
pattern is relatively regular and average Taylor bubble and liquid slug lengths were calculated
from multiple photos and used for void fraction calculation. In the annular flow pattern the
vapor core was divided into several cylinders and the channel average void fraction was
calculated accordingly. Slug-annular and churn flow patterns were the most difficult flow
regimes to analyze according to the authors. The void fractions associated with slug-annular
flow patterns were not included in the analysis due to their high uncertainty. In churn flow,
an average of 0.5 local void fraction was assumed in segments of the flow field where the gas
phase was dispersed. The accuracy of this approach was not addressed in their paper.

Measured void fractions were compared with several correlations as shown in Fig. 3.14. The
homogeneous flow model provided the best prediction of the experimental void fractions in
bubbly and slug flow patterns. The homogeneous flow model and all other tested empirical
correlations significantly over predicted the void fractions in annular flow, however.

3.3.4 The Serizawa et al. study

Serizawa et al. [44] in their work visualized gas-liquid flow patterns with a microscope coupled
with a high-speed video camera for air/water and steam/water flow in circular tubes of 20,
25 and 100 pm inside diameter. The cross-sectional averaged void fraction was calculated
from high-speed video pictures, by assuming symmetrical shape of bubbles and gas slugs,
and thus the void fraction presented here concerns only with bubbly flow and slug flow.
Results for 11 observations are demonstrated in their graph shown in Fig. 3.15. Liquid ring
flow is axi-symmetrical, but not included in this figure. Although the present data scatter
to some extent in nature, the present data are well correlated with the Armand correlation
(Armand and Treschev [4]) for air-water flow. In fact, however, statiscally the homogeneous
model better predicts their data.

3.3.5 The Chung and Kawaji study

Chung and Kawaji [10] investigated the effect of channel diameter on two-phase flow to iden-
tify the phenomena which distinguishes microchannels from minichannels. They conducted
experiments with a mixture of nitrogen gas and water in circular channels of 530, 250, 100,
and 50 pm diameter.

Different methods of image analysis were used in determining the space and ensemble-average
void fraction from the video images of the gas-liquid interface. The void fraction data in the
530 and 250 pm channels were deduced from about 300 video images in each experimental
run. Initially, these images were sorted by flow pattern into nine categories: (a) liquid alone;
(b) gas bubble; (c¢) short gas slug; (d) long gas slug; (e) liquid slug; (f) nose of gas slug; (g)
tail of gas slug; (h) liquid ring and (i) deformed interface. The void fraction was calculated
by fitting the region occupied by gas to shapes of symmetrical volume and estimating the
fraction of gas volume.
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Figure 3.14: Comparison of measured void fractions of Tripplet et al. [53] with predictions
of various correlations for the round tube: (a) homogeneous flow model; (b) Chexal et al.
[7]; (¢) Lockart-Martinelli-Butterworth [5]; (d) CISE [40].
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Figure 3.15: Cross-sectional average void fraction of Serizawa et al. [44] in air-water two-
phase flow in a 20 pm ID silica tube.

To estimate the void fraction in the 100 and 50 pum microchannels, image analysis was
performed on 200-500 video images in each run. The images were assigned a void fraction of
zero when they depicted liquid flowing alone or a void fraction of unity when they depicted
gas core flow with a thin-smooth liquid film or ring-shaped liquid film. The authors explained
that this assignment works because the gas core flow in the images always fills the whole
axial field-of-view. For a thick-smooth liquid film, the volume fraction of gas was estimated
by squaring the ratio of the gas core radius to the channel radius (Kawahara et al. [28]). The
effect of optical distortion on the above mentioned method of measuring the void fraction,
particularly for gas core flows with ring-shaped films and thick liquid films, was already
addressed by Kawahara et al. [28|. No independent method was used to verify the accuracy
of this approach, such as use of a gravimetric balance without flow.

Figure 3.16 presents the time-averaged void fraction, €, plotted against the volumetric qual-
ity, 0, for all four microchannel sizes. The void fraction expression for homogeneous flow
(¢ = ) and the correlation for narrow channels (¢ = 0.8() recommended by Ali et al. [3]
for narrow channels of D= ~1 mm are shown as a dotted and dashed line in the figures, re-
spectively. Both show a linear relationship between the void fraction and volumetric quality.
The void fraction for the 530 um channel is predicted well by the homogeneous flow model,
while that for the 250 pym channel agrees favorably with the Armand-type correlation rec-
ommended for a minichannel. On the contrary, the void fraction data for the 100 and 50 ym
microchannels do not correlate with either the homogeneous flow model or an Armand-type
correlation. The void fraction-to-volumetric quality relationship is instead non-linear. The
following empirical correlation was fitted by them to the void fraction data for the 100 and
50 pm channels and is plotted as a solid curve in Fig. 3.16:

Clﬂ%

where C and (5 are constants based on the experimental results. C; = 0.03 and C5 = 0.97
for the 100 pum circular channel; C; = 0.02 and C5 = 0.98 for the 50 pum circular channel.
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Figure 3.16: Relationship between void fraction and volumetric quality in the study of Chung
and Kawaji [10]. (—— Armand correlation, - - - Homogeneous model).

3.3.6 The Kawahara et al. study

An experimental investigation has been carried out by Kawahara et al. [29] on nitrogen
gas-water and nitrogen gas-water/ethanol two-phase flows in circular microchannels with
diameters ranging between 50 and 251 pm. The time-average void fraction data were ob-
tained by image analysis as that of the Chung and Kawaji [10] work, and their dependence
on homogeneous void fraction was examined to determine the effects of channel diameter
and fluid properties such as surface tension and liquid viscosity. From the results obtained,
the following conclusions can be given.

In the 50, 75 and 100 pm diameter microchannels, the void fraction data showed (Fig. 3.17)
similar nonlinear variations with homogeneous void fraction. On the other hand, the void
fraction data obtained in a 251 pum channel varied linearly with homogeneous, conforming
to the Armand type void fraction correlation regardless of the ethanol concentration. The
liquid viscosity was, however, found to lower the void fraction in 75 and 100 pum diameter
microchannels at high superficial gas velocities or 3 > 0.8.

These results suggest that the void fraction relation with homogeneous void fraction drasti-
cally changes in microchannels at a channel diameter between 251 and 100 gm. On the other
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hand, the effects of fluid properties examined here such as surface tension and liquid viscosity
were found to have much less an influence on void fraction in two-phase flow in comparison
with the channel diameter. Further experiments are necessary, however, to investigate the
fluid property effects over a wider range of properties.

3.3.7 Conclusions

Only a limited studies exist on void fraction in microchannels. All experimental investiga-
tions have been carried out in adiabatic two-phase flow. The evaporating process is not taken
into account. The generation of the bubbles does not come from the nucleation process in a
microevaporator but from a gas-liquid mixer. Thus, it is adventurous to conclude anything
for diabatic conditions.

In general, for microchannels, the number of variation of the void fraction with the volumetric
flow rate is linear. The data are usually well fitted by the homogeneous model or the Armand
correlation. For very small microchannels, the variation of the void fraction is very nonlinear
and new correlations have been found with different constants as presented by Chung and
Kawaji [10]. But it is difficult to compare the results for the different channel diameters
because the authors change the way to determine void fraction (cross-sectional void fraction
for larger diameters and essentially a centerline void fraction for smaller ones).

The main problem in studying void fraction is the measurement technique. No method is
perfect but some are more accurate than others. All should be double-checked using some
type of second method. The problem with the visualization technique as proposed by the
authors is the distorsion effect (corrected in general but more or less accurately), the spatial
distribution of the vapor (usually it is symmetrical in microchannels, however the vapor
can move to the upper part of the tube when the channel diameter is increased) and the
uncertainty related to the film thickness measurement (few microns). This last problem
is sometimes omitted by calculating the centerline void fraction as for Chung and Kawaji
[10] work. Many techniques exist for macroscale void fraction measurement, such as that
of Wojtan et al. |[56]. While it is a very reliable technique, however the channel size is the
limitation of this dynamic measurement technique.
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(c) Data for 251 pm microchannel.

Figure 3.17: Effect of ethanol concentration on the void fraction data for different diameter
in the study of Kawahara et al. [29].
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3.4 Two-phase pressure drop

3.4.1 Homogeneous model

A homogeneous fluid is a convenient concept, which makes analysis of two-phase flows eas-
ier: this ideal-fluid obeys the usual equation of a single-phase fluid and is characterized by
suitably averaged properties.

The total pressure drop of a fluid is due to the variation of kinetic and potential energy
and that due to friction, so that the pressure drop is the sum of the static pressure drop
(elevation head), the momentum pressure drop (acceleration) and frictional pressure drop:

R R RE A
¢ s m f

The static pressure drop in a horizontal microchannel is 0.

(%) 0 (3.35)

The momentum pressure drop takes into account the acceleration of the flow due to the
flashing or diabatic effect and is defined as follows:

<%>m B GQ% (3.36)

where Az is the variation of the vapor quality along the adiabatic tube.

The frictional pressure drop is given by the following equation:
dP dpP 2frpG? A
(), -(E), o [5G e
dz f dz TP DPTP 2 L — pPv

where prp is the two-phase mixture density and is given by

prp = (i P 1= ) (3.39)

Pv PL

and frp the friction factor defined as:

1
fre = & O for Rerp < 2000 (3.39)

erp
frp = 0.079Re;3* for Repp > 2000 (3.40)
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with
GD
R€Tp = — (341)
Hrp

Three possible forms of the two-phase viscosity models are:

i) an equation proposed by McAdams et al. [36] in 1942:

H_V KL

jirp = ( v 1 _x>_l (3.42)

ii) the definition chosen by Cicchitti et al. [8] in 1960:

prp = (zpy + (1= 2)pur) (3.43)

iii) the relation of Dukler et al. [18] in 1964:

Urp = prp (x'u—v +(1— x)&> (3.44)
v PL

3.4.2 The separated flow model of Lockhart and Martinelli

The separated flow model considers the two-phases to be artificially separated into two
streams, each flowing in its own pipe. The cross-sectional flow areas of the two pipes are
proportional to the void fraction. The basic equations for the separated flow model are
not dependent on the particular flow configuration adopted. It is assumed that the ve-
locities of each phase are uniform, in any given cross-section, within the zone occupied by
the phase. The first of these analyses was performed by Lockhart and Martinelli [34] in 1949.

They assumed that the gas-phase and liquid-phase pressure drops are equal, irrespective of

the flow pattern so that:

dP) (dP) )

— | =(—-—] o} (3.45)
( dz s dz ),

where (Q)L is given by Eq. (2.38) and the two-phase friction multiplier is defined by:

z

C 1
2 _
Q)L_1+X+ﬁ (346)

X is the Martinelli parameter defined in Eq. (2.37). C has the following values:
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Liquid Gas C

turbulent turbulent (tt) 20
viscous  turbulent (vt) 12

turbulent  viscous (tv) 10
viscous  viscous (vv) 5

3.4.3 The Friedel correlation

The Friedel |20] correlation for the two-phase frictional pressure gradient multiplier is

3.24FH

2
Qo =L+ [7-0.045]/ £0.035 (3.47)
so that we can calculate the frictional pressure drop as
dP ) (dP) 9
(dz ; dz /o
where (%)LO is the pressure drop for all liquid flow defined as
dP 2G?
il — 3.49
(d’z)LO fLODpL (349
with fro given by Eqs. (3.50) and (3.51).
16
fro = for Rerp < 2000 (3.50)
RGLO
fro = 0.079Re;&* for Reyo > 2000 (3.51)
with Rero from Eq. (2.29).
The various parameters in the two-phase multiplier equation are defined as follows:
G2
Fr=—— 3.52
9Dp} (3:52)
E=(1-xz)?2+ 2PLvo (3.53)
pvfro

where fro (Egs. (3.50) and (3.51)) and fyo (Egs. (3.54) and (3.55)) are the friction factors
for the total mass flux G flowing with gas and liquid properties, respectively:
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16

fvo = for Reyo < 2000 (3.54)
Reyo
fvo = 0.079Rey3% for Reyo > 2000 (3.55)
with Reyo from Eq. (2.30).
Furthermore,
F =" — x)02 (3.56)

and the empirical factor H is

0.91 0.19 0.7
HONCNES
v 222 1222

The Weber number is defined as:

G?D
We = (3.58)
opH
where homogeneous density pgy in this method is defined as
1
1 _
pr = (i + x) (3.59)
v PL

3.4.4 The Chisholm’s method

Chisholm [9] proposed the following equation for the calculation of the frictional pressure

drop:
dP ) (dP) 9
(dz ; dz /.,
where the one-phase pressure gradient can be calculated as:
dP 2G?
— = fro— 3.61
( dz )LO "D, (361

where fro is given by Eqs. (3.50) and (3.51), and

dP 2G?
— = 3.62
(dz )VO Jro Dpy (3:62)
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where fyo is given by Eqs. (3.54) and (3.55).

The two-phase multiplier is:

2—n

¥ =1+ (Y?-1) {Bx%" (1— )" 422 (3.63)
where the exponent n = 0.25 and the Chisholm parameter Y is:

y2 — (dP/dz)y¢

(dP]dz),, (364)

If the Chisholm parameter Y is 0 < Y < 9.5, the parameter B is:

55
B = 705 for G > 1900kg/m2s

2400
B = == for 500 <G < 1900 kg /m’s

B = 48 for G < 500kg/m’s

If95 <Y <28

520

B = V05 for G < 600kg/m25
21
= v for G > 600kg/m’s
For Y > 28,
15000
B= Y205

3.4.5 The Mishima and Hibiki study

Mishima and Hibiki [38] measured the frictional pressure loss for air-water flows in vertical
capillary tubes whose dimensions are summarized in Table 3.3 with inner diameters in the
range from 1 to 4 mm.

The overall pressure loss in the pressure measuring section as shown in Table 3.3 was mea-
sured with three differential pressure transducers. The frictional pressure loss was calculated
by neglecting the pressure loss due to the acceleration of the fluids and subtracting the pres-
sure loss due to gravity from the overall pressure loss.

The results were compared with the Lockhart and Martinelli model (Eq. (3.45)). The
frictional pressure loss was reproduced well by Chisholm’s equation with a new equation for
Chisholm’s parameter C' as a function of inner diameter defined as followed:
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Table 3.3: Dimensions of the test section of Mishima and Hibiki [38].

Diameter Tube Entrance calming Pressure measuring Exit sect.
(mm) Material sect. (mm) sect. (mm) (mm)
1.05 Glass 220 210 220
2.05 Glass 320 310 320
3.12 Glass 420 510 420
4.08 Glass 500 1000 500
1.09 Aluminum 140 440 140
2.10 Aluminum 140 440 140
3.08 Aluminum 140 440 140
3.90 Aluminum 500 1000 500
C =21 (1—e080P) (3.65)

where D is the inner diameter in mm (hence the exponent is dimensional, not dimensionless).
Figure 3.18 shows the variation of C' as a function of the hydraulic diameter.

30 T T T T —I' T T LIS 1_ T T 1 T
—~ | C=2101-e%%"% —
o | %
= 20 o \ -
&
g R 4
‘g O Rectangular duct (V) 1
S 4
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% 10 (] Round tube (V) 7
9 ]
2 < Round tube (H) ]
© 4 Round Tube (H,Boil.NH3) ]
OL_ [TOUEE M ol M I TR HS Uil SN TR |
0 10 20 30

Hydraulic diameter d. [mm]

Figure 3.18: Parameter C for round tubes and rectangular ducts of Mishima and Hibiki [38].

This equation predicted all the data of different studies except those for ammonia-vapor flow
within an error of £12%. For the data for ammonia-vapor flow, the error becomes 25 %.
It should be noted here that the value of parameter C' becomes zero when the hydraulic
diameter is as small as 0.2 mm.
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3.4.6 The Lee and Lee study

Lee and Lee [32| proposes new correlations for the two-phase pressure drop through horizontal
rectangular channels with small gaps (heights) based on 305 data points. The gap between
the upper and the lower plates of each channel ranges from 0.4 to 4 mm while the channel
width was fixed to 20 mm. Water and air were used as the test fluids. The entire length of
the test section was 640 mm, and three pressure taps were drilled along the centerline of the
lower plate of the test section. The first one is to monitor the reference pressure of the test
section and the pressure drop is measured between the two other taps using the differential
pressure gauges.

The superficial velocity ranges of water and air were 0.03-2.39 and 0.05-18.7 m /s, respectively.
The atmospheric pressure condition was maintained at the exit throughout the experiments.
The authors expressed the two-phase frictional multiplier using the Lockhart-Martinelli type
correlation but with the modification on parameter C' as presented in Eq. (3.66).

C = AN Res, (3.66)
where
1L 3.67
A= HL_ .
proD ( )
and .
o =1L (3.68)
o

The exponents A, ¢, 7 and s are given in Table 3.4.

Table 3.4: Constant and exponents for parameter C of Lee and Lee [32].

Flow Regime A q R S Range of X  Range of Rero  Number of
Liquid Gas data
Laminar Laminar 6.833x 10°%  -1.317 0.719 0.557 0.776-14.176 175-1480 106
Laminar Turbulent  6.185x 102 0 0 0.726  0.303-1.426 293-1506 52
Turbulent Laminar 3.627 0 0 0.174  3.276-79.415 2606-17642 85
Turbulent Turbulent 0.408 0 0 0.451  1.309-14.781 2675-17757 62

Laminar: Rey,, Reg < 2000; Turbulent: Rey,, Reg > 2000

The data are predicted by Eq. (3.66) and fall within a & 10 % error band as shown in Fig.
3.19, by resorting to 10 empirical constants.

3.4.7 The Kawahara et al. study

An experimental investigation has been carried out by Kawahara et al. |28] on two-phase flow
characteristics in a 100 um diameter circular tube with a 64.5 mm length. The transparent
capillary tube was made of fused silica, in which de-ionized water and nitrogen gas were
injected at superficial velocities of jo = 0.1 — 60 m/s for gas, and j;, = 0.02 — 4 m/s for
liquid. The outlet pressure was atmospheric.

The present data are compared with the homogeneous flow model predictions using the
different viscosity models given in Section 3.4.1. It is clear that the agreement between the
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Figure 3.19: Comparison between the new correlation and the measurements of Lee and Lee
[32].

experimental data and homogeneous flow model is generally poor, with reasonably good
predictions (within £ 20 %) obtained only with the Dukler et al. [18] model for the mixture

viscosity as shown in Fig. 3.20.

(8P, A2}y, (calcutated) [MPa/m]
-]
(AP, ] A7), (calculated) [MPa/m)

(c) Cicchitti et al, (1960)
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Ll ; {d) Dukler et al. (1964)
0 2 4 6 2 10 12 " 16 V] 2 4 L] 8 10 12 14 16
(R B fOpuXimaal) WP AN) (4P, Az}, (experimental) [MPa‘m)

Figure 3.20: Comparison of the two-phase frictional pressure gradient between microchannel
data of Kawahara et al. [28] and homogeneous flow model predictions using different viscosity
formulations.

Finally, a comparison of the two-phase frictional pressure gradient data with the predictions
of the Lockhart-Martinelli correlation using different C' values is shown in Fig. 3.21, including
C =5, C =0.66 from Eq. (3.65), C calculated from the Lee and Lee’s model (Eq. (3.66)),
and C' = 0.24. The conventional value of C' = 5 again significantly over-predicted the present
data, while Mishima and Hibiki’s correlation generally over-predicted the data by about 10
%. On the other hand, good agreement (within 410 %) was obtained with the use of the C'
value given by Lee and Lee’s model and the present value of C' = 0.24.
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Figure 3.21: Predictions of two-phase friction pressure gradient data of Kawahara et al. [28|
by a Lockhart-Martinelli correlation with different C' values.

3.4.8 The Lee and Mudawar study

Lee and Mudawar [33| measured the two-phase pressure drop across a microchannel heat
sink that served as an evaporator in a refrigeration cycle. The microchannels were formed
by machining 231 pm wide x 713 pum deep grooves into the surface of a copper block.
Experiments were performed with refrigerant R-134a that spanned the following conditions:
inlet pressure of P, = 1.44-6.60 bar, mass flux of G = 127-654 kg/m?s, inlet quality of z;,
= 0.001-0.25, outlet quality of z,,; = 0.49-superheat, and heat flux of ¢ = 31.6-93.8 W /cm?.

Figure 3.22 shows the comparison between the experimental data of Lee and Mudawar with
homogeneous equilibrium model predictions for different viscosity models. As can be seen,
none of the models predict the data correctly, except for the Cicchitti’s model that has a
low mean absolute error but does not capture the general trend.

Figure 3.23 presents the comparison between the experimental data of Lee and Mudawar with
separated flow model predictions based on different correlations. The Lockhart-Martinelli,
the Friedel, and the Lee and Lee predictions methods are not that bad. The other correlation
shows appreciable deviation from the data.

Lee and Mudawar proposed, therefore, a new correlation based on the Lockhart and Mar-
tinelli model. They defined a new constant C' as presented in Eqgs. (3.69) and (3.70).
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Figure 3.22: Comparison of R-134a pressure drop data of Lee and Mudawar [33| with homo-
geneous equilibrium model predictions based on two-phase viscosity models by (a) McAdams,
(b) Ackers, (c) Cicchitti et al. and (d) Dukler.
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Figure 3.23: Comparison of R-134a pressure drop data of Lee and Mudawar [33] with sep-
arated flow model predictions based on correlations by (a) Lockhart and Martinelli, (b)
Friedel, (¢) Mishima and Hibiki and (d) Lee and Lee.



3.4. TWO-PHASE PRESSURE DROP 23

For laminar liquid and laminar vapor:

Cypo = 2.16 RNV 0 (3.69)
For laminar liquid and turbulent vapor:

Cyp = 1.45ReVZW N2 (3.70)
Good agreement is achieved between pressure drop predictions based on the new correlation

for both their present R-134a data and for prior microchannel water data as shown in Fig.
3.24.
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Figure 3.24: Comparison of new correlation predictions of Lee and Mudawar [33] with (a)
R-134a data and (b) Qu and Mudawar’s microchannel water data.

3.4.9 The Zhang and Webb study

Zhang and Webb 58] measured adiabatic two-phase flow pressure drops for R-134a, R-22 and
R-404a flowing in a multi-port extruded aluminum tube with a hydraulic diameter of 2.13
mm, and in two copper tubes having inside diameters of 6.25 and 3.25 mm, respectively. They
found that the Friedel correlation did not predict the two-phase data accurately, especially
for high reduced pressure as shown in Fig 3.25(a).

Using the data taken in their present and in a previous study, a new correlation (Eq. (3.71))
for two-phase friction pressure drop in small tubes was developed by modifying the Friedel
correlation. The new correlation predicts 119 data points with a mean deviation of 11.5 %
as shown in Fig 3.25(b).

dP dP ,
), - (),

P —1.64
—) (3.72)
rit

P -1
with @7, = (1 —2)* +2.872° <—) +1.682°%(1 — 2)°® (P .

crit
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and (Q)LO given by Eq. (3.49). P..; is the critical pressure, constant for each fluid.
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Figure 3.25: Predictions of two-phase pressure drop data of Zhang and Webb [58] with the
Friedel correlation and the new correlation.

3.4.10 The Tran et al. study

Two-phase flow pressure drop measurements were made by Tran et al. [52] during a phase-
change heat transfer process with three refrigerants (R-134a, R-12 and R-113) at six different
pressures ranging from 138 to 856 kPa, and in two sizes of round tubes (2.46 and 2.92 mm
inside diameters) and one rectangular channel (4.06 x 1.7 mm).

The data were compared with those from large tubes under similar conditions, and state-of-
the-art correlations were evaluated using the R-134a data. The state-of-the-art large-tube
correlations failed to satisfactorily predict the experimental data as shown in Fig. 3.26(a).

The data were used to develop a new correlation for two-phase pressure drop during flow
boiling in small channels. The correlation was then tested against the experimental data for
the three refrigerants (Fig. 3.26(b)) ; the error was £ 20 %. This new correlation takes into
account the effects of surface tension and channel size and is given by Eq. (3.73).

dP) (dP) ,

—) = (=] @ (3.73)
( dz s dz ) ;o

with @7, = 1+ (43Y2 = 1) [Coz"*™(1 — 2)"57 4 27| (3.74)

(%>LO is given by Eq. (3.49) and Co by Eq. (3.75).
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Figure 3.26: Predictions of two-phase pressure drop data of Tran et al. [52] with different
correlations and the new correlation.

o= \/D2g (pr — pv) (379)

3.4.11 The Cavallini et al. study

Cavallini et al. 6] presented the pressure drop characteristics of a 1.4 mm hydraulic diameter
multiport minichannel tube during adiabatic two-phase flow of HFC refrigerants (R-134a,
R-236ea and R-410a). The tube consists of eleven parallel rectangular cross section channels.

The experimental runs are carried out at mass fluxes ranging from 200 to 1400 kg/m?s,
depending on the refrigerant under test, at constant value of vapour quality. The frictional
pressure gradient is obtained from the saturation temperature drop measurement. The
reduced pressure was varying from 0.1 up to 0.5.

The experimental frictional pressure drop data were compared against models available in the
literature for prediction of frictional pressure gradient in channels as shown in Fig. 3.27. The
comparison of calculated to experimental values shows that the R-134a frictional pressure
gradient in the multiport minichannel test tube can be fairly well predicted by available
correlations, but no satisfactory agreement is found for R236ea data and even worse in the
case of R410A data.

3.4.12 The Miiller-Steinhagen and Heck study

A new correlation by Miiller-Steinhagen and Heck [39] for the prediction of frictional pressure
drop for two-phase flow in pipes was suggested which is simple and more convenient to use
than other prior methods. The correlation was developed using a data bank containing 9300
measurements of frictional pressure drop for a variety of fluids and conditions, including
channel diameters from 4 to 392 mm. The correlation is given by Eq. (3.76)
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(%) = Fl—2)'+ (%) z® (3.76)
f VO
e = (), o[8), )] e

where (Q)LO is given by Eq. (3.49) and (%)VO by Eq. (3.62).

z

3.4.13 Conclusions

Many studies exist on two-phase pressure drop in microchannels. In general, experimental
data points are compared with conventional macrochannel models and correlations with poor
agreement but some methods predict the data reasonably well. The Duckler et al. relation
using the homogeneous model predicts the Kawahara et al. data with good agreement as
well as the Cicchitti et al. relation with the Lee and Mudawar experimental data. The
later does not however capture the general trend. Cavallini compared their data with the
Lockhart-Martinelli correlation with poor agreement but with a better accuracy with the
Friedel correlation. Tran et al. found no agreement between their data and the Friedel
model.

New correlations have been proposed, typically by modification of prior methods. The
Mishima and Hibiki correlation is based on the Lockart-Martinelli relation and developed a
parameter C' as a function of the diameter of the tube. This method predicts well the data
of Kawahara et al. and Cavallini et al. results for R-134a but not those of Lee and Mudawar.

Lee and Lee predicted their data with their own correlation based on a new definition of the
C parameter. Kawahara et al. found a very good agreement between this correlation and
their data whereas Lee and Mudawar comparison was not so good.

Presently, no study has been shown to be accurate for a broad, independent database.
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Chapter 4

Description of experiments

4.1 General description

A new experimental stand (Fig. 4.1) was built in order to control the fluid characteristics
at inlet of the test section, i.e. mass flow rate, inlet subcooling and saturation pressure.
The test facility is shown in Fig. 4.2 and was designed with two optional methods for
controlling the flow through the heat transfer and flow visualization test sections: (i) using
a speed controlled micropump (Pump mode) and (ii) using the pressure difference between
the upstream temperature-controlled refrigerant storage vessel (called also the hot reservoir)
and its downstream companion (called also the cold reservoir)(Reservoir mode). A Labview
interface has been created to control its operation and register measurements. A microvalve
has been installed between the hot reservoir and the test section to avoid oscillations when
boiling starts in the test section by increasing the pressure drop in the loop, so that back
flow can be suppressed and a wider range of stable operations conditions achieved.

The Reservoir mode is more stable for low mass flow and has been therefore preferred for
performing tests with the chosen diameters. The "cold" reservoir was use for controlling the
saturation condition inside the test section.

4.2 Test section

The test section consisted of an 80 mm long stainless steel tube used as a micropreheater,
then a 20 mm long plastic (peek) tube for electrical insulation, followed by a 110 mm long
stainless steel tube heated section as the microevaporator and then a 100 mm long glass
tube for flow pattern visualization and optical measurements, as shown in Figs. 4.3 and 4.4.

The internal diameters of all these sections was 0.509 mm and 0.790 mm. Two copper clamps
were attached to the preheater and to the evaporator. They were connected electrically to two
Sorensen power supplies, respectively models DCS150-7E and DCS8-125E. They delivered
direct current and heated the tubes by Joule effect. Two pressure transducers (Prg;, and
Prg out) were installed at the inlet and outlet of the test section as shown in Fig. 4.5 where
the inside diameter is 4 mm. Two 0.25 mm thermocouples (g, and Trg o) were placed
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Photograph of the experimental stand.
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Figure 4.2: Schematic of a) pump loop and b) reservoir loop.

in the fluid at the same locations. Four 0.25 mm thermocouples (Tarp in, Trrpi.outs Trievin
and Ty pv.eut) Were also attached on the external surface of the microtubes in an adiabatic
location (before the inlet and after the outlet of the preheater and the evaporator) to measure
fluid temperature. Two more 0.25 mm thermocouples (Thpu secus TrEV secu) Were installed
on the two diabatic surfaces to avoid dry out and overheating. All the test section has been
thermally insulated.

It is of particular importance here to note that the present setup concerns actual two-phase
flows exiting a microevaporator channel and not two-phase flows generated artificially by
a gas injector or liquid-vapor mixer. Hence, the bubbles observed here were nucleated in
the evaporator and then flowed downstream, just like in a microchannel cooling element
attached to a computer chip, for instance. Thus, here the resulting flow pattern and bubble
characteristics are determined by the process itself, not imposed or influenced by the design
of the injector or mixer.

4.3 Optical measurement technique

A method to count and determine the two-phase flow characteristics has been developed.
The experimental setup consisted of two laser beams, with a power less than 1 mW, directed
through the glass visualization tube and the fluid at two different locations, separated by
Laap2 that varies around 70 mm as presented in Figs. 4.6 and 4.7.

Two lenses focused the laser beams to the middle of the microtube. Two photodiodes, their
faces painted over but leaving only a vertical 1 mm wide opening in the middle to isolate
the signal, measured the intensity of the light. They were connected to a National Instru-
ments SCXI acquisition system using a scan rate of 10000 measurements/sec to measure
the resulting voltage signals from the two diodes. A micropositioning system was used to
align the laser beams with the lenses and photodiodes. The laser beams interact locally with
the structure of the flow and by signal processing, it was possible to determine the velocity,
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Figure 4.3: Schematic diagram of the test section: a) front view and b) 3D view.
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Figure 4.4: Photograph of the test section.
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Figure 4.5: Schematic of the test section with thermocouple and pressure locations.
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length and frequency of vapor bubbles. The signals from the diodes obtained by this tech-
nique for the different flow regimes are similar to those obtained by Lowe and Rezkallah [35]
using a void fraction probe for the microgravity air/water two-phase flow in a 9.525 mm I.D
tube.

The processing implemented in our optical measurement technique consisted of several steps
as follows:

Voltage thresholds: Fig. 4.8 shows an example of a histogram obtained by this method
derived from its corresponding diode voltage signal. To count vapor bubbles, thresholds
were determined in volts after first segregating the diode voltage signal into 5 mV steps.
Limits were determined 20 mV after the first peak for limit A and 40 mV before the
second peak for limit B. Threshold A is —440 mV for this example and threshold B is
—345 mV. When the voltage signal is below limit A, the presence of liquid is detected.
Signals greater than limit B mean that an annular flow or an elongated bubble is
present. Between these two thresholds, either the nose or tail of a bubble or a frothy
mix of liquid and vapor is present. These threshold values were kept constant for each
experimental condition but could vary a bit due to periodic repositioning of the lasers,
photodiodes and lenses and thus were reexamined for each set of results.

x 10
;

-280 T T T 25

SCAEATL

-3601

S /

-3801
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A

i /
UU U U U Ul i i

Voltage signal from diode [mV]

Number of signals in particular 5 mV step [-]

_4600 160 260 300 400 500 —280 —-460 -440 -420 -400 -380 -360 -340 -320 -300 -280
Time [ms x 10] Voltage Voltage signal in 5 mV steps [mV]
(a) Signal from diode versus time. (b) Histogram of 50 000 voltage signals segre-

gated into 5 mV steps.

Figure 4.8: Example of (a) a voltage signal and (b) a histogram of its distribution showing
the chosen thresholds for characterizing a slug flow.

Vapor bubble frequency: The program counts the number of times the voltage is less than
the threshold A and divides by the elapsed time. This gives the vapor bubble frequency,
i.e. bubbles separated by liquid slugs. This frequency is called f4. The program counts
also the number of times the voltage is above the threshold B and divides by the time
period. The measure has been carried out on a period of 5 sec for each test (see
Part 4.4.13). This gives the sum of the vapor bubble frequency and the semi-annular
frequency, the latter which is annular flow with churn transition zones in place of the
liquid slugs when present. This frequency is called fg.
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Vapor bubble velocity: A cross correlation of the two laser signals gives the average time
delay between bubbles. It is a statistical comparison to match the bubbles. By knowing
the distance between the two lasers, it is possible to determine the mean velocity of
the vapor bubble. The signal obtained using this function and centering the result is
composed of one high amplitude peak as shown in Fig. 4.9. It gives the average time
delay between the two signals.
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Figure 4.9: Example of cross correlation of voltage signals from the two diodes.

This method is applicable only for bubbly /slug flow, slug flow and slug/semi-annular
flow. For bubbly flow, it works only at high bubble frequencies as otherwise insufficient
information is available for the cross correlation function. The same problem occurs in
the slug/semi-annular flow when the frequency A reaches 0 Hz. For this reason, only
the velocities for the frequency A above 30 Hz will be taken into account.

The pressure drop effect in the sight glass on the vapor velocity (flashing effect) is
taken into account by using simultaneously Eqs. (4.1) and (4.2) based on the mass
conservation applied on a small volume of vapor as shown in Fig. 4.10. Equation (4.1)
is used to incrementally calculate the local velocity U, (z 4+ dz) from laser 1 to laser 2,
assuming the initial value of U, (laserl) at z. Then the mean is calculated using Eq.
(4.2) and compared to the value at the midpoint between laser 1 and 2. The iterative
procedure thus gives the values of U, at laser 1 and 2 from the known vapor density
(which varies with the pressure drop) and an assumed void fraction model that gives

o pe(2)en(2)U, (2) |z (2+d2)
Up(z4dz) = P (z+dz)e, (2 + dz) [ z(2) ] (4.1)
U U, (laserl) + U, (laser2) (4.2)

2

The homogeneous void fraction is assumed in the above calculation.

1
E€Hom = W (4.3)
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For comparison, calculations were also performed with the Steiner [1] version of the
Rouhani-Axelsson [43] drift flux equation with a difference of less than 1% on the
vapor velocity. As a result, by iterations with this method it is possible to obtain the
vapor velocity at each laser location.

A

Liquid m,(2) —|p| —m,(z+d2)

11
—= 0T o

Mpa6h(2)

Figure 4.10: Control element of vapor used for vapor velocity calculation.

Vapor bubble length: By knowing the vapor bubble velocity (i.e. u,) and time that a vapor
bubble needs to cross the laser signal, its length can be calculated. When a bubble is
smaller in length than the internal diameter of the microchannel, it is classified as a
small bubble; otherwise, it is defined here as an elongated bubble.

Flow pattern identification: The method is described in Chapter 6.

4.4 Measurements and accuracy

The experimental conditions are summarized in Chapter 5 and 6.

The general formulation for error propagation permits one, see Taylor [49], to calculate
the uncertainty of a function f of several independent variables x,....,z, provided all errors
associated with these variables are independent and random:

5f:J(g_§M)Z...+(g_g(sz)2 "

and the general formulation for error propagation in all cases is:

6f§‘6—f‘6x+---+g—£6z (4.5)

ox

This last equation that maximizes errors, will be used for the uncertainty calculations.
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4.4.1 Diameter

The diameter of the microevaporator (D) and micropreheater made of stainless steel has
been measured with an optical microscope. The two tubes (0.509 and 0.790 mm) have been
moulded in a resin and cut into 4 pieces. The diameter has been measured 16 times in
total for each tube, at different locations. The results are determined using the Student’s
distribution with 15 degrees of freedom and 95% confidence interval.

Dint = 0509 mm=1% and Dy = 0.708 mm + 1% (4.6)
Dy = 0790mm+1% and Dy = 1.018 mm +1% (4.7)

The diameter of the adiabatic glass tube (Dgq,)has been measured with an optical micro-
scope. It was not possible to cut the glass tube in different pieces so the measurement for
each diameter has been carried out on two samples chosen among the numerous tubes bought
and 8 measurements have been made for each diameter. The results are determined using
the Student’s distribution with 7 degrees of freedom and 95% confidence interval.

D = 0517mm=+1.1% and Doy = 0.715 mm =+ 1.6 % (4.8)
Dy = 0.803mm=+1.6% and D,y = 0.999 mm + 1% (4.9)

In view of the measurements and the uncertainties, we can assume that the internal and
external diameters of the stainless steel and the glass tubes are the same. In the rest of this
study, the diameter will always refer to the microevaporator tube.

4.4.2 Surface roughness

The stainless steel tubes (0.509 and 0.790 mm) have been opened by polishing in machine
shop. The surface roughness measurements have been carried out by profilemetry over a 2
mm distance line. Surface roughness for each tube is given by Eqgs. (4.10) and (4.11) and
corresponds to the root mean square (rms).

e = 3.32 um + 0.72 yum and = 0.65% for the 0.509 mm tube (4.10)

e = 180 pum £ 0.27 ym and

Sl o

=0.23% for the 0.790 mm tube (4.11)

The glass tubes (0.517 and 0.803 mm) have been broken into several pieces. The surface
roughness measurements have been carried out by atomic force microscopy (AFM) over a
5 pum square area. Surface roughness for each tube is given by Eqs. (4.12) and (4.13) and
corresponds to the root mean square (rms).
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£
D
e = 93nm £+ 1.6 nm and % = 0.001% for the 0.803 mm tube (4.13)

e = 10.0 nm £ 1.20 nm and =0.002% for the 0.517 mm tube  (4.12)

4.4.3 Microevaporator length

The heated length of the microevaporator is defined by the internal distance between the
two copper clamps. It is measured with an error less than 0.5 mm. That uncertainty comes
directly from the measurement instrument (Vernier caliper).

ALypy =5x 107" m (4.14)

The microevaporator length varies from 20 to 70 mm. Thus the relative error ranges from
0.7 to 2.5 %.

4.4.4 Distance between the lasers

The distance between the lasers is measured with an error less than 0.5 mm. That uncertainty
comes directly from the measurement instrument (Vernier caliper).

ALggpo =5x 107" m (4.15)

This absolute error is the same as for ALggp1, ALgaps and ALyg,. The distance between the
lasers (ALgap2) is usually 70 mm. The relative error is then 0.7 %. ALyg is equal to 120
mm.

4.4.5 Temperature

All the thermocouples are K-type (Chromel-Alumel) and come from the company Thermo-
coaz. They were connected to a National Instrument SCXI acquisition system using a scan
rate of 1 scan/sec. They have been calibrated with two reference platinium probes in a range
of temperature from 5°C to 40°C. A second degree polynomial equation has been applied to
correct the measurement. The absolute error is:

AT = 0.1°C (4.16)

The temperatures at the laser location are calculated by the following expression assuming
a linear variation of the saturation pressure (temperature) along the adiabatic tube:

TTS,out - TMEV,outL
Laay

ﬂaser,l = TMEV,out + adb,1 (417)
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TTS,out - TMEV,out

T'laser,2 - TMEV,out + I (Ladb,l + Ladb,Q) (418)
adb
The corresponding uncertainties are:
T out T, ou La
ATjgsern = AT+ s out — Tt viout (1 + ﬂ) ALua (4.19)
Ladb adb

AT’laserQ - AT+

T ou - T ou La L“
Trs,0ut — TvEv,ou] <1+M) ALua (4.20)

Laap Laay

with AT given by Eq. (4.16) and AL,q by Eq. (4.15).

For example, if Typvow = 30.0°C, Trsou = 28.5°C (temperatures for G = 700 kg/m?s,
TymEveu = 0.54 and D = 0.509 mm), Ly = 20 mm, Lyg2 = 70 mm and L,g = 120 mm
the results are:

ﬂaser71 - 2975 j: Olloc
ﬂaser72 - 2888 j: Olloc
It can be seen that the temperatures calculated at the laser location are still very accurate.

4.4.6 Fluid properties

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

b = ag + alT + CL2T2 + a3T3 (421)

and the corresponding uncertainty is:

A® = |ay + 2057 + 3asT?| AT (4.22)

The coefficients ag, ay, as and az for the entalpy calculations are given in the Tables 4.1 and
4.2.

Table 4.1: Coefficients for the R-134a properties.
Coef. hL hv
ap  200002.6 398600.1
aq 1343.4 583.6
a9 1.3 —1.0
as 0.00879 —0.01314
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Table 4.2: Coefficients for the R-245fa properties.
Coef. hL hv
agp 199980.9  404956.0
aq 1299.3 748.6
a9 1.1 0.8
as 0.00324 —0.00789

For example, for a saturation temperature of 30°C the results for the enthalpies for R-134a
are:

hr = 241712 J /kg +£0.06%
hy = 414853 J/kg £0.01%

For R-245fa, the results are:

hr = 240037 J/kg +0.06%
hy = 427921 J/kg +£0.02%

As can be seen, the relative errors made on the enthalpy calculations are negligible.

4.4.7 Mass Flow

The specifications of the Elite CMF010 Coriolis mass flow meter from Micromotion are
indicated as follows:

for M > 0.555 x 10~%kg/s, AM = 0.001 M (4.23)
for M < 0.555 x 10~ kg/s, AM = 0.555 x 10~ "kg/s (4.24)
4.4.8 Mass flux
The definition of the mass flux G is:
4M
wD?

The uncertainty on G is:

AM zA—D> (4.25)

AG:G<W+ D
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The mass flux ranged from 200 kg/m?s (for D = 0.790 mm) or 350 kg/m?s (for D = 0.509
mm) up to 2000 kg/m?s (for both tube diameters)

Thus the uncertainties are:

G=350 kg/m?s + 2% for D = 0.509 mm
G=2000 kg/m?s 4= 2% for D = 0.509 mm
G=200 kg/m?s +2% for D = 0.790 mm
G=2000 kg/m?s 4= 2% for D = 0.790 mm

The mass flux is then well measured even if the mass flow is low.

4.4.9 Pressure
The Keller pressure transducers are connected to a National Instrument SCXI acquisition

system using a scan rate of 1 scan/sec. They were calibrated with an error less than 5 mbar
for their present range of application.

AP =5 x 1072 bar (4.26)

The four pressures studied in this experimental work are:

6.85 bar +0.07% for R-134a
7.7 bar £ 0.06% for R-134a

8.86 bar +0.06% for R-134a
2.13 bar 4+0.23% for R-245fa

The relative errors made on the pressure measurement are very small.

4.4.10 Energy balance

In order to validate the Joule heating in the microevaporator as well as the insulation around
it, an energy balance test has been carried out with R-134a.

Energy @;, supplied to the evaporator

The electrical power supplied by Joule effect by the Sorensen 8-125 (a max of 8 V and 125
A) in the evaporator is:

Qin =UI (4.27)

The uncertainty related to @), is given by the following equation:
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= +50) (4.28)

T I
The dc voltage U is measured by the PCI-MIO-16XE50 of National Instrument. The corre-
sponding uncertainty is:

AQun = Qi

AU = 0.0002 U (4.29)

The dc current [ is measured by a dc current transformer Z202A and the accuracy is:
For I <20 A,

AI =0.011+0.03 (4.30)
For I > 20 A,

AI=0.011+03 (4.31)

Sensible energy inside the liquid @),

The energy acquired by the liquid is given by the increase of the liquid enthalpy:
QOUt = M (hLMEV,out - hLMEV,m) (4-32)

The corresponding absolute error is thus:

Ahy +Ahp o AM
AQout — Qout ( MEV,out MEV,in + _ ) (434)
hLMEV,out - hLMEV,m M
Energy balance
The energy balance is defined by:
Qin,out = Qm - Qout (435)
The uncertainty is:
AC?in,out = Aan + AC2out (436)

Figure 4.11 shows the energy balance experiments for D = 0.509 mm. It appears that the
higher the heat flux, the lower the losses are. This test has been carried out for subcooled
liquid. In two-phase flow experiments, the heat flux is nearly always very high and the
deviation of the energy balance is less than 2-3 %.
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Figure 4.11: Energy balance for D = 0.509 mm and different mass fluxes.

4.4.11 Heat Hux

Neglecting lateral (to the clamps) and radial (to insulation) losses, the heat flux is the ratio
of the heat supplied by the Sorensen 8-125 on the internal surface of the tube:

q v

_ 4.37
7D Ly gy ( )

Applying the propagation error method to Eq. (4.37) leads to:

A AQ;,, AD AL
29 _ 29w  AD, Alusy (4.38)
q Qin D Lyigv

Heat fluxes ranged from 3.1 to 597 kW/m?2. Respectively, the relative errors are + 5.5 %
({/=11A<20A)and £57% (I =254 A > 20 A, the calibration has been changed).
For ¢ = 199 kW/m?, the relative error is + 3 % (I = 8.9 A < 20 A).

Hysteresis effect ?

As it will be explained in Section 6.1, the heat flux is increased stepwise at a constant mass
flux. But one can wonder if there would be any hysteresis effect on the results due to this



76 CHAPTER 4. DESCRIPTION OF EXPERIMENTS

increase of the heat flux . By inspecting Figs. 4.12 and 4.13, it can be seen that increasing or
decreasing the heat flux has no effect on the vapor velocity calculation nor the flow pattern
detection.

@® Increasing heat flux
O Decreasing heat flux
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Figure 4.12: Vapor bubble velocity calculation from laser 1 for D = 0.509 mm, L,y = 70.70
mm, T,,; = 30°C, G = 500 kg/m?s and AT,,, = 3°C. Data shown are for increasing and
decreasing heat flux.
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Figure 4.13: Flow pattern determination from laser 1 for D = 0.509 mm, Ly;gy = 70.70
mm, T, = 30°C and AT}, = 3°C. Data shown are for increasing and decreasing heat flux.
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4.4.12 Vapor quality
Vapor quality at outlet of the microevaporator =gy out

The vapor quality is calculated at outlet of the microevaporator with the following relation
based on the definition of Eq. (2.2):

Q.
J\Zn + hLMEV,m - h'LMEV,out

TMEV,out = . (4.39)
MEV,out
The absolute error is expressed as:
A ou —— | —AQin —AM + Ah .
TMEV,out hLVMEV,out Vi Qin + Ve + LyMEVin
+ AhLMEv,out + xMEV:OUtAhLV]\/[EV,out} (440)

with ARrvy oy owes DPLypy.,, and Ahp, oo given by Eq. (4.22); AQy, given by Eq. (4.28).

Vapor quality at the outlet of the test section xrg o

The vapor quality at the outlet of the test section x7g . is calculated with the following
expression:

h’MEV,out - hLTS,out (4 41)

TTSout =
hLVTS,out

and the absolute error is given by Eq. (4.42).

Ah Ah Ah
AxTS,out — xTS,O'u,t ( MEYV,out LTS,out + LVTS,out) (442)

+ 2
h]\/[EV,out - hLTS,out h]\/[EV,out - hLTs,out LVrs,out

Vapor quality at the laser location zj4s.,1 and Zjgser2

The vapor quality at each laser location is calculated with Eqs. (4.43) and (4.44) assuming
a linear variation of the vapor quality (due to flashing effect) along the adiabatic tube.

XTS,out — TMEV,out
Llaser,] = TMEV,out + I Ladb,l (443)
adb

TT8,0ut — TMEV,out
Leaap

Llaser,2 = TMEV,out + (Ladb,l + Ladb,Q) (444)
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and the corresponding uncertainties are given by Eqgs. (4.45) and (4.46)

L, L,
A-Qj'laser,l Ldb71 AxTS,out + (1 - db’l) AxMEV,out
adb adb
out — ou La
N |T7s 0ut — TMEV.0ut| (1 n db,l) ALu (4.45)
Laap Laap
Laab1 + Ladp2 Laab1 + Ladp2
A-73'1(1561",2 = 1L—AxTS,out + (1 - 1L—> A-QS'MEV,out
adb adb
out — ou La La
n |T78,0ut — TMEV,0ut] (1 n db1 + db,2) AL (4.46)
Laap Laap

With Azpypvew and Azrg e given by Eq. (4.40) and Eq. (4.42) respectively. ALgg, is
expressed by Eq. (4.15).

If one takes the same example as for the temperature (Part 4.4.5), i.e. if Thpy o = 30.0°C,
Trsouw = 28.5°C, G = 700 kg/m?s, D = 0.509 mm, Lyg1 = 20 mm, Lyg2 = 70 mm and
Logy = 120 mm, the results are:

TMEV,out = 0.54 +£1.9 %
Trs.out = 0.55 £1.8%

Tigsern = 0.541 £1.9%
Tigsers = 0.547 £1.8%

The relative error on the vapor quality is small for most of the results. Only the results for
vapor qualities less than about 0.01 have large uncertainties (that is, restricted to results in
bubbly flow regime).

4.4.13 Vapor bubble velocity

The vapor bubble velocity is given by:

Laap 2

(4.47)

uy =
teo

tco is obtained by the cross correlation of the two signals. The corresponding relative error
is:

Auy AL n Atoc

uy Laav2 tec

(4.48)

where ALygp o is given by Eq. (4.15). The error made when determining the peak location
of the cross correlation is at maximum 1 data point as explained in Unserbacher [55]. So the
absolute error for Atgc is:
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AtCC = 0.1 ms (449)

The uncertainty made on this measurement is very small. As an example, if the velocity is
uy =0.2m/s, toc = 35 ms with Lyg = 70 mm, the relative error on uy is 1 %.

In order to verify the velocity calculation, a comparison of the velocity calculated from the
cross correlation of the two lasers versus those obtained by video processing has been carried
out for different conditions. Two examples are presented in Fig. 4.14. It is shown that
the video calculation is at most 20 % higher than the calculation with the lasers. This
difference comes from the fact that for the video processing, only 50 long bubbles were
taken for measurement (it is easier to process long bubbles than small ones) while for the
cross correlation calculation, all the bubbles (2500 bubbles on average) were processed with
different sizes. As the velocity is proportional to the length of the vapor bubble, the cross
correlation result is always less than that from the video processing. The cross correlation
method is thus validated and seems to give a more accurate result than video processing.

Influence of the distance between the lasers

As shown in Fig. 4.15, the distance between the lasers (Lagp2) has no effect on the results.
The distance of 70 mm has been chosen because it gives the best accuracy within the limits
of the present setup. The tests have been carried out only between 50 and 70 mm because
it was not physically possible to increase that range (the lenses and micrometer positioning
system limit the space available).

Influence of the acquisition time

Figure 4.16 shows the effect of the acquisition time of the laser on the bubble frequency and
vapor velocity. The black circle corresponds to 5 s of acquisition, the acquisition time chosen
in this study. As a conclusion, the acquisition time has no effect on the bubble frequency or
the cross correlation to determine the vapor velocity. As there are 10 000 acquisitions/sec,
the files are quickly huge, that is why a compromise of 5 s for the acquisition time has been
chosen. The ratio information/size of the file is very good.

4.4.14 Pressure drop

Accurate measurements of two-phase pressure drops along microchannels presents numerous
experimental challenges. Presently, the pressure drops are calculated in the two-phase flow
region from the temperature difference in the saturation pressure along the test length
(Note that this approach is particularly suited to microchannels since it avoids disturbing
the flow with small pressure taps, which could affect flow regimes, could act as bubble
nucleation sites, create a capillary pressure differential, etc. This method actually becomes
more accurate with increasing pressure drop). The first thermocouple is Ty gy, ou and second
one is T7gou, both in adiabatic locations. This second saturation temperature is taken
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Figure 4.14: Comparison between the velocity calculated from the cross correlation of the
lasers with the video processing.



4.4. MEASUREMENTS AND ACCURACY 81

O Ladb,2:50 mm
O Ly, ,=60 mm
25F O Ladb'2=70 mm
7 2 :
E
2
= g
9 15- i
[}
>
g o
> 1r il
o]
05f G .
0 L L L L
0 0.02 0.04 0.06 0.08 0.1

Vapor quality [-]

Figure 4.15: Effect of the distance between the lasers (Lagp2) on the vapor bubble velocity
calculation from laser 1 for D = 0.509 mm, L,y = 70.70 mm, Ty, = 30°C G = 500 kg/m?s
and ATy, = 3°C.

directly in the fluid in the 4 mm diameter tube, right after the test section. Due to the
sudden enlargement, the saturation pressure might be reduced. To take into account this
phenomena, the Eq. (4.50) is used. If the void fraction remains unchanged across the
enlargement and if we assume a homogeneous flow, it becomes:

PP = [Ml [1 + (L> x] (4.50)

PL PL — PV

where o is the ratio between the cross sections 1 (D = 0.509 mm) and 2 (D = 4 mm).
This equation allowed the real saturation temperature (pressure) right before the sudden
enlargement to be calculated. After calculation, it appears that the difference between the
two pressures across the enlargement is less than 0.2 % for R-134a and less than 3.5 % for
R-245fa. It is rather negligible but taken into account anyway.

The total length between these two thermocouples is L, = 120 mm and this is maintained
constant. The relation between saturation temperature and saturation pressure is given by:

Pot = bo + b1 Taar + baT2y + b33, + by Ty (4.51)
where by, - -+ , by are given by Table 4.3.
The corresponding absolute error is:
APy = (b1 + 2 Tuat + 3b5T2, + 4bsT2, ) Al (4.52)

The total two-phase pressure drop expressed in bar/m is calculated with the following equa-
tion:
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Figure 4.16: Effect of the acquisition time on the bubble frequency (a) and vapor velocity

(b).

Table 4.3: Coefficients for the vapor pressure curve calculation.
Coef. R-134a  R-245fa
bo 2.928 0.5359
by 0.1061 0.0245
by 0.0015 0.0004
b3 9x107% 4x10°6
by 2x107% 1x107®
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E _ (PMEV,out - PTS,out) (4 53)
dz ], Laap '
And the absolute error is:
dP 1
A 5 - AP ou AP ou
(( 7 >t> Ton APy EV.out + TS, out
AL,
+ (Puevou — Prs.ou) 7 db} (4.54)
adb

with APrg,u and APy gyvew given by Eq. (4.52). As an example, if (%)t = 8.8 bar/m,

the uncertainty is +4.1 % and if (%)t = 1.3 bar/m, the uncertainty is + 25 %. These values
should be kept in mind in the comparisons between measured data and prediction methods
in Chapter 8.

4.4.15 Inlet subcooling

The inlet subcooling is calculated with Eq. (4.55).

AT:sub = TsatMEv’m - TMEV,in (455)

Tiatrrpy. 18 calculated with the pressure transducer Prs;, and applying the conventional
correlation for pressure drop for flow of a subcooled liquid. Then the relation between the
saturation pressure and the saturation temperature is given by Eq. (4.56).

Tar = Co + 1 Pogy + o P2, 4 cs P2+ ¢, P2, (4.56)
where cg, - -+, ¢4 are given by Table 4.4.
The absolute error made on the inlet subcooling is then:
A (ATup) = (c1 + 202 Paat + 3cs P, + 4caPly ) AP + AT (4.57)

Table 4.4: Coefficients for the pressure to temperature calculation.
Coef. R-134a  R-245fa
Co —40.873 —14.007
c1 19.769 33.198
Co —2.5113 —5.9872
3 0.1957  0.5951
Cy —0.0062 —0.0225
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For the subcoolings tested in the present study from 2 to 15°C, this represents an error of
0.1°C in the value of the subcooling, as the dominant term in Eq. (4.57) is AT

4.4.16 Superficial velocities

Equations (2.9) and (2.10) give the definition of the superficial velocity for the vapor and
the liquid respectively. Equation (2.11), is the total superficial velocity.

The corresponding uncertainties are:

Ajy _AG  Ar  Apy (4.58)
Jv G T pv

AjL AG Az ApL
— = + + 4.59
JL G l1l-z pg (4.59)

Aj _ Ajr, + Ajy
J J

(4.60)

If one takes the same example as for the temperature (Part 4.4.5), i.e. if Thpy o = 30.0°C,
Trsout = 28.5°C, G = 700 kg/m?s, D = 0.509 mm, Logp,1 = 20 mm, Lgg2 = 70 mm and
Logy = 120 mm, the results are:

v = 1166 m/s £4.1%
Jjr=22m/s £52%
j=1188 m/s £4.2%

4.4.17 Repeatability of the experiments

The repeatability of the experiments has been regularly tested and verified. In Figs. (4.17)
and (4.18), two identical experiments have been repeated on two different dates about six
months apart (29/04/2004 and 31/10/2004). It is clear that the experimental stand yielded

experiments with a very good repeatability in the results.

4.5 Conclusions on the test facility and measurement tech-
nique

A new multipurpose microchannel test facility has been built to study the characteristics of
two-phase flows and boiling heat transfer. The facility is computer controlled and provide
very accurate results. Furthermore, a laser assisted technique has been developed and per-
fected to quantitatively identify flow patterns, obtain bubble frequencies and lengths and
measure bubble velocities.
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Figure 4.17: Vapor velocity comparison at two different dates (29/04,/2004 and 31/10/2004)
from laser 1 for R-134a, D = 0.509 mm, Ly;gy = 70.70 mm, T,,; = 30°C and AT, = 3°C.
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Figure 4.18: Flow pattern map comparison at two different dates (29/04/2004 and
31/10/2004) from laser 1 for R-134a, D = 0.509 mm, Lygy = 70.70 mm, Ty, = 30°C
and AT,,;, = 3°C.
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Chapter 5

Critical heat flux

The critical heat flux is the maximum heat flux that can be dissipated by an evaporating
two-phase flow without a large excursion in the heated channel’s wall temperature. Presently,
it has been measured with saturated conditions near the channel exit (where the beginning
of the dryout process instigating CHF occurs). The imposed boundary condition along the
microchannel is a uniform heat flux imposed electrically with a DC current.

5.1 Experimental procedure

The flow in the test loop is imposed by the pressure difference in the hot and cold reservoirs.
The required mass flow is regulated by the microvalve situated after the subcooler (see Fig.
4.2). The refrigerant saturation temperature is adjusted by the pressure in the cold reservoir
and the liquid subcooling by the power provided to the preheater. After stabilization of the
initial conditions, the test section is heated stepwise by the Sorensen power supply controlled
by the computer. All experimental data are acquired by the National Instrument acquisition
system at a frequency of 1 Hz. Figure 5.1 shows the evolution of the heat flux during a single
test at a mass flux of 1000 kg/m?s with refrigerant R-134a.

As can be seen, the heat flux increases almost linearly with a small increase of the wall
temperature (less than 8°C). The maximum heat flux is obtained at ¢ = 163 kW/m? and is
termed CHF. At this point, considerable vapor is being formed, making it difficult for the
liquid to continuously wet the surface. The decline in the heat transfer coefficient causes the
sudden wall temperature increase, which is detected by the thermocouple T gy secy, DOted in
Section 4.2. To avoid the burnout of the test section, the power supply is cut when AT >
40°C. The same procedure is performed for all experimental points.

5.2 Experimental results

There were 33 experimental CHF points obtained during this study for the conditions pre-
sented in Table 5.1. In this section the main trends in the CHF variation will be presented.

87
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Figure 5.1: Determination of CHF during a single test for R-134a, G = 1000 kg/m?s,
Tt = 30°C, D = 0.509 mm and Ly;gy = 7T0mm.

Figure 5.2 shows the evolution of CHF as a function of mass flux in the 0.509 and 0.790 mm
microchannels. All conditions (the heated length of the microevaporator and the tempera-
ture of subcooling of refrigerant) were the same for both microtube diameters. As can be
seen, CHF increased with increasing mass flux. The CHF for the 0.790 mm microchannel is
higher than that for the 0.509 mm channel and the difference becomes greater as the mass
flux increases.

Table 5.1: Experimental conditions for CHF' study.

Parameter Range Units
Fluid R-134a, R-245fa -
D 0.509, 0.790 mm
LMEV 20 - 70 1111
G 400 - 1600 kg/m?s
q 3.2 - 597 kW /m?
Tsar 30, 35 °C
AT 2-15 °C
Wero 293 - 21044 -
ov/pL 0.009 - 0.041 -
Lygv/D 25 - 141 -

The influence of the heated length on CHF in both microtube diameters at constant mass
flux is depicted in Fig. 5.3. The highest CHF was measured for the shortest heated length.
With the extension of the heated length from 20 to 70 mm for the 0.790 mm diameter tube,
the drop in the CHF value is 400 kW /m?! It confirms that the heated length, besides the
mass flux, is one of the most important parameters in the design of heat sinks. Fig. 5.3
shows also that the 0.790 mm microtube CHF is systematically higher than that for the
0.509 mm microtube. This increase ranges from 30%to 50%.
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Figure 5.2: CHF versus mass flux in 0.509 and 0.790 mm ID tubes for R-134a, T, = 35°C,
ATsub = 8OC, LMEV = 70 mm.
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Figure 5.3: CHF versus microevaporator length in 0.509 and 0.790 mm ID tubes for R-134a,
G = 500 kg/m?s, T,e = 35°C, ATy, = 8°C.
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The effect of the refrigerant on CHF is depicted in Fig. 5.4. The tests were run at the same
experimental conditions for refrigerants R-134a and R-245fa. The values of CHF measured
for R-245fa are higher than for R-134a, except at the heated length L;py = 20mm.
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Figure 5.4: CHF versus microevaporator length for R-245fa and R-134a, G = 500 kg/m?s,
Tt = 35°C, D = 0.509 mm, ATy, = 8°C.

Figure 5.5 shows the influence of the liquid subcooling on CHF. Only three experimental
points have been acquired. Measurements for larger subcoolings were not possible. These
limited experimental data show that CHF does not change significantly for the present
subcoolings ranging from 4.5 to 12°C. This observation is in agreement with the results of
Qu and Mudawar [42] for microchannel heat sinks.
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Figure 5.5: Influence of the inlet subcooling at entrance to the microevaporator on CHF for
R-134a, G = 1000 kg/m?s, Ty = 35°C, D = 0.509 mm, Ly;py = 70 mm.

The effect of the refrigerant saturation temperature able to be tested over a narrow range
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here is depicted in Fig. 5.6. CHF has been measured at various mass fluxes for satura-
tion temperatures of 30 and 35°C. At mass fluxes lower than 1000 kg/m?s, there is only a
slight difference in CHF for both saturation temperatures. With the increase of mass flux
above 1000 kg/m?s, the effect of saturation temperature becomes more significant and CHF
becomes somewhat higher for the saturation temperature of 35°C. This effect of saturation
temperature seems to be logical according to the correlation of Katto-Ohno [25] in which the
predicted CHF is a function of py/py and mass flux, G. The density ratio py/py increases
with saturation temperature and the increase in CHF is magnified as the mass flux increases.
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Figure 5.6: Influence of the saturation temperature on CHF for R-134a, D = 0.509 mm,
LMEV =70 mim, ATsub = 8°C.

5.3 Correlations for saturated CHF

The above trends in CHF for different experimental conditions show that CHF is affected
by the mass flux, the microevaporator length, the microchannel diameter, the density ratio
of the refrigerant and by the saturation temperature. All these effects are captured by
the Katto-Ohno [25] correlation. However, the experimental data do not show almost any
influence of the refrigerant subcooling on CHF (which are quite small here compared to most
macroscale studies). Figure 5.7 depicts the comparison of all experimental data obtained
in the 0.509 mm and 0.790 mm ID microchannels with the Katto-Ohno correlation with its
subcooling effect deactivated, i.e. K=0 (refer to Eq. (3.3) for this correlation).

Only 41.2% of data fall within a £15.0% error band but the comparison represents an
extrapolation of their method to channel sizes below 1.0 mm.

The experimental data have also been compared to Eq. (3.4) of Qu and Mudawar [42]|. This
correlation was developed for rectangular multichannels based on the CHF data for water
and R-113. As can be seen in Fig. 5.8, the predictions show the same trend in CHF as the
data but the experimental values are significantly overpredicted.
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Figure 5.7: Comparison of the experimental results to the Katto-Ohno correlation.

1600

: : :
O Experimental data
—— Qu-Mudawar correlation

1400+

1200

]

[y

o

o

o
T

800 : 7

CHF [KW/m?

600 .

400 7

2001 Q .

0 L L L L L L L
0 10 20 30 40 50 60 70 80
Microevaporator length [mm]

Figure 5.8: Comparison of the experimental results for R-245fa, G = 500 kg/m?s, Ty, =
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Therefore, it has been decided to find new empirical factors based on the experimental
data of this study to predict CHF in single, circular, uniformly heated microchannels. The
analysis of experimental data using a least-squares fitting resulted in a new version of the
Katto-Ohno correlation as

0.073 —0.72
qc PV —0.24 LMEV)
=04 L 1
=0 37<pL) Wepl ( . (5.1)
with
G*L
WeLO:# (5.2)

This microchannel expression above is comparable to the expressions in Table 3.1. Figure
5.9 compares the prediction of this new CHF correlation with the experimental data. The
experimental points are predicted with 82.4% of data falling within a 15 % error band.
This correlation is recommended for predicting CHF in single, uniformly heated, circular
microchannels over the range of conditions cited in Table 5.1. Because of the lack of experi-
mental data for higher reduced pressures, it is suggested to limit the use of this correlations
to pv/pr < 0.041.

800

700+ 5

+15 %
600 1

-15%
500 i 8
400+ =

3001 .

Predicted CHF [kW/m?]

200 1

100+ O R-134a-0.509 mm H

0O R-134a-0.790 mm

{ R-245fa-0.509 mm

L L L L T T T

0 100 200 300 400 500 600 700 800
Experimental CHF [kW/mZ]

Figure 5.9: Comparison of the experimental results to the new correlation.

5.4 Flow patterns and critical quality
The critical vapor quality was obtained from the energy balance as follows

e — qc 4Ly ey
eret G (hpv + hsw) D
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where ¢. is CHF predicted by Eq. (5.1).

Figure 5.10 depicts the variation of some of the present CHF data as a function of critical
vapor quality (z..) in tube diameters of 0.509 mm and 0.790 mm. Flow patterns have been
determined using the experimental flow pattern map explained later in the Chapter 6 and
show that the present experimental points fall in the annular flow regime. It can be observed
in Fig. 5.10 that CHF decreases almost linearly for all three experimental series without any
significant change in the slope, which tends to confirm the Pribyl et al. [41] conclusion cited
in Section 3.1.4.
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Figure 5.10: Variation of the CHF as a function of critical vapor quality at constant heated
length, Ly;py = 70 mm for 350 < G < 1500.

The dashed curve in Fig. 5.11 represents z,.; calculated from Eq. (5.3). Some discrepancies
at higher mass velocities can be observed between the calculated and experimental critical
vapor qualities. The main reason for this is the inaccuracy in the CHF prediction, which
is more significant at higher G (£ 15 % error lines are included to show this). Nevertheless,
Eq. (5.3) allows one to calculate x..;; with the reasonable accuracy and gives the transition
curve from annular flow to dryout, assuming a uniform heat flux.

5.5 Conclusions from the CHF study

New accurate CHF data have been measured with the test facility in 0.509 and 0.790 mm ID
microchannels. The experimental data have shown that the parameters dominating CHF are:
mass flux, microevaporator length, microchannel internal diameter and thermal properties of
refrigerant. No influence of the liquid subcooling has been found. Based on the experimental
data, a new microchannel version of the Katto - Ohno correlation has been developed to
predict the CHF in circular, uniformly heated microchannels. The new correlation predicts
experimental points with the 82.4% of the data falling within a 4+ 15.0 % error band. Due to
the lack of experimental data for higher reduced pressures and different flow patterns, it is
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Figure 5.11: Transition from annular to dryout for R-134a, Ly;gpy = 70 mm and T, = 30°C.

recommended to use this correlation for py /pr < 0.041 and only for annular flow. Moreover,
a new transition curve from annular flow to dryout has been proposed.
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Chapter 6

Flow patterns

In this chapter, a description of the two-phase flow patterns observed, the method to quanti-
tatively detect them using the laser signals, an analysis of bubble characteristics, comparison
of the flow patterns observed to several flow pattern prediction maps, and a new diabatic
flow pattern map will be presented.

6.1 Experimental procedure

The flow in the test loop is imposed by the pressure difference in the hot and cold reservoirs.
The required mass flow is regulated by the microvalve situated after the subcooler (see Fig.
4.2). The refrigerant saturation temperature is adjusted by the pressure in the cold reservoir
and the liquid subcooling by the power provided to the preheater. After stabilization, the
test section is heated stepwise by the Sorensen power supply controlled by the computer. All
experimental data are acquired by the National Instrument acquisition system at a frequency
of 1 Hz. The laser measurements were acquired at 10000 Hz. All the results are postprocessed
with a Matlab code to determine all the desired parameters.

There were 4480 experimental flow pattern points obtained during this study for the condi-
tions presented in Table 6.1.

6.2 Experimental flow patterns

Four principal flow patterns and two intermediate transition regimes have been observed
in the present study. Only three principal flow patterns (bubbly flow, slug flow and annu-
lar flow) were able to be identified by FFT (Fast Fourier Transform) of pulsed signals, as
shown in Fig. 6.1, but these signals were not sufficient to identify the transitions. While
bubbly flow exhibited almost white noise in FF'T, slug flow was characterized by periodic
frequencies between 80 and 170 Hz in this particular case. Annular flow was characterized
by a dominant frequency smaller than 30 Hz. Semi-annular flow however does not exhibit
a characteristic trace to be distinctively recognized by FFT signal processing alone, but the
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Table 6.1: Experimental conditions for the flow pattern study.

Parameter Range Units
Fluid R-134a, R-245fa -
D 0.509, 0.790 mm
LMEV 30 - 70 min
G 210 - 2094 kg/m?s
q 3.1-415 kW /m?
Tout 26, 30, 35 °C
P, 6.9, 7.7, 8.9 (for R-134a), bar
2.1 (for R-245fa)
AT,y 2-6 °C
TMEV,out 0-0.95 -
£ 0- 928 Hy
B 0-717 Hz
(42), 0-14.5 bar /m

difference between the bubbly flow and the semi-annular signals can be determined by also
comparing their raw signals (shown later) and this has been verified by flow visualization
using a high speed camera. By examining the evolution of peak and valley bubble count rates
versus vapor quality, it was possible to determine the rate of coalescence of small bubbles
into elongated bubbles and even elongated bubbles into semi-annular flow. The transitions
were thus in fact detected by bubble count rates of signal peaks and valleys on the A and B
thresholds and by the percentage of small bubbles remaining as shown in Fig. 6.2 and not
the sometime ambiguous FFT signals. The microscale flow patterns observed are defined as
follows:

Bubbly flow: In bubbly flow, the vapor phase is distributed as discrete bubbles in a con-
tinuous liquid phase and the bubbles are smaller in length than the diameter of the
tube as shown in Fig. 6.3(a). This regime is detected when the percentage of surviving
small bubbles is 100 % and their average frequency f4 is greater than 0 bubbles/s.
This flow pattern covers a very small range of vapor quality and is more or less nonex-
istent at high mass flux. Fig. 6.4(a) shows a picture taken with a high definition video
camera and Fig. 6.5(a) shows the voltage/time signal of the diode for this flow with
the periodic passage of small bubbles. The average frequency f4 of bubbles here is 131
bubbles/s.

Bubbly/slug flow: In bubbly/slug flow, bubbly flow (described above) and slug flow (de-
scribed below) are both present as shown in Fig. 6.3(b). It is detected when the
percentage of surviving small bubbles is in the range from 1 to 99 % and the average
frequency fa is greater than O bubbles/s. Fig. 6.4(b) shows a picture taken with a
high definition video camera and Fig. 6.5(b) the corresponding signal. The average
frequency f, increases rapidly with the heat flux in the evaporator, reaches a peak and
then decreases due to coalescence of small and elongated bubbles.

Slug flow: In slug flow (also called elongated bubble flow by some authors), the vapor bub-
bles are approximately the same diameter as the tube as shown in Fig. 6.3(c). The
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Figure 6.1: FFT signals for D = 0.509 mm, Ly;gy = 70.70 mm, G = 500 kg/mQS, Teor = 30°C
and AT,,, = 3°C at entrance to the microevaporator.
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nose of the bubble has a characteristic hemispherical cap and the vapor in the bubbles
is separated from the tube wall by a thin film of liquid. The liquid flow is contained
mostly in the liquid slugs which separate successive vapor bubbles. The length of the
vapor bubbles can vary considerably. This flow pattern is detected when the percent-
age of surviving small bubbles is 0 %, fp is the same as f4 and f, is still greater than
0 bubbles/s. Fig. 6.4(c) shows a picture taken with a high definition video camera
and Fig. 6.5(c) the corresponding signal. In this signal, the low voltage zones refer
to passage of liquid slugs and the small amplitude spikes represent small bubbles en-
trained in the slugs (if any); on the other hand, the high voltage zones refer to passage
of elongated bubbles and variations in the signal correspond to interfacial waves on the
liquid film. The count rates decrease with increasing vapor quality due to coalescence
of elongated bubbles but at a slower rate than in the case of small bubbles.

Slug/semi-annular flow: In slug/semi-annular flow, the slug (described above) and semi-
annular (described below) flows are both present. The vapor velocity increases with
heat flux and the rear of elongated bubbles are more and more deformed, see Fig. 6.3(d)
and Fig. 6.4(d) as shear forces are more and more important. When coalescence occurs,
transitions are no longer clean but instead create a churn-like zone where the liquid
slug was. This regime is distinguishable when the signal is between threshold A and B
as shown in Fig. 6.5(d). This transition starts when f4 and fp are not the same and
stops when f4 equals 0 bubbles/s corresponding to the maximum of fz.

Semi-annular flow: In semi-annular flow, liquid slugs are nonexistent as shown in Fig. 6.3(e)
and 6.4(e). A liquid film forms at the tube wall with a continuous central vapor core. It
is separated by churning liquid zones due to the previous deformation of the rear ends
of elongated bubbles and the coalescence of bubbles. This flow pattern is represented
by the signal of Fig. 6.5(e). Limits of this transition are the end of slug/semi-annular
flow and the beginning of annular flow, which is indicated by a value of fg equal to
0 Hz. It is interesting to emphasize that the churning liquid disappears gradually from
the beginning of this transition up to the end.

Annular flow: In annular flow, a liquid film flows on the tube wall with a continuous central
vapor core as shown in Fig. 6.3(f). It is the same definition as for semi-annular
flow, except that the churning liquid zones do not exist anymore. Annular flow is
characterized by fa4 and fp equal to 0 Hz. The corresponding identification signal
is shown in Fig. 6.5(f) and illustrates two types of annular flow: wavy and smooth,
where the wavy annular flow signals have a small scale fluctuation from the waves on
the annular film. These two types of annular flow can be seen in Fig. 6.4(f) and Fig.

6.4(g).

The flow patterns are also represented in Fig. 6.6 for R-245fa in a 0.509 mm ID tube and in
Fig. 6.7 for R-134a with D = 0.790 mm.



102 CHAPTER 6. FLOW PATTERNS

T I

(a) Bubbly flow (b) Bubbly/slug flow
(c) Slug flow (d) Slug/semi-annular flow
T . ;
(e) Semi-annular flow (f) Annular flow

Figure 6.3: Schematic of flow patterns and transitions.

(a) Bubbly flow at x = 0.02 and f4 =131 Hz (b) Bubbly/slug flow at « = 0.04 and f4 =

520 Hz

(c) Slug flow at = 0.11 and f4 =136 Hz  (d) Slug/semi-annular flow at z = 0.19 and f4 =
33Hz

(e) Semi-annular flow at © = 0.40 and f4 = 0 Hz (f) Wavy annular flow at = 0.82and f4 =0Hz

(g) Smooth annular flow at z = 0.82 and f4 =
0Hz

Figure 6.4: Flow patterns and transitions for R-134a, D = 0.509 mm, Lygy = 70.70 mm,
G = 500 kg/m?s, Tyer = 30°C and AT,,, = 3°C at entrance to the microevaporator.
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(a) Bubbly flow at = = 0.038 (b) Bubbly/slug flow at = = 0.04

(d) Slug/semi—annular flow at z = 0.076

(e) Semi-annular flow at = 0.15 (f) Wavy annular flow at x = 0.23

(g) Smooth annular flow at = 0.23

Figure 6.6: Flow patterns and transitions for R-245fa, D = 0.509 mm, Ly;gy = 70.70 mm,
G = 500 kg/m?s, Tyor = 35°C and AT, = 6°C.

a) Bubbly flow at = = 0.03 b) Bubbly/slug flow at = = 0.04
c) Slug flow at = = 0.05 d) Slug/semi-annular flow at = 0.011
) Semi-annular flow at x = 0.24 f) Wavy annular flow at x = 0.73

(g) Smooth annular flow at = 0.73

Figure 6.7: Flow patterns and transitions for R-134a, D = 0.790 mm, Ly = 70 mm,
G = 500 kg/m?s, Ty = 30°C and AT, = 3°C.
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6.3 Experimental flow pattern maps

Two-phase flow patterns based on the present observations with the two laser signals are
presented in Fig. 6.8 in two different formats: mass flux versus vapor quality and superficial
liquid velocity versus superficial vapor velocity, which are calculated from the test results
with Eqgs. (2.10) and (2.9) respectively. The transition lines are determined with a least
squared method.
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Figure 6.8: Flow pattern maps with transition lines for D = 0.509 mm, L = 70.70 mm,
Tsor = 30°C and ATy, = 3°C using the two lasers.

Notably, the higher the mass flux, the earlier annular flow is reached. Bubbly flow is more or
less nonexistent for mass fluxes greater than 1000 kg/m?s. The most important observation
to make about the flow patterns in the present study is that their transitions are con-
trolled primarily by the rate of coalescence, which is not recognized as a contributing
factor by any of the existing microscale (nor macroscale) flow pattern maps.
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Coalescence phenomena

Figure 6.9 shows coalescence phenomena as described by f4 for eight different mass fluxes
where the frequency of bubbles (small and/or elongated) that go past the observation point
is plotted versus local vapor quality. The upward slope shows a dependency between the
heat flux in the evaporator (or vapor quality) and the average frequency (count rate). The
higher the heat flux is, the larger the average frequency. The average frequency then reaches a
maximum and starts to decrease. The downward slope in average bubble frequency indicates
the relative rate of coalescence. Rate I refers to the zone of coalescence of small bubbles into
elongated bubbles until no more small bubbles exist (a "best" line indicates this trend); Rate
2 refers to the coalescence between elongated bubbles into even larger elongated bubbles or
semi-annular flow (a "best" line also indicates this trend). The higher the mass flux, the
higher are the slopes of rate 1 and rate 2.

The second rate comprises two types of coalescence, one clean (slug flow) and the other one
affected by the deformation of the rear of the bubbles that leads to semi-annular flow, but
the rate stays the same. The rate 2 tends to increase when increasing mass flux, meaning
that slug/semi-annular flow tends to disappear as well as slug flow. But in our case, the
mass flux is not high enough to reach this situation. The relationship between coalescence
and flow pattern transition is one of the most important observations in this study because
of its influence on determining on the present flow pattern transitions, in sharp contrast to
the classic macroscale transition theory of Taitel and Dukler [48].

The coalescence is illustrated in Fig. 6.10 with the following pictures taken in the adiabatic
sight glass for D = 0.509 mm and R-134a.
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Figure 6.9: Coalescence phenomena from laser 1 for D = 0.509 mm, Lygy = 70.70 mm,
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Figure 6.10: Adiabatic coalescence for R-134a, D = 0.509 mm, G = 359 kg/m?s, Ty, = 30°C

and x = 0.05 taken with a high speed digital camera at 10000 Hz.
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6.3.1 Comparison with the Kattan et al. macroscale map

A comparison with the macroscale map of Kattan et al. |23] for refrigerants inside horizontal
macrochannels shows a significant difference in the transition line locations and also the
flow patterns encountered (Fig. 6.11), illustrating that the current observations cannot be
classified as macroscale two-phase flows. Stratified and stratified wavy flow are not present
anymore in the microchannel due to the predominance of surface tension forces over gravity
forces. The lower ends of the experimental transition lines are also close (>350 kg/m?s) to
the flow instability threshold of the current experimental setup, which were always avoided
in the present project.
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Figure 6.11: Comparison between present flow pattern transition observations from laser 1 for
D = 0.509 mm, Lygy = 70.70 mm, T,,; = 30°C, ATy, = 3°C and Kattan-Thome-Favrat
macroscale map in a mass flux vs. vapor quality format at the present test conditions.
(B=Bubbly flow, B/S=Bubbly/slug flow, S=Slug flow, S/S-A=Slug/semi-annular flow, S-
A=Semi-annular flow, A=Annular flow)

6.3.2 Comparison with the Tripplet et al. adiabatic microscale map

Fig. 6.12 shows a comparison between the present experimental transition lines from laser
1 and those of Tripplet et al. [54] available for air/water flow in a 1.097 mm tube diameter.
The results are not in good agreement when extrapolating their air-water map to R-134a.
Obviously, the diameter is not the same and the comparison cannot be perfect but the trends
should be about the same but are not. The reason is perhaps that in their air/water flow,
the vapor is not created by the boiling process but is dependent of the mixer design and its
hydraulic characteristics, not boiling nucleation of the initial bubbles as in a microevaporator.
The flow patterns encountered are however the same.
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Figure 6.12: Comparison between present flow pattern transition observations from laser
1 for D = 0.509 mm, Ly;gy = 70.70 mm, Ty, = 30°C, ATy, = 3°C and Tripplet et al.
transition lines available for air-water flow in a 1.097 mm tube diameter.

6.3.3 Comparison with the Garimella et al. [22] transition line

Fig. 6.13 shows a comparison between the present experimental transition lines from laser 1
and that of Garimella et al. [22] given by Eq. (3.7), the latter of which is a natural occurrence
during condensation of saturated vapor. Their equation is available for condensation of R-
134a and determines the transition between intermittent and non-intermittent flow. As can
be seen, the Garimella et al. transition is close to that between slug/semi-annular and semi-
annular flow observed in the present study, especially at high mass flux, giving a similar trend.
The coalescence process will obviously be different in an evaporating process compared to a
condensing one.

6.3.4 Effect of the inlet subcooling

Fig. 6.14 presents transition lines for three different inlet subcoolings: 2, 3 and 5°C. It
shows no significant effect of this parameter on the transition lines. No bubbly flow has been
observed for ATy, = 2 and 3°C but it would probably have been seen at the lower mass
fluxes but the tests could not be run at those conditions due to instabilities.

6.3.5 Effect of the saturation temperature

The effect of the saturation temperature is shown in Fig. 6.15 for tests at inlet saturation
temperatures of 26, 30 and 35°C (6.9, 7.7 and 8.9 bar saturation pressures). No bubbly
flow has been observed for T,,; = 35°C for the same reason explained in Section 6.3.4. No
significant difference in the locations of the transition lines were observed except for the
semi-annular/annular transition. For T, = 30°C, the transition appears earlier, which
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Figure 6.13: Comparison between present flow pattern transition observations from laser 1
for D = 0.509 mm, Ly;gy = 70.70 mm, T,,; = 30°C, ATy, = 3°C and Garimella et al.
transition line between intermittent and non-intermittent flow available for condensation of
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Figure 6.14: Comparison between experimental transition lines from three different inlet
subcoolings at entrance to the microevaporator from laser 1 for R-134a, D = 0.509 mm,
Ly gy = 70.70 mm and T,,; = 30°C.
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is not consistent with the two others. An appropriate explanation could be the relative
subjectivity related to determining this threshold quantitavely. Furthermore, it is probably
appropriate to talk about transition "zones" or "regions" instead of "lines".

2000 8 o T=26°C

1800 5 a5 1
E ° sat

1600 6§

1400}

s]

o~

1200
1000} £} %

800+%

Mass flux [kg/m

600

400

200

L
0 0.2 0.4 0.6 0.8 1
Vapor quality [-]

Figure 6.15: Comparison between experimental transition lines from three different sat-

uration temperatures from laser 1 for R-134a, D = 0.509 mm, Ly;gy = 70.70 mm and
AT, = 3°C.

6.3.6 Effect of the microevaporator length

Fig. 6.16 presents the influence of the heated length of the microevaporator on the transitions
between the different flow regimes. No significant difference in the location of the transition
lines have been observed except for the semi-annular/annular transition. For Ly gy = 50
mm, the transition appears to be inconsistent with the two other transitions, for the same
reasons explained in Section 6.3.5.

6.3.7 Effect of the tube diameter

The effect of the inside diameter is shown in Fig. 6.17. Bubbly flow for D = 0.790 mm would
probably have been seen at the lower mass fluxes but the tests could not be run at those con-
ditions due to instabilities in the microevaporator. Bubbly/slug flow is present over a wider
range of mass flux for the 0.790 mm tube. Except for the semi-annular/annular transition
(for the same reasons explained in Section 6.3.5), no significant difference is observable in
the locations of the transition lines. One may conclude that the two-phase mechanisms for
the two different inside diameters are the same. For R-134a, 0.790 mm still seems to be a
microchannel based on the form of its experimental transition lines. A significant difference
in the flow regime transition curves on a flow map could be a way to determine whether it
is microscale or macroscale.
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Figure 6.16: Comparison between experimental transition lines from three different microe-
vaporator lengths from laser 1 for R-134a, D = 0.509 mm, ATy, = 3°C and Ty, = 30°C.

2000 o D=0.509 mm H
+ D=0.790 mm

1800 .

1600 .

& 1400 |

o~

£

g 1200 A .

3 1000 .
0

& 800 G0 |

= %o
o (e}
600 ¥ o5 i
e ° o
+ o
400 oy R © o -
+ oy + 4
" o + N + n
200 1SIS=A * + Y .
0 L L L L
0 0.2 0.4 0.6 0.8 1
Vapor quality [-]

Figure 6.17: Comparison between experimental transition lines from two different inside
diameters from laser 1 for R-134a, Ly;gy = 70.70 mm, T, = 30°C and ATy, = 3°C.
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6.3.8 Effect of the fluid

Fig. 6.18 presents the difference in the transition line locations between R-134a and R-245fa.
The latter is a low pressure fluid (2.1 bar vs. 8.9 bar of R-134a at 35°C). To avoid a below
atmospheric pressure in the test section due to the high pressure drop with R-245fa, the tests
were stopped when reaching atmospheric pressure at the end of the evaporator and this is
why annular flow was not reached at high mass flux. No bubbly flow was observed for the
two fluids but it would probably have been seen at the lower mass fluxes but the tests could
not be run at those conditions because the flow would have been unstable. One may observe
that the transition lines tend to be more vertical for R-245fa than for R-134a, diverging at
low mass fluxes, where the difference is significant and the flow transitions appear earlier
in terms of vapor quality for R-245fa. However, one may conclude that the two-phase flow
transitions for R-245fa obey the same mechanisms as for R-134a.
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Figure 6.18: Comparison between experimental transition lines from two different fluids from
laser 1 for D = 0.509 mm, Ly = 70.70 mm, T,,; = 30°C and AT, = 3°C.
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6.4 New flow pattern map for evaporating flows in mi-
crochannels

Heat transfer coefficient and frictional pressure drop characteristics are based on the different
flow patterns. The Thome et al. [51, 19| three zone model (Fig. 1.1) is currently applicable
for slug flow (elongated bubble flow) with no coalescence phenomena. It can be extended to
intermittent flow with coalescence and take into account the variation of the heat transfer
coefficient due to the variation of the bubble frequency and velocity and the non-homogeneous
void fraction. Heat transfer coefficient is controlled primarily by conduction through the
liquid film surrounding the elongated bubbles, or by convection or conduction in the annular
flow liquid film but is greatly influenced by any dryout zones. To advance their 3-zone heat
transfer model beyond slug flow, an annular flow heat transfer model should be added to it.
It could be a "single zone model”. Furthermore, as can be observed in Figs. 6.5 and 6.8, the
normal definition of flow pattern transition does not work here since coalescence is changing
the flow pattern along the channel length. Hence, a new approach seems to be appropriate
here to describe what is expected to occur inside a heated microchannel.

For these reasons a new type of flow pattern map for evaporating flow in microchannel has
been proposed. The first flow pattern zone corresponds to the isolated bubble (IB) regime.
It includes both bubbly flow or/and slug flow and is present up to the onset of coalescence.
The second zone is the coalescing bubble (CB) regime. It is present up to the end of the
coalescence process. The third zone is the annular (A) zone and is limited by the fourth zone
of this diabatic map, the post dryout (PD) zone, which is marked by the critical vapor quality
signaling the onset of critical heat flux. Figure 6.19 shows an example of this new type of
flow pattern map. The saturation conditions are those at inlet of the microevaporator.

The transition lines are shown with accuracy limits of the new transition prediction methods
to be presented in the next sections. The lower end of the transition lines represent an ex-
trapolation below mass velocities tested, where flow instabilities begin. It could be imagined
in the future the addition of a two-phase flow instability threshold line to this flow pattern
map as a further useful guide that could be provided by the map.

Prediction methods for the transitions of this new type of flow pattern map are presented in
the next parts. To utilize the map, one takes the imposed mass velocity and imposed uniform
heat flux along the circular microchannel up to the desired local length from the inlet to
find the corresponding vapor quality and location on the map. The saturation conditions
are those at inlet of the microevaporator.

6.4.1 The isolated bubble regime to coalescing bubble regime tran-
sition

Figure 6.20 presents a typical bubble frequency variation versus vapor quality. As explained
in Section 6.3, there are different trends evident in this graph. Presently, the location of the
start of coalescence is of interest. The vapor quality for this maximum frequency will be the
first transition, that between the isolated bubble regime and the coalescing bubble regime.
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Figure 6.19: New type of flow pattern map for evaporating flow in microchannel for D = 0.5
mm, Lypy = 70 mm, T, = 30°C, ¢ = 50 kVV/m2 and AT,,, = 0°C. IB: Isolated bubble
regime, CB: Coalescing bubble regime, A: Annular regime (completely coalesced regime),

PD: Post dryout regime.
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Figure 6.20: Frequency A versus vapor quality for D = 0.509 mm, Ly;py = 70.70 mm,
Tyt = 30°C, G = 700 kg/m?s and AT, = 3°C.
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All the bubble frequency data from all the tests for both fluids and tube diameters have
been used to develop the prediction of this transition (representing 200 test conditions) and
a least square method has been applied to determine the empirical coefficients. Different
combinations of non-dimensional numbers have been tried. Only the Boiling number, the
liquid Reynolds number and the vapor Weber number were found to have a significant
influence on this transition. The correlation is given by Eq. (6.1):

B 0.41
Rero 0) (6.1)

=0.763 | —F—
XiB/CB ( Wevo

where Bo is given by Eq. (2.36), Rero by Eq. (2.29) and Weyo by Eq. (2.35). Rearranging
to see the effects of individual variables, this expression becomes:

(6.2)

0.41
apvo )
prhpy G?

xIB/CB =0.763 (

It is intuitive to see the Boiling number effect because it is directly related to the boiling
mechanisms by the heat flux, representing the quantity of heat absorbed by the flow relative
to the maximum possible in the evaporation process. It has a direct influence on the number
of bubbles and their sizes. Also, the higher the heat flux is, the higher is the bubble nucleation
rate and hence the frequency of isolated bubbles. Furthermore, the higher the heat flux, the
longer is the isolated bubble regime region. The viscosity forces of the liquid are taken into
account in the Reynolds number and the surface tension forces in the Weber number. When
the flow becomes more turbulent, coalescence occurs earlier.

The vapor density is taken into account in the vapor Weber number. The size of the vapor
bubbles formed, related directly to the vapor density, will decrease as the pressure increases,
and smaller bubbles would intuitively delay the onset of coalescence and increase the value
of x1p/cp as in Eq. (6.2). Notably, the channel diameter drops out of the expression since
the bubble coalescence phenomenon seems to be a one-dimensional process related to the
respective velocities of the colliding bubbles.

In general, the higher the heat flux, the higher is the vapor quality for the transition. When
the mass flux is increased, the transition vapor quality is decreased. The tube diameter as
well as the inlet subcooling and the microevaporator length have no effect on the transi-
tion according to a parameter study on their influence. Finally, the higher the saturation
temperature, the higher the x;5,0p vapor quality transition is.

Figure 6.21 shows the vapor quality calculated with Eq. (6.1) versus the experimental vapor
qualities at the maximum bubble frequency. Here, 60.5 % of the data fall within a +20%
error band and 70 % within a £25 % error band. The higher uncertainties occur at the lower
vapor qualities. The difficulty here is to determine accurately the maximum of the frequency.
The gradient of the frequency versus vapor quality is so high that a small variation of the
vapor quality (i.e. the microevaporator heat flux) can significantly change the frequency.
The exact start of the coalescence is therefore difficult to determine accurately, even using
experimental steps of about 0.01 in x as in Figs. 6.9 and 6.20 in the IB regime. Furthermore,
the accuracy in the energy balances at very low vapor qualities is responsible for part of the
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scatter. Facing these experimental limitations, Eq. (6.1) is actually quite successful in
predicting the IB/CB transition in Fig. 6.21.
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Figure 6.21: Comparison between the vapor quality from the model and the experimental
vapor quality for the isolated bubble regime and coalescing bubble regime transition.

6.4.2 The coalescing bubble regime to annular regime transition

The coalescing bubble to annular flow regime transition corresponds to the vapor quality
when the frequency A reaches 0 Hz as shown in Fig. 6.20. It is the end of the presence of
liquid slugs and the end of coalescence as all the vapor bubbles have coalesced.

All the data for both fluids and tube diameters have been used and a least square method
has been applied to determine the empirical coefficients. Different combinations of non-
dimensional numbers have been tried. Only the liquid Reynolds number and the liquid
Weber number were found to have an influence on the transition. The correlation is given
by Eq. (6.3):

zop/a = 0.00014 Repf Wer 5% (6.3)

where Reo is given by Eq. (2.29) and Wero by Eq. (2.33).

The exponents of the two non-dimensional numbers are very close to each other in terms of
absolute value. The ratio between the liquid Reynolds number and the liquid Weber number
represents the ratio between the surface tension forces to the kinematic viscosity (ur/pr)-
When the kinematic viscosity is low (i.e. the liquid density high or the dynamic viscosity
low), the vapor quality transition is higher. When the surface tension forces increase, the
coalescing bubble regime resists to higher vapor qualities, as would be the case for water
for example. In general, the heat flux, the subcooling and the microevaporator length were
not found to have any parametric influence on this transition. The vapor quality transition
increases with the saturation temperature.
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Figure 6.22 shows the vapor quality calculated with Eq. (6.3) versus the experimental vapor
quality. Here, 84.6 % of data fall within a +20 % error band and 73 % within a +15 % error
band. The + 20 % band was shown on Fig. 6.19 and can be interpreted as the transition zone
between the coalescing bubble and the annular regimes. Furthermore, providing information
on the accuracy of prediction of the location of the transition is more valuable than simply
providing information on the number of observations correctly identified by the map, the
latter which is the usual approach.
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Figure 6.22: Comparison between the vapor quality from the model and the experimental
vapor quality for the coalescing bubble regime and annular regime transition.
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6.5 Conclusions from the flow pattern study in microchan-
nels

Four principal flow patterns (bubbly flow, slug flow, semi-annular flow and annular flow)
with their transitions (bubbly/slug flow and slug/semi-annular flow) were observed in the
present experiments with R-134a and R-245fa in 0.509 mm and 0.790 mm circular channels.
Regime changes were detected by bubble frequency analysis combined with a small bubble
coalescence study. The higher the mass flux is, the earlier the transitions are encountered
in terms of vapor quality. Bubbly flow tends to disappear at high mass flux because small
bubbles quickly coalesce to form elongated ones.

Many observations have been made on the transitions between flow regimes. The two-phase
flow pattern transitions observed with R-134a did not compare well to a leading macroscale
flow map for refrigerants nor to a microscale map for air-water flows. No significant influence
of the inlet subcooling nor the saturation pressure has been observed on the flow pattern
transitions within the small variation able to be tested here. A shorter heated length did
not influence the locations of the transition lines. The diameter effect did not show any
significant influence, although bubbly /slug flow is present over a wider range of mass flux.
The transition lines tended to be more vertical for R-245fa than for R-134a, diverging at
low mass fluxes. However, the two-phase flow transitions for R-245fa are quite similar to
those of R-134a. The comparison with the Garimella et al. transition for intermittent/non-
intermittent regimes shows a good agreement with the experimental transition line between
slug/semi-annular flow and semi-annular flow.

A new type of flow pattern map for evaporating flows in microchannels has been proposed
with its eventual use in mechanistic types of models for flow boiling and two-phase pressure
drops in mind. The first zone corresponds to the isolated bubble regime. It includes both
bubbly flow or/and slug flow and is present up to the onset of coalescence. The second zone
is the coalescing bubble regime. It is present up to the end of coalescence process. The
third zone is the annular zone and is limited by the fourth zone (post dryout zone) of this
diabatic map, and begins at the onset of critical heat flux. This flow pattern map can be
used to determine the feasible operating range of microevaporators, where the local vapor
quality must be less than z..;. Furthermore, it can be used to create an isolated bubble heat
transfer model similar to the three-zone model in Fig. 1.1, a coalescing bubble model for the
CB regime and an annular flow model for that regime. This map can in the future have an
instability curve added to it (another operating limit) to capture the onset of back flow or
oscillating flow at low mass fluxes, a topic beyond the objectives of the present study.



Chapter 7

Velocity and void fraction

7.1 Experimental velocity

There are 1584 experimental velocity points obtained during this study for the conditions
presented in Table 6.1. The velocity of the vapor bubbles is determined using a cross-
correlation of the two signals from the lasers as explained in Section 4.3. Velocity is used
for the flow pattern detection to see whether it is bubbly flow (the size of the bubbles
are less than the inside diameter of the tube) or elongated bubble flow. Figure 7.1 shows
some typical results for R-134a of the vapor bubble velocity versus vapor quality. As can
be seen, the vapor velocity increases with the vapor quality as well as with the mass flux.
The results are only for frequencies A above 30 Hz, otherwise the cross correlation does not
have enough information to process. Hence, most bubbly flows are not able to be analyzed
with this technique. The cross-correlation technique works for the following flow patterns:
bubbly /slug, slug and slug/semi-annular flow.
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Figure 7.1: Vapor velocity versus vapor quality from laser 2 for R-134a, D = 0.509 mm,
LMEV =170 mimn, Tsat = 30°C and ATsub = 3°C.
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7.1.1 Effect of the inlet subcooling

Figure 7.2 shows the influence of the inlet subcooling at entrance to the microevaporator on
the vapor velocity. As a conclusion, a small level of inlet subcooling has no influence on the
vapor bubble velocity in the saturated flow boiling region downstream.
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Figure 7.2: Influence of the inlet subcooling at entrance to the microevaporator on the vapor

velocity from laser 2 for R-134a, D = 0.509 mm, Ly;gy = 70 mm, T,,; = 35°C and G = 1000
kg/m?s.

7.1.2 Effect of the saturation temperature

Figure 7.3 shows the influence of the saturation temperature on the vapor velocity. As
expected, the higher the saturation temperature, the lower the vapor bubble velocity is.
This comes from the fact that py increases when the temperature increases (see Eq. (2.7)).

7.1.3 Effect of the microevaporator length

Figure 7.4 shows the influence of the microevaporator length on the vapor velocity in the
aforementioned flow regimes. As can be seen, the microevaporator length has no influence.

7.1.4 Effect of the diameter

Figure 7.5 shows the influence of the diameter on the vapor velocity. As can be seen, the
diameters tested here have no influence.
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Figure 7.3: Influence of the saturation temperature on the vapor velocity from laser 2 for
R-134a, D = 0.509 mm, ATy, = 3°C, Lygy = 70 mm and G = 1000 kg/m2s.
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Figure 7.4: Influence of the microevaporator length on the vapor velocity from laser 2 for
R-134a, D = 0.509 mm, ATy, = 3°C, Ty = 30°C and G = 500 kg/m?s.
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Figure 7.5: Influence of the diameter on the vapor velocity from laser 2 for R-134a, T, =
30°C, ATy = 3°C, Lypy = 70 mm and G = 350 kg/m?s.

7.1.5 Effect of the fluid

Figure 7.6 shows the influence of the fluid on the vapor velocity. The fluid properties have a
strong influence on the velocity. R-245fa has a higher velocity than R-134a, which is expected
when regarding the values of py (refer to Appendix A where tabular values of the physical
properties of the test fluids are presented). The density of the vapor for R-134a is 3 times
higher than for R-245fa.
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Figure 7.6: Influence of the fluid on the vapor velocity from laser 2 for T,,;, = 35°C, D = 0.509
mm, AT, =5 — 6°C, Lypy = 70 mm and G = 500 kg/m?s.
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7.1.6 Velocities below homogeneous model predictions

Figure 7.7 shows some of the results plotted as vapor velocity versus vapor quality where
the vapor velocity is below the homogeneous model prediction, which is quite unusual. This
phenomena happens at low vapor quality and low mass flux for R-134a and always for
R-245fa. These velocity measurements have been specifically verified with the high-speed
video image processing as shown in Fig. 4.14, where the image processing and the laser
measurement were in pretty good agreement. Two reasons could be proposed to explain this
unexpected below homogeneous vapor flow velocity:
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Figure 7.7: Vapor velocity versus vapor quality from laser 2 for R-245fa, Ty, = 35°C,
D = 0.509 mm, AT, = 6°C and Ly;gy = 70 mm.

A low level of flow instability inside the microtube and perhaps some back flow of vapor. Even
though a microvalve has been installed there may be still small oscillations not detectable
by the pressure transducers nor the thermocouples. Figure 7.8 shows the wall temperature
measurement versus time carried out with a high-speed infrared camera at a high frequency
of acquisition (900 Hz). An oscillation of the wall temperature is observed at about 8 Hz
with an amplitude of 9°C. These oscillations are not detected by the thermocouples nor the
pressure transducers because those signals are acquired at a frequency of only 1 Hz. Thus
the flow is apparently stable looking at the 1 Hz signals but an 8 Hz instability is in fact
present. In such an oscillating flow, it is logical to envision some compressibility effects on
the bubbles trapped between liquid slugs flowing in opposite directions.

Thus, the actual reason why the vapor velocity can go below homogeneous is not necessarily
readily evident from the information available here. Vapor velocities below homogeneous in
microchannels have been observed and documented experimentally for the first time in this
study. Results should represent the real functioning of a microevaporator, with or without
multichannels.
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Figure 7.8: Wall temperature measurement versus time carried out with a high-speed infrared
camera for Ty, = 30°C, G = 300 kg/m?s, D = 0.790 mm, ¢ = 140 kW/m? and @y pv ou =
0.82.

7.2 Drift flux model applied to the vapor velocity

In order to predict the vapor bubble velocity, the general drift flux model of Zuber and
Findlay described earlier in Chapter 3.3.2 is used.

The idea here was to base the velocity (or void fraction) prediction on the flow pattern
prediction for a future use in a heat transfer or pressure drop model. For that reason, two
zones was defined: the first one for isolated bubble (IB) regime and the second one for
the coalescing bubble (CB) regime. However, after processing the data, it appears that
the bubble velocity is not affected by the different flow patterns. The data were therefore
processed without any differentiation in the flow patterns.

To predict the vapor bubble velocity, results have been plotted as vapor bubble velocity versus
the total superficial velocity (7) using Eq. (2.11). As the tube orientation is horizontal and
as we are in the presence of a microtube, the gravity has no effect. As a result V4,; = 0.
This factor represents the bubble rise velocity in a tube of stagnant liquid. By regarding
Eq. (3.26), it appears that C, represents an empirical factor correcting the one-dimensional
homogeneous theory to account for the fact that the void and velocity profiles across the
channel can vary independently of one another.

7.2.1 R-134a results

Figure 7.9 represents the drift flux model applied to R-134a and D = 0.509 mm. All the data
are well "aligned" and a factor of C;, = 1.1 has been calculated with a least square method.
In fact the data would be better fitted if V4-; was allowed to be below zero (Vi-; = —0.21)
but that is not usual for a horizontal drift flux flow. The reason for this negative value is the
same as that given in Part 7.1.6. The vapor is slowed down by instabilities or compressibility.
It is like a negative bubble rise velocity in a tube of stagnant liquid. This negative value of
ij may be a quantitative characterization of small instabilities or compressibility.
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More than 82 % of the data fall within a 20 % error band (87 % in £ 25 %). The drift flux
model with C, = 1.1 is thus in good agreement with the results. Results show that the flow
is close to the homogeneous flow (C, = 1).

6 T T T T T 6
82.1 % of the values within £20 %
5r w50
: E
o s
) 3
w4 Y g 4+
E . s '}V. o A 2N
2 Co= 1.1 L . < Co= 1.1 .’?,' .
84l N £l 3
g3 .4 g 8 ~l’
l - il > |0 o3
o <1 = s X .
a ¥ (3] . o
S 2t i 3 2F b :
05 >
. 5
Q
S
1k > gL
43 + Experimental data Ry . + Experimental data
e - eaee — Fit curve — +20 % error band
0 . . . T T 0 . . . T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Total superficial velocity [m/s] Experimental vapor velocity [m/s]

(a) Vapor velocity versus superficial velocity for R- (b) Comparison between the vapor velocity from the
134a and D = 0.509 mm. drift flux model and the experimental vapor velocity
for R-134a and D = 0.509 mm.

Figure 7.9: Drift flux model applied to R-134a and D = 0.509 mm results.

Figure 7.10 represents the drift flux model applied to R-134a and D = 0.790 mm. The
results are more scattered than for D = 0.509 mm. C, = 0.92 has been determined with the
least square method and more than 73 % of the data fall within a +20 % error band (80 %
in +25%). One can make the same comments as in the previous paragraph about ij and
a probable negative value that would better fit the data.
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Figure 7.10: Drift flux model applied to R-134a and D = 0.790 mm results.

Figure 7.11 represents the drift flux model applied to all R-134a data. The two different
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diameters are plotted. A mean value of C, = 1.0 has been found and suggests a homogeneous
flow. More than 81 % of the data fall within a +20 % error band (86 % in + 25 %). Thus,
use of the homogeneous model at the low vapor qualities (<0.20) seems to be relatively
appropriate here.
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Figure 7.11: Drift flux model applied to all R-134a results.

7.2.2 R-245fa results

Figure 7.12 represents the drift flux model applied to R-245fa and D = 0.509 mm. A value
of C, = 0.6 has been found. About 33 % of the data fall within a +20 % error band (50 %
in +25 %), which is not a good result. The data are strongly scattered. Instabilities were
much more visible for R-245fa than for R-134a. This probably explained the results and the
value of C, = 0.6.

7.3 Experimental time averaged void fractions

In order to determine the time averaged cross sectional void fraction, Eq. (2.9) is used.
It is an indirect calculation of the void fraction by using the superficial velocities and the
vapor bubble velocities. The time averaged centerline void fraction is also determined. It is
calculated by assuming that its value is 1 if there is vapor and 0 if liquid and then processing
the signal accordingly. It does not take into account the radial distribution of the liquid and
vapor but only that at the nose and rear of the bubble, i.e. essentially that at the centerline
of the channel. When semi-annular flow is reached, it becomes 1 as expected and is used
as a further quantitative check on that transition and thus a limit on the measurement of
vapor velocities.
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Figure 7.12: Drift flux model applied to R-245fa results.

Fig. 7.13 shows the time averaged centerline (c-1) void fractions and the cross sectional (c-s)
void fractions from laser 2 versus the thermodynamic vapor quality. The cross sectional void
fractions are also compared to those predicted with the homogeneous model.

As can be seen, the time averaged centerline (c-1) void fraction is most of the time greater
than the time averaged cross sectional (c-s) void fraction as expected. The higher the vapor
quality, the higher the void fraction is. However, the higher the mass flux, the lower the void
fraction becomes.

7.4 Drift flux model applied to the cross sectional void
fraction

As the cross sectional void fraction is derived from the vapor velocity measurement, the
conclusion will be the same when applying the drift flux model. Figure 7.14 shows the void
fraction versus the volumetric flow concentration (Eq. (3.28)) for R-134a. Results are in
good agreement with the homogeneous model while the Armand correlation under predicts
the data. The Armand correlation is derived from the drift flux model with C, = 1.2 and
Vi; = 0. The present results for R-134a agree well with the Tripplet et al. [53], Serizawa
et al. [44], and Chung and Kawaji [10] conclusions saying that cross sectional void fraction
in microchannels are well predicted by the homogeneous model, which was the void fraction
model assumed in the development of the 3-zone model by Thome et al. |50].
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Figure 7.13: Void fractions from laser 2 for R-134a, D = 0.509 mm, Ly;gy = 70.70 mm,
Toor = 30°C and ATy, = 3°C.
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7.5 Conclusions on the velocity and void fraction results

Bubble vapor velocities were measured using a cross-correlation technique from two laser sig-
nals for a wide range of mass velocities for R-134a and R-245fa in two sizes of microchannels
for the following types of flow regimes where the method is applicable: bubbly/slug, slug
and slug/semi-annular flow. The vapor velocity and cross sectional void fraction backed out
from the velocity data showed that these parameters were dependent on the vapor quality,
the mass flux, the saturation temperature and the fluid. The inlet subcooling, the microe-
vaporator length and the diameter had no influence on the results.

Some results for R-134a and all the results for R-245fa were surprisingly below the homo-
geneous prediction. The minor flow instabilities in the test section, not detectable with
conventional instrumentation, may explain this phenomena. The flow is slowed down or
blocked due to the pressure variation inside the microevaporator, which may also create a
compressibility effect.

The general expression for predicting the true average velocity of the vapor and therefore
the average cross-sectional void fraction of the present results is:

uy = C,G <i+ 1_x> (7.1)
4% PL

where:

C, =1.1 for R-134a and D = 0.509 mm.

C, =0.92 for R-134a and D = 0.790 mm.

C, = 1 for R-134a based on results for both tubes.
C, = 0.6 for R-245fa and D = 0.509 mm.
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For R-134a, since C, = 1 the flow can be considered as a homogeneous flow. More than 81
% of the data fall within a +20 % error band (86 % in 425 %) when fitting the data with
C, = 1. For R-245fa, more tests with some modifications to avoid instabilities have to be
performed to better investigate the reason for the vapor velocities falling significantly below

that of a homogeneous flow.



Chapter 8

Adiabatic two-phase pressure drop

In this Chapter, the adiabatic two-phase pressure drops measured in the sight glass shown
in Figs. 4.4 and 4.5 are presented. The method used to measure pressure drops and its
error analysis were presented earlier in Section 4.4.14. As it is experimentally a challenge
to measure two-phase pressure drops in microchannels without disturbing the flow, in this
study they were obtained indirectly using the saturation temperatures at the inlet and outlet.
This resulted in satisfactory accuracy of 4.1 % at high pressure drops (at 8.8 bar/m) but a
sizable error of 25 % at low pressure drops (1.3 bar/m). However, as shown in this chapter,
the method gives a very good consistency in the data. The term "adiabatic" will be omitted
to lighten the text in this chapter.

8.1 Experimental two-phase frictional pressure drop

The experimental procedure is the same as for the flow patterns. There were 2210 ex-
perimental two-phase pressure drops data points measured in this study for the conditions
presented in Table 6.1. 30 data points are not taken into account as their values are below
zero due to small instabilities and error measurements. The two-phase total pressure drop
is calculated using Eq. (4.53). According to Eqgs. (3.34) and (3.36), the momentum pressure
drop is subtracted from the total pressure drop to obtain the two-phase frictional pressure
drop (%)f. The momentum pressure drop is caused by the slight flashing effect due to the

pressure drop but it is negligible (less than 0.1 %) as shown in Fig. 8.1, but is taken into
account anyway.

The general trend for the two-phase frictional pressure drop is illustrated in Fig. 8.2. The
data are plotted according to the vapor quality at the laser 1. In general, the higher the
mass flux, the higher the vapor quality, the higher the two-phase frictional pressure drop is
(the expected trend). However, a change in the trend can be observed for G=1000 kg/m?s
and G=1200 kg/m?s. Three arrows show this change. It corresponds to a change in flow
pattern. Figure 8.3 shows the voltage signal from the laser reading diode versus time during
1 second for two different vapor qualities corresponding to the data points (a) and (b) in Fig.
8.2(b). The flow is annular according to the flow pattern map of Fig. 6.8 but the annular

133
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Figure 8.1: Comparison between the total, the frictional and the momentum pressure drop
as a function of vapor quality from laser 1 for R-134a, D = 0.509 mm Lgy = 70.70 mm,
Tyt = 30°C, G = 1800 kg/m?s and ATy, = 3°C. Since the momentum pressure drop is so
small, the values for the total and the frictional pressured drops essentially fall on top of one
another.

flow tends to be separated into smooth annular and wavy annular flow as shown in Figs. 6.6
and 6.7 . (This can happen also for semi-annular flow which exhibits both smooth annular
and churn flow zones). The friction factor is definitely less for smooth than for wavy annular
flow so the two-phase pressure drop is less for case (b) than for case (a).

For very low vapor quality one can surprisingly observe the two-phase frictional pressure
drops decreasing with increasing vapor quality. Afterwards the two-phase frictional pressure
drop increases with the vapor quality with two different gradients, where the higher gradient
is for lower vapor qualities. The change in the gradient of the two-phase frictional pressure
drop will be explained later.

8.1.1 Effect of the inlet subcooling

As expected, the inlet subcooling at the entrance to the microevaporator had no effect on the
saturated two-phase frictional pressure drops as shown in Fig. 8.4. The small inlet subcool-
ings tested here had no influence on the flow patterns and thus the two-phase mechanisms
are not affected.

8.1.2 Effect of the saturation temperature

As presented in Fig. 8.5, the saturation temperature influences the two-phase frictional
pressure drop. The higher the saturation temperature, the lower the two-phase frictional
pressure drop is. The saturation temperature modifies the density and the dynamic viscosity
of the mixture. The results here show the expected tendency from macroscale theory.
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Figure 8.2: Two-phase frictional pressure drop as a function of the vapor quality from laser
1 for R-134a, D = 0.509 mm, Ly/gy = 70.70 mm, T,,; = 30°C and AT, = 3°C.
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Figure 8.3: Signal from diode versus time for laser 1 R-134a, D = 0.509 mm, Ly;py = 70.70
mm, Ty, = 30°C, G = 1200 kg/m?s and AT, = 3°C. Left: wavy-annular flow (a); Right:
smooth and wavy-annular flow (b).
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Figure 8.4: Influence of the inlet subcooling at entrance to the microevaporator on the two-
phase frictional pressure drop for R-134a, D = 0.509 mm, Ly;gy = 70.70 mm, T, = 35°C
and G = 1500 kg/m?s.
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Figure 8.5: Influence of the saturation temperature on the two-phase frictional pressure drop
for R-134a, D = 0.509 mm, Ly;py = 70.70 mm, AT, = 3°C and G = 1800 kg/m?s.
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8.1.3 Effect of the microevaporator length

As the microevaporator length has no effect on the flow patterns, it was expected that the
two-phase frictional pressure drops measured in the sight glass tube would not be affected
by this variation. Figure 8.6 shows this to be the case.

-
o

@) LMEV =30 mm
S O O Lygy =50 mm
H Ogﬂ ® Ly, =70mm
8 @®
° (
o 10 QII
S
g .
= @
g &
S Qe
3 ‘®
E 5t @
Q
%]
©
£
&
o
2
g
0

1 1 1 1
0 0.2 0.4 0.6 0.8 1
Vapor quality [-]

Figure 8.6: Influence of the microevaporator length on the two-phase frictional pressure drop
for R-134a, D = 0.509 mm, Ty, = 30°C, AT, = 3°C and G = 1800 kg/m?s.

8.1.4 Effect of the microevaporator diameter

As can be seen in Fig. 8.7, the diameter of the sight glass tube has a strong influence on
the two-phase frictional pressure drop. As expected, the larger the diameter, the lower the
two-phase pressure drop is. The same trends are observed for both diameters.
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Figure 8.7: Influence of the microevaporator diameter on the two-phase frictional pressure
drop for R-134a, Ty = 30°C, Lypy = 70.70 mm, AT, = 3°C and G = 1200 kg/m?s.
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8.1.5 Effect of the fluid

The fluid has an important influence on the two-phase frictional pressure drop. The values
for R-245fa are strongly higher than those for R-134a. Actually py (R-134a) ~ 3py (R-245fa)
and 2u7(R-134a) ~ 7 (R-245fa), so the density and the dynamic viscosity of the two-phase
mixture are affected in the same way and the result is the increase of the pressure drop for
R-245fa.
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Figure 8.8: Influence of the fluid on the two-phase frictional pressure drop for D = 0.509
mm, T,,; = 35°C, Lypy = 70.70 mm, ATy, = 5 — 6°C and G = 700 kg/m?s.

8.1.6 The two-phase friction factor

As observed in the previous figures, the variation of the two-phase frictional pressure drop
can be divided into three different zones. Firstly, the two-phase frictional pressure drop
decreases, secondly the two-phase frictional pressure drop increases with a certain gradient
and thirdly the two-phase frictional pressure drop increases with a lower gradient as can be
seen in Fig. 8.8.

It is possible to plot the pressure drop data as the two-phase friction factor versus the two-
phase Reynolds number as shown in Fig. 8.9. Equations (3.42) and (3.38) are used to
calculate respectively purp and prp. The two-phase friction factors are determined from the
measured pressure gradients using Eq. (3.37). The values of Rerp are obtained using Eq.
(3.41). Three different zones are detected. An analogy with the behavior of the single phase
friction factor is made as follows:

- Rerp < 2000: The first zone is called the laminar zone. The two-phase friction factor
diminishes when increasing the two-phase Reynolds number.

- 2000 < Repp < 8000: The second zone is the transition zone. The two-phase friction
factor increases with the Reynolds number or decreases, depending to the conditions.
A case could also be made here to set the upper boundary at 4500 rather than 8000
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in viewing Fig. 8.9 but in (b) and (c) some transition effects still appear to fall in this
range.

- Rerp > 8000: The third zone corresponds to the turbulent zone. The data are grouped
and decrease with increasing two-phase Reynolds number.

The two-phase friction factor behavior is the same as for the single phase friction factor. It
is interesting to emphasize here that each zone corresponds to each trend observed earlier
when plotting the two-phase frictional pressure drop versus the vapor quality.

The laminar zone corresponds most often to the bubbly or bubbly/slug regime. Usually,
the pressure drop should not decrease and then increase afterwards as there should be a
continuous increase of the pressure drop with the two-phase Reynolds number. However,
macroscale two-phase pressure drop data nearly always fall only in the turbulent zone and
this trend is not thus observed. Furthermore, it is interesting to emphasize that the transition
zone occurs in the same range of Reynolds number as for single phase flow. The laminar zone
will be ignored for this study as it is difficult to make a detailed analysis since it corresponds
to only 74 data points, or 3.3 % of the database.

The rest of the database will be divided into two sets of data (936 data points for the
transition zone and 1200 data points for the turbulent region) and compared to available
correlations or models.

8.2 Comparisons with existing prediction methods

The comparison between the present experimental data (for R-134a, R-245fa and both sight
glass tube diameters) and twelve models and correlations available in the literature (described
in Chapter 3.4) is shown in Figs. 8.10, 8.11, 8.12 and 8.13, segregating the data into the
respective transition (left graph) and turbulent (right graph) regions. The data are plotted
according to the saturation conditions at the laser 1. No prediction method works very well
to predict the present experimental data, except for the Miiller-Steinhagen and Heck [39]
correlation that predicts more than 62 % of the data within a £ 20 % error band for the
turbulent data. Furthermore, it predicts 83 % of the data for R-134a in the 0.509 mm tube
within this £ 20 % error band. For R-134a in the 0.790 mm tube, the results are not well
predicted, as only 29 % of the data fall within a £+ 20 % error band while 62 % of the data
are within £+ 20 % for R-245fa.

The homogeneous model tends to regroup the data about as well as the Zhang and Webb
or Mishima and Hibiki correlations. The homogeneous models under predict the data. In
fact, some methods over predict the data while others under predict them. A new prediction
method has been developed and is proposed below.
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Figure 8.10: Comparison between the experimental data of two-phase frictional pressure drop
and different models or correlations available in the literature for macroscale or microscale.
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Figure 8.11: Comparison between the experimental data of two-phase frictional pressure drop
and different models or correlations available in the literature for macroscale or microscale.
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Figure 8.12: Comparison between the experimental data of two-phase frictional pressure drop
and different models or correlations available in the literature for macroscale or microscale.
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Figure 8.13: Comparison between the experimental data of two-phase frictional pressure drop
and different models or correlations available in the literature for macroscale or microscale.
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8.3 New prediction method

Two possibilities are offered to develop a new prediction method: In first, modification of
the homogeneous model using the two-phase friction factor. This assumption is not far away
from reality as it has been shown previously that the homogeneous model predicted the
void fraction rather well. Moreover, Agostini and Bontemps [2]| found that homogeneous
model predicted their R-134a two-phase pressure drop data very well. Secondly, the classic
Lockhart-Martinelli method can be modified with a new C parameter. Both approaches are
widely used in the literature to predict two-phase pressure drops.

8.3.1 Homogeneous model with a new two-phase friction factor

Based on Part 8.1.6, it is possible to determine a new two-phase friction factor for the
turbulent data where 8000 < Rerp. Figure 8.14 shows the new predicted two-phase friction
factor determined with a least square method and given by the following Equations:

frp = 0.08Repd” for D = 0.509 mm

frp = 6Reprs)® for D = 0.790 mm (8.2)

The friction factor commonly used in single phase flow for smooth tubes is also plotted
for comparison. The two-phase friction factor is higher than that for single phase flow as
expected. Actually, the two-phase friction takes into account the friction between the liquid
and the wall as well as the friction between the liquid and the vapor whereas the single phase
friction is affected only by the friction between the liquid and the wall. This difference was
thus expected.

There are two different relations for frp, one for each tube. This could be explained by
the fact that even if the sight glass tubes come from the same manufacturer, there could
be a difference between them; however, they are very smooth (see Section 4.4.2) as can be
expected with good optical quality glass and hence surface roughness can be excluded as
influencing the results. More likely, it is the buoyancy effect that is responsible, which is
greater for the 0.790 mm tube than for the 0.509 mm tube as shown in Fig. 1.2 and this
effect explains the difference in the results. Supporting this conclusion, the data for R-134a
and R-245fa in the 0.509 mm glass tube are well grouped together and are well predicted by
Eq. (8.1) whereas those for the 0.790 mm tube are well predicted by Eq. (8.2).

Figure 8.15 presents the comparison between the 1200 experimental data points for the tur-
bulent zone with the homogeneous model using a new two-phase friction factor expressions.
It can be seen that the data are very well predicted. The trends are captured and the data
are well grouped with 85.7 % of the data falling in a +20 % error band and more than 96
% within +30 %. The transition zone data cannot however currently be correctly predicted
by any of the existing methods as shown in Figs. 8.10, 8.11, 8.12 and 8.13 and no method
is proposed here for this regime. In fact none of the literature methods were specifically
developed to handle the transition regime, so the lack of accuracy is not surprising. On
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Figure 8.14: Two-phase friction factor versus two-phase Reynolds number for Re;p > 8000.

the other hand, most literature methods eliminate the transition regime in the two-phase
analysis, jumping directly from laminar to turbulent (see for example Friedel [20] with his
Egs. (3.54) and (3.55)). Figure 8.9 provides a very good example of why this is not at all
appropriate.

8.3.2 Lockhart-Martinelli model with a new C parameter

Predicting the data with the lockhart-Martinelli method presented in Section 3.4.2 by mod-
ifying the C parameter is also possible and has been done by others as noted in Chapter 3.4.
Figure 8.16 shows the two-phase multiplier as a function of the Martinelli parameter using
the new values of C instead of the original values in Section 3.4.2 (which did not work well as
was shown in Fig. 8.11 for the transition and turbulent data). The data have been plotted
according to the different values of Re; and Rey. Only the data for Rerp > 2000 are used.
As can be seen, C' = 10 fits the results for the 0.509 mm tube whatever are the conditions
for the Reynolds number. For the 0.790 diameter tube, the data are more scattered and
different values of C' are found:

Liquid Gas C

turbulent turbulent (tt) 15
viscous  turbulent (vt) 22
turbulent  viscous (tv) 22
viscous  viscous (vv) 30

The data are more grouped for the turbulent zone than for the transition zone.

If we now compare the prediction method with the results (Fig. 8.17) for the two different
zones defined earlier, it appears that the prediction method does not capture the trends for
the transition region but does give a better results for the turbulent region; however the
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statistics are still poor with only 67.1 % of the data falling in a + 20 % error band (versus

only 22.8 % in Fig. 8.11(b)) against 85.7 % for the modified homogeneous model.
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Figure 8.17: Comparison between the experimental data of two-phase frictional pressure
drop and the modified Lockhart-Martinelli model.
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8.4 Conclusions on the adiabatic two-phase pressure drop

In this study, 2210 experimental two-phase frictional pressure drop data points were taken
in 0.790 and 0.509 mm adiabatic glass tubes for R-134a and R-245fa for a wide range of test
conditions. The following conclusions can be made here:

e Three zones were distinguishable when regarding to the variation of the pressure drop
with the vapor quality or the two-phase friction factor versus the two-phase Reynolds
number: a laminar zone for Rerp < 2000 (74 data points), a transition zone for
2000 < Rerp < 8000 (936 data points) and a turbulent region for Rerp > 8000
(1200 data points). An analogy with the single phase friction factor can explain these
transitions and trends.

e The laminar zone is actually not taken into account as the gradient for the pressure
drop versus vapor quality is negative. This zone corresponds to small instabilities.

e The transition region is not predicted well at all by any of the prediction methods. In
the literature, only a few data are available for this region and most methods ignore
this region, jumping directly from laminar to turbulent flow at Rerp = 2000.

e The turbulent zone can be reasonably well predicted by the Miiller-Steinhagen corre-
lation.

e A new prediction method is proposed here using the homogeneous model and deter-
mining a new two-phase friction factor frp for the two different tubes. More than 85.7
% of the data fall in a +20 % error band and more than 96 % within +30 %. The
trend is captured for both diameters and both fluids.

In summary, none of the methods are able to capture the laminar, transition and turbulent
trends in the present two-phase friction factors shown in Fig. 8.9, not even the Lockhart-
Martinelli method with its different C' values for laminar-laminar, turbulent-laminar, laminar-
turbulent and turbulent-turbulent combinations in the liquid and vapor phases. Since most
methods either ignore the transition regime and laminar regime all together, or jump di-
rectly from a laminar to turbulent formulation, it is not surprising that databases containing
transition regime data are poorly predicted (as these data are not usually segregated from
the database as was done here). Proposing a new prediction method that captures all these
three regimes is beyond the time frame of the present project. Also, more laminar data and
more accurate measurements at low pressure drops are required to do this.



Chapter 9

Conclusions

Experimental two-phase fluid flow in microchannels (0.509 and 0.790 mm) has been studied.
The work and results are summarized below.

1. A new multi purpose microchannel test facility has been built and brought online with
computerized data acquisition and control.

2. An optical measurement method has been developed to characterize flow pattern tran-
sitions of two-phase flow in microtubes. It consists of shining two microlaser beams
through a glass tube and the fluid at two different locations, using two lenses to fo-
cus the laser beams to the middle of the microtube, and using two photodiodes to
recuperate the intensity of the light, whose signals are used to distinguish whether
liquid, vapor or liquid and vapor are present in the cross section. Bubble frequency,
percentage of surviving small bubbles, lengths of bubbles and flow pattern transitions
are parameters that are able to be determined by this technique. Mean vapor velocity
is also calculable from the measurements at some test conditions.

3. Four principal flow patterns (bubbly flow, slug flow, semi-annular flow and annular
flow) with their transitions (bubbly/slug flow and slug/semi-annular flow) were ob-
served in the present experiments with R-134a and R-245fa in 0.509 mm and 0.790
mm circular channels. No influence of the liquid subcooling, the microevaporator
length, the saturation temperature nor the diameter has been found. Changing the
fluid affects the transition lines. A new type of flow pattern map for evaporating flow
in microchannel has been developed, in particular a diabatic map as opposed to the
adiabatic maps found in the literature. The first zone corresponds to the isolated bub-
ble regime. It includes both bubbly flow or/and slug flow and is present up to the
onset of coalescence. The second zone is the coalescing bubble regime. It is present up
to the end of coalescence process. The third zone is the annular zone and is limited by
the fourth zone of this diabatic map, the onset of critical heat flux. This flow pattern
map can be used for heat transfer models and for the design of microevaporators.

4. New accurate CHF data have been measured with the test facility. The experimental
data have shown that the parameters dominating CHF are: mass flux, microevaporator
length, microchannel internal diameter and thermal properties of the refrigerant. No
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influence of the liquid subcooling was found for the small range tested. Based on the
experimental data, a new microchannel version of the Katto - Ohno correlation has
been developed to predict the CHF in circular, uniformly heated microchannels. The
new correlation predicts experimental points with 82.4% of the data falling within a
+15.0 % error band. Due to the lack of experimental data for higher reduced pressures
and different flow patterns, it is recommended to use this correlation only for py /p <
0.041 and only when the local condition at the exit is annular flow. Moreover, a new
transition curve from annular flow to dryout has been proposed in the new diabatic
flow pattern map developed here.

. The vapor velocity or cross sectional void fraction is dependent on the vapor quality,

the mass flux, the saturation temperature and the fluid. The inlet subcooling, the
microevaporator length and the diameter were found to have no influence on the results.
For R-134a, the flow can be considered as a homogeneous flow as more than 81 % of
the data fall within a £20% error band around the homogeneous void fraction (86
% in £25%). For R-245fa, more tests with some modifications to avoid instabilities
have to be performed as the void fractions observed often were above the homogeneous
curve.

. Two-phase pressure drops were measured over a wide range of experimental test condi-

tions in the two sizes of microchannel sight glass tubes for the two refrigerants. Three
zones were distinguishable when plotting the variation of the adiabatic frictional pres-
sure drop versus the vapor quality or the two-phase friction factor versus the two-
phase Reynolds number: a laminar regime for Reprp < 2000, a transition regime for
2000 < Rerp < 8000 and a turbulent regime for Rerp > 8000. An analogy with the
single phase friction factor can thus be made. The laminar zone, quite surprisingly,
yields a negative gradient for the pressure drop versus vapor quality apparently due
to small instabilities in the flow. The transition regime is not predicted well at all by
any of the prediction methods for two-phase frictional pressure drops available in the
literature. This is not unexpected since only a few data are available for this region in
the literature and most methods ignore this regime, jumping directly from laminar to
turbulent flow at Reprp = 2000. However, the turbulent zone is best predicted by the
Miiller-Steinhagen correlation. Also, a new homogeneous two-phase frictional pressure
drop has been proposed here with a limited range of application.

In summary, an important new database has been created for two-phase fluid flow
in microchannels. Numerous prediction methods have been compared to the results
obtained here and several new methods have been proposed for predicting:

x CHF in microchannels

x Diabatic flow pattern map for microevaporators

* Microchannel void fractions

* Two-phase frictional pressure drops in the turbulent regime

However, many questions on two-phase flows in microchannels are still open:

- How to predict the onset of two-phase flow instabilities in microchannels?
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- How thin is the liquid film trapped between the wall and the elongated bubbles
and how can it be predicted?

- What are the coalescence mechanisms? How does coalescence affect pressure drop
in microchannels?

- Where are the transitions between macro, mini and microchannels? What para-
meters have to be studied to explain the transitions?

- How can the two-phase frictional pressure drops be predicted over the laminar,
transition and turbulent two-phase Reynolds number regimes?

All these questions should be investigated in the future to improve the thermal /hydraulic
design methods and better understand the phenomena occurring in micro or mini heat
exchanger.
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Appendix A

Fluid physical properties

Table A.1: R-134a properties.

Temp Pressure Density (L) Density (V) Enthalpy (L) Enthalpy (V)  Viscosity (L) Viscosity (V)  Surf Tension

[°Cl [bar] [kg/m?] [kg/m®] [kJ/kg] [kJ /ke] [#Pa-s] [#Pa-s] [N/m]
0 2.928 1295 14.43 200 398.6 271.1 10.73 0.01156
5 3.497 1278 17.13 206.8 401.5 254.4 10.94 0.01084

10 4.146 1261 20.23 213.6 404.3 238.8 11.15 0.01014
15 4.884 1243 23.76 220.5 407.1 224.3 11.36 0.00944
20 5.717 1225 27.78 227.5 409.7 210.7 11.58 0.00876
25 6.654 1207 32.35 234.5 412.3 197.9 11.81 0.00808
30 7.702 1187 37.54 241.7 414.8 185.8 12.04 0.00742
35 8.87 1168 43.42 249 417.2 174.3 12.29 0.00677
40 10.17 1147 50.09 256.4 419.4 163.4 12.55 0.00613
45 11.6 1125 57.66 263.9 421.5 153 12.82 0.0055
50 13.18 1102 66.27 271.6 423.4 143.1 13.12 0.00489

Table A.2: R-245fa properties.

Temp Pressure Density (L) Density (V) Enthalpy (L) Enthalpy (V) Viscosity (L) Viscosity (V)  Surf Tension

[°cl [bar] [kg/m?] [kg/m®] [kJ/kg] [kJ/ke] [#Pa-s] [#Pas] [N/m]
0 0.5359 1404 3.251 200 404.9 581.6 9.465 0.01725
5 0.6698 1391 4.01 206.5 408.7 537.7 9.64 0.01661

10 0.8293 1378 4.903 213.1 412.5 498.5 9.814 0.01597
15 1.018 1365 5.946 219.7 416.4 463.3 9.989 0.01533
20 1.238 1352 7.157 226.4 420.2 431.5 10.16 0.01469
25 1.494 1339 8.555 233.2 424.1 402.7 10.34 0.01405
30 1.79 1325 10.16 240.1 427.9 376.4 10.51 0.01341
35 2.13 1311 11.99 247 431.8 352.3 10.69 0.01277
40 2.518 1297 14.08 254 435.7 330.1 10.87 0.01213
45 2.958 1282 16.44 261 439.6 309.7 11.05 0.01149
50 3.454 1268 19.11 268.2 443.4 290.8 11.23 0.01085
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