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Résumé

RESUME

Cette these traite principalement des connaissdondamentales en hydrodynamique et
des caractéristiques des réactions gaz-liquide diessnicroréacteurs capillaires.

Dans une premiére partie, nous avons effectué deaisedans trois microcanaux
circulaires en verre placés horizontalement. Lesnéires étudiés étaient de 302, 496 et
916 um. Les arrivées de gaz et de liquide se femhdniére symétrique et forme un angle de
120° entre elles. Une cartographie des écoulemeliphasiques gaz-liquide a été
systématiquement faite pour des vitesses du liquaaprises entre 0,1 et. 2 m/s et des
vitesses du gaz comprises entre 0,01 et 50 m/®€38s mettent en évidence l'influence du
diamétre des canaux, de la viscosité du liquidgeeleur tension superficielle. Ces mesures
ont été comparées avec les cartes décrivant lfEsatlifs régimes d’écoulement (a bulles, en
bouchons de Taylor, annulaires ou sous forme dess®)wet confrontés aux modéles de la
littérature qui prédisent les transitions entre thfferents régimes. Nous avons mis en
évidence que ces derniers n’étaient pas totalegatisfaisant et en conséquence, un nouveau
modele de transition prenant en compte les effetmile du canal, les propriétés physiques

du liquide a été propose.

Les pertes de charge engendrées par ces écoulegaentsit été étudiées. Nous avons
constaté que la chute de pression est tres dépendianégime d'écoulement. Cependant pour
décrire I'évolution de la perte de charge il eshowde de la scinder en trois régions: une ou
les forces de tension superficielle sont le parean@tpondérant et qui correspond aux faibles
vitesses superficielle du gaz, une zone de transdi une dans laquelle les forces d’inertie
sont dominantes et qui correspond aux grandessesesuperficielles du gaz. La prédiction de
cette chute de pression dans la troisieme zoneéafadte a partir d'un modele de
Lockhart-Martinelli. Ce modele qui prend en comfae flux de chaque phase dépend d'un
parametre semi empiriqu€. Nous avons proposé de le corréler avec les nambes
Reynolds correspondant a chacune des deux phasa®smce. Cette méthode permet de

Vi



Résumé

bien rendre compte de nos mesures.

Les caractéristiques hydrodynamiques en écouleneriaylor ont été examinées. Il a
été montré que la formation des bulles dans unlécmnt de Taylor est dominée par un
mécanisme d’étranglement en entrée du capillameallle des bulles dépend fortement de la
viscosité du liquide et la tension superficiella. ¢hute de pression dans cette zone, lorsque le
nombre capillaire est relativement faible, peuteasétre bien décrite par le modéle de

Kreutzer modifiée par Walsh et al.

Enfin dans une derniére partie, nous avons réatigéréaction chimique en écoulement
de Taylor.

L'oxydation du 2-hydrogene-ethyltetrahydroanthraque (THEAQHZ2) pour former du
peroxyde d’hydrogéne a été expérimentalement é&udigns un microcanal circulaire
horizontal de 900 um de diameétre et 30 cm de lbagprésence d’une réaction chimique ne
modifie que tres peu les transitions entre lesedhbffits régimes d’écoulement ni I'évolution
des pertes de charge. Les cinétiqgues de convedsigmeroxyde d’hydrogéne sont environ

deux fois plus rapides celles obtenues dans leseda gaz liquide utilisés habituellement.

Mots-clés: microcanal, écoulement diphasiques, écoulementglor, pertes de charge,

réaction gaz-liquide.
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Abstract

ABSTRACT

This dissertation mainly deals with the fundamektawledge of hydrodynamics and
reaction characteristics in gas-liquid microreastdextensive experimental investigations
have been performed in horizontal circular micreuteds with diameter from 302 um to 916
pum.

Gas-liquid two-phase flow patterns in the microclnmave been systematic
experimental investigated, in which the influencecloinnel diameters, liquid viscosities and
surface tension were considered. Flow pattern regimaps in the present microchannels were
developed, and the comparison with existing regmags and flow pattern transition models
in literature implied that transitions in preserdriwcould not be well predicted. As a result, a
new transition model taking the effects of charsigt, liquid physical properties into account
was proposed.

The gas-liquid two-phase pressure drop charadterist microchannels were studied. It
has been found that the pressure drop was highly fflatterns dependent, and the main trend
can be divided into three regions: surface tendimminated region, transitional region and
inertia-dominated region. The pressure drop charastics in surface tension-dominated and
inertia-dominated region were discussed respegtivdl modified Lockhart-Martinelli
separated flow model in which the effects of chamh@meter and liquid properties on the
C-value are taken into account was proposed, asttbived a good agreement with respect to
our experimental data and others’ reported inditge.

Hydrodynamics characteristics of Taylor flow havemexamined. It was shown that the
formation of Taylor flow was dominated by squeezmgchanism, on which the effects of
liquid viscosity and surface tension were dramédtic@ihe two-phase pressure drop of Taylor
flow could be well predicted with the Kreutzer's ded modified by Walsh et al., when
capillary number was relatively low.

Oxidation of hydrogenated 2-ethyltetrahydroanthragne (THEAQH) in a horizontal
circular microchannel have been experimental ingattd. Results of visualization study on

oxygen-anthraquinone working solution two-phase fliowmicrochannel showed that the
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Abstract

flow pattern transition model and pressure drop rhtwtenertia-dominated region proposed
in this dissertation had good predicting accurdtywas indicated that the gas-liquid
interfacial area and space-time yield of hydrogeropide in the microchannel are at least one

to two orders of magnitude higher than those inctireventional gas-liquid reactors.

Keywords: microchannel, two-phase flow pattern, pressure ,dgag-liquid reaction, Taylor

flow.
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Nomenclature

NOMENCLATURE

Notes: Symbols that appear infrequently are explaghin the text.

Latin symbols:

a Specific interficial area, Aim®
A Aspect ratio, depth/width, dimensionless
Co— G Correlation constants, dimensionless
C Chisholm’s parameter, dimensionless
Coxy Production concentration of hydrogen peroxide, g
Crotal Total concentration of hydrogen peroxide, g/L
d, Diameter of Taylor bubble, m
d, Critical diameter, m
d., Critical diameter, m
d, Hydraulic diameter, m
d Inner diameter of circular microchannel, m
E., Mean relative deviation, dimensionless
F Darcy friction factor, dimensionless
g Acceleration of gravity, mfs
G Mass flux, kg/(n-s)
k Correlation constant, dimensionless
ke Liquid side mass transfer coefficient, m/s
ks Roughness of channel wall, m

_ o
La Laplace length: [——— ' 'm

g (pL - pG)

Ls Length of bubble, m
Ls Length of liquid slug, m

XV



Nomenclature

n Correlation constant, dimensionless

0% Percentage of points falling within the relativeeviition of 30%,

dimensionless

AP Pressure drop, Pa

AP, Acceleration pressure drop, Pa

JA Frictional pressure drop, Pa

AR, Gravitational pressure drop, Pa

Q Volumetric flow rate, n¥s

ras Gas-liquid volumetric ratio, dimensionless

lo Radii of the channel, m

R Gas constant, dimensionless

S Interficial area between gas and liquid phase,
T Temperature;C

Tt Thickness of liquid film, m

U Velocity, m/s

Veubble \Volume of Taylor bubble, th

X, Gas mass fraction, dimensionless

X Lockhart-Martinelli parameter, dimensionless
Z Channel length, m

Greek symbols:

a Fitting parameter, dimensionless

4 Gas phase volumetric fraction, dimensionless

o) Relatively roughness of channel wall, dimensissle
& Void fraction, dimensionless

@

Two-phase frictional multiplier, dimensionless

XV



Nomenclature

% Shear rate,s

n Oxidation conversion, dimensionless

H Dynamic viscosity, Pa-s

Moo Dynamic viscosity of non-Newtonian liquid, Pa:s

g Channel angle of inclination with respect to ¢inavity force, dimensionless
P Density, kg/m3

o Surface tension, N/m

r

Shear stress, Nfm

Additional function to the frictional factdy dimensionless

Dimensionless number

Bo Bond number:d,,?g(o, —,OG)/J
Ca Capillary number: y U (/o

T
Kn Knudsen number: d

oJ2rRT/ "
Lo* Dimensionlessaplace constant; /U/dH

g(pL _pG)

A Dimensionless number 1@ correlation of Lee et Lee (2001) and Lee et Lee

(2008): u.* 1 p od,
7/ Dimensionless number i@ correlation of Lee et Lee (2001) and Lee et Lee

(2008), which equal t€a: p U, /o

Ncont Confinement number:; /U/dH
9(o. ~ ps)

Re Reynolds numberpUd,, / u
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Nomenclature

Su

We

Subscripts

Exp
fri

GS

hom

Liquid
LS
meas
pre
sep
Taylor
tp

TP
TS
TUC

Swumber: od,, p, /14

Weber number: oU?d,, /o

Bubble

Experimental measured
Frictional

Gas

Gas superficial
Homogeneous-flow model
Hydraulic

Liquid

Liquid slug

Liquid superficial
Measured

Predicted
Separated-flow model
Taylor flow

Two-phase mixture
Two-phase total

Liquid slug inTaylor flow

Taylor unit cell
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Chapter 1: Literature Review

CHAPTER 1: LITERATURE REVIEW

1.1 General introduction

In the last decade, to satisfy both the market irement and the social and
environmental constraints of industry processegnubtal industry has been undergoing
reformation rapidly. The evolution of chemical eregning is vitally necessary to survive in
the globalization of world trade and competitiorhieh require the future chemical processes
to be environment-friendly, highly efficient, detdoee and perfectly safe. Microreaction
technology has provided a possibility to confrdre thallenges, for it is generally considered
to have many advantages for chemical processediga and mass transfer enhancement,
improved reaction performance, perfect safety, leasintrolled process, continuous
operation mode and well-defined flow property, amitkracted an increasing worldwide
academic interest and growing attention from ingug#licroreaction technology represents
microstructured devices integrated into a varidtypmeration units, which are composed of
small size channels having dimensions with the roodléens or hundreds of microns. After
twenty years development, microreaction technolegyo longer in its infancy, and its
practical applications in many processes of chemiwtustry have been emerging, which
tabulated in Table 1-1. However, the applicationgas-liquid multiphase microreaction
technology in practice is rarely reported. There @mve main reasons considered to be
responsible for this phenomenon. On one hand,ntase complicate that the hydrodynamic
and reaction characteristics of gas-liquid multgghamicroreactors than that of others
microreactors, due to the predominance of surfacee$ induced by the miniaturization of
channel dimensions. On the other hand, the fundaheknowledge of gas-liquid
microreactors is found to be significantly differdrom that of their macro scale counterpart,
hence the theory founded for the common size reamt® no longer applicable and the
general understanding about the fundamental kn@elede. hydrodynamics, mass transfer

2



Chapter 1: Literature Review

and reaction, of gas-liquid microreactors are $hitlking. At the same time, the successful
application reported in others chemical processesed a growing interest to introduce
microreaction technology to gas-liquid reactionsd @he studies undertaken have indeed
showed that the excellent performance of gas-ligeedction could be achieved in
microreactors. Consequently, to fundamentally ustded and well-designed gas-liquid
microreactor is now of great interest. It is agrdeat the gas-liquid two-phase hydrodynamics
play a primary role regarding the microreactor gesas well as characteristics of the specific
reaction. Thus, this work will be concentrated ore thas-liquid two-phase flow in
microchannels, and attempt to perform and invetgigagas-liquid reaction in microchannel.

In this chapter, a short review of gas-liquid tplwase flow in microchannels in

literature is given, as well as the current redeatatus of gas-liquid reaction.
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Table 1-1: Examples of microchemical engineering applications in practice. t/y: tons per year

Scle

Scale level Company

Process

Micro-system type

8

Heatric (Seris et al., 2005)
Merck (O’'Driscoll, 2004)
Lonza (Roberge et al., 2005)
Small-scale
Clariant (Dietrich, 2009)
Xi'an Huain /IMM (Dietrich, 2009)

Chart (wood, 2005)

Hydrogen production
Specialty intermediate grtion
Fine chemical/pharoiszd campaign
Synthesis of red, yellamo pigments
Nitroglycerin plat operational

Hydrogen production for refuglgtation

s @Blaase microreactor
Liquid phase microreactor
Liquid phase microreactor
Liquid phase microreactor
Liquid phase microreactor

Gas phase microreactor

15
44
130
130

160

Heatric (Banister and Rumbold, 2005)
DSM/Karlsruhe (Dietrich, 2009)
Velocys (Jarosch et al., 2006)
Large-scale IMM (Dietrich, 2009)
Velocys (Tonkovicha et al., 2004)
Degussa/UDH (Albrecht et al., 2006)

UOP/IMM (Hessel et al., 2005)

Methanol pobida
Liquid chemical praxs
Production of trartspion fuels
Star-laminator mixer
Hydrogen produrcti
Vinyl acetatetbesis

Direct synthesis pditogen peroxide

Gas phase microreactor

Liquid phase microreactor
Gas phase microreactor
Liquidgluid micromixer
Gas phase microreactor
Gas phase microreactor

Liquid phase microreactor

12 000 to 60 000
15 000
16 000
26 000
30 000
150 000
162 000

1 million

Velocys (Mazanec, 2006)

Mega-scale
Velocys (Wang et al., 2005)

Ethylene production

Fischer-Tropsch synshes

Gaselmicroreactor

Gas phase microreactor

1.4 million
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1.2 Hydrodynamics of two-phase flow in microchannsl

Gas-liquid two-phase flow in capillaries or micracimels have attracted increased
attention in the last decades, caused by the mnmation of devices in many engineering
fields, i.e. chemical and space industries, hydnoged nuclear power, material processing,
thin film deposition technology and biotechnolo@here are three major distinctions of
two-phase flow hydrodynamics in microchannels comgado macro-systems. To begin with,
the relative importance of surface tension, inerilad viscosity over buoyancy, in another
word, gravity, increases. Moreover, the flow is alsu characterized by small Reynolds
numbers, and laminar flow is occurred. Finally,réhare significant effects of the roughness,
wettability of the channel wall, and wall confinem@n the two-phase flow in microchannels
(Akbar et al., 2003; Rebrov, 2010; Shao et al.,900In view of these differences, the
existing prediction correlations for large size dsabcannot be applicable to predict
hydrodynamics characteristics of two-phase flowmitrochannels, such as two-phase flow
patterns, pressure drop, etc. Accordingly, extensirerks have been conducted with aim at
characterizing gas-liquid two-phase flow in micraohels, and we will give a review on the

current research status on it in detail in thigieac

1.2.1 Microchannel definition

In the microchannels, gas-liquid two-phase flowasdifferent, due to dominant position
of surface forces, while two-phase flow is domidatey gravity in normal size tubes.
However, the classification between normal, smalll anicrochannel, has not been well
defined yet. The transition of channel scale to am@ftension dominated, which is also
considered as the transition from normal scale ftoraohannel, has been intensively
discussed based on experimental data. Engineersasedsider tubes with diameters larger
than one centimeter and in order of millimetre asmal and small-scale, respectively. But it
is now generally accepted that the transition kateshould be determined by the correlation
of channel size, operating conditions and fluidparbies rather than only by the channel
diameter (Brauner and Maron, 1992; Kew and Cornwé97; Shao et al., 2009; Suo, 1963).

5
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The criterion for the microchannel has been propasedarious ways by researchers
based on different dimensionless numbers, amonghwvhaplace length.a and Eo6tvos

numberEd or named Bond numb&o are usually involved, described as:

la= —2 1.1
Voo -2) D

Bo= 94 9(A = P5)
o

(1.2)

As early as in 1961, Bretherton (1961) found tlnst free rise of a long bubble in a
vertical sealed tube would be completely inhibitle@&o/4 < 0.842, due to effects of gravity
suppressed by that of surface forces. Based oexperimental results and discussion, Suo
and Griffith (1964) gave a criterion for negligibtgravity effects on two-phase flow in a

horizontal capillary as follow:

U/dH >3.3 (1.3)
g(pL _pG)

Which could be rewritten as:
La,/dH >3.3 (1.4)

Here, it could be derived that 2.7 mm for the aatev two-phase flow at 0.1MPa from Eq.
(1.3) was the critical diameter for microchannel.

According to the linear stability analysis and wedlsedness of the unidirectional
momentum and continuity equations of the stratifisdo-phase flow, Brauner and
Moalem-Maron (1992) suggested following criteriar the dominance of surface forces in

two-phase flow:

2 —
eo=d0 A = 0) _ ooy (1.5)
g

Kew and Cornwell (1997) investigated two-phase flawd heat transfer characteristics

in small-diameter tubes, and found that when cemfient numbef\ . = /U/dH ,
9(p. — Ps)

which also called as dimensionless Laplace nunwes,greater than 0.5, typical flow regime
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for microchannels, i.e. confined bubble flow woblkel formed.

The critical channel diameters derived from correfet of Bretherton (1961), Suo and
Griffith (1964), Brauner and Moalem-Maron (19923atew and Cornwell (1997), should be
4.97 mm, 0.82 mm, 17.1 mm and 5.4 mm, respectifetyair-water two-phase flow under

absolute pressure of 0.1 MPa and temperature €25

Meanwhile, other methods also have been used ssifyfahe channels. Kandlikar and

Grande (2003) proposed the channel classificatesed on the evolution of flow in small

poNT

channels and on the discussion of gas Knudsen nufilte=- ——— /d,, , where R is the

0/2RT

gas constantlc is gas viscosityyc is the gas densityf is the absolute temperature in K), as
follows:
Conventional channelsly > 3 mm
Minichannels: 3 mm» dy > 200 um
Microchannels: 200 pm dy > 10 pm
Transitional channels: 10 pmdy > 0.1 um
Transitonal Microchannels: 10 ppdy > 1 um
Transitonal Nanochannels: 1 pntdy > 0.1 pum
Nanochannels: 0.1 pumdy
Li and Wang (2003) analyzed two-phase flow regioh@sng vapor flow condensation in
horizontal mini/microchannels, and considered thatmajor two-phase flow patterns could
be classified into three categories: symmetricamissymmetrical and asymmetrical flow.

They gave two correlations to determine the crittameters as follows:

d, = o.224{L} (1.6)
(pL - pG)g

d,, :1.75{L} (1.7)
(pL - pG)g

Whend,, = d.,, the flow regimes were similar to those in comn®re tubes. And

whend, < d

C

., the effects of gravity on the flow regime wergligible, so that the channel
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could be regard as microchannel. According to Ecg)(and (1.7), Li and Wang (2003)
calculated the critical channel diameters for salvéiquid under different temperatures,

tabulated in Table 1-2.

Table 1-2: Critical channel diameters for liquid-vapor two-phase flow based on the correlation of

Li and Wang (2003)

Liquid Temperature Surface tension dq de
K N/m um um
300 0.0717 600 4680
Water 350 0.0632 560 4374
400 0.0536 534 4170
450 0.0429 490 3827
300 0.0478 464 3624
330 0.0451 454 3546
Glycol 360 0.0425 444 3468
373 0.0413 442 3452
283 0.0104 206 1609
R22 303 0.0076 183 1429
323 0.0047 153 1195
333 0.0034 136 1062
283 0.0103 207 1617
R134a 303 0.0075 183 1429
323 0.0050 156 1218
333 0.0038 140 1093

Many researchers experimentally investigated twasplflow in capillaries or small size
channels, and the critical diameters for microclehroould be derived by observing the
two-phase flow patterns. Triplett et al. (1999) docted experiments on the air-water
two-phase flow in circular channels with diametef ©10 and 1.45 mm, and in
semi-triangular channels with hydraulic diameted d&f9 and 1.49 mm. Typical flow patterns
for microchannels were obtained, i.e. slug flomurchflow, annular flow and slug-annular
flow, etc., which indicated the transition of chahwiameters to surface forces dominated
regime at 1 mm <dy < 2mm. Chen et al. (2006) studied the effectabgtsize on two-phase
flow regimes in vertical small tubes. The resultdicated that when channel diameter less
than 2.01 mm, the two-phase flow became differeorhfthat of normal size tubes, and when
the channel diameter decreased to 1.10 mm, tyfimal pattern of microchannel, such as
confined bubble flow would occur, for which surfaéerces was dominant. Likewise,
Venkatesan et al. (2010) also found that typioalflpatterns of microchannels would form

8
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when channel diameters less than 2 mm. Therefegesithnnel diameter of about 1 mm may

be considered as the upper boundary of microchariRebrov, 2010; Shao et al., 2009).

1.2.2 Two-phase flow patterns

In gas-liquid processes in microchannels, the-phase flow patterns of primary
importance because other characteristics suchegeréissure drop, heat and mass transfer and
reaction all depend on it (Cheng et al., 2008; Be2010; Tsoligkas et al., 2006). Therefore,
rather extensive researches have been dedicatedetstudy of flow patterns and the
construction of flow pattern maps based on supatfgas and liquid velocitiedJ)gs, ULs) in
microchannels having circular, rectangular or gialar cross-section.

However, the uniformity in the terminology of twdwgse flow patterns in microchannel
is still lacking, which now become a major problenthis subject. For example, slug flow is
usually called Taylor flow, segmented flow, eloreghbubble flow (Shao et al., 2009), even
sometimes bubble-train flow (Thulasidas et al., 3997@ addition, the same name is
sometimes used to describe different flow pattefake the slug flow as an example, it also
refer to wavy-annular flow in some report (Yang &ltieh, 2001). Two main reasons are
responsible for this problem. One is that transdidiow patterns are difficulty to categorize.
The other one is that some researchers have observexdetail about some flow patterns
using advanced camera, based on which some tyffoeapatterns can be divided into two or
more types. In this work, a classic classificatwii be adopted, in which six main typical
flow patterns are included, i.e. bubbly flow, Taylitow (slug flow), Taylor-annular flow
(Taylor-annular flow), annular flow, churn flow anmlispersed flow. And these flow patterns
can be depicted respectively in a flow regimes mvdp gas and liquid superficial velocities
(UssandU,g) as coordinates according to the flow conditiaasshown in Figure 1-1 (Shao

et al., 2009).
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Figure 1-1: General classification of two-phase flow patterns in microchannel (Shao et al., 2009)

Main two-phase flow patterns in microchannels hagen reported by many researchers.
For instance, Triplett et al. (1999) investigatadwater two-phase flow in circular and
semi-triangular microchannels, and several typiealphase flow patterns were observed, as
shown in the Figure 1-2.

Bubbly flow occurs at highU.s and low Ugs with discrete and irregular bubbles
dispersed in bulk liquid with bubble diameters derahan channel size.

Slug flow (Taylor flow) is a quasi-regular flow pattern forming within aher large
range of intermediatd s andUgs The length of elongated gas bubbles in slug flevaiger
than channel diameter. Gas bubbles are separati iguid slugs in the axial direction, and
a liquid film also form separating the bubbles frahrannel wall. Usually, the lengths of gas
slug and liquid slug are constant in slug flow.

Slug-annular flow (Taylor-annular flow) is characterized by the liquid slugs in slug
flow just broken through by the gas flow, in whighs bubbles are elongated and finally
merge into a continuous gas core flow surroundeda biguid film where large-amplitude
waves appear.

Annular flow appears when the gas superficial velocity is esieely high and
relatively lowU_s. Annular flow is morphologically similar to slugyaular flow, except that
the liquid film is ring-like along the channel walhd no large-amplitude waves appear.

Churn flow is usually considered as a flow patterns develdpech slug flow with
increasing ofU.s andUgs, which is characterized by the disruption in trglends of gas

10
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bubbles and dispersion of tiny gas bubbles intdithed phase as shown in the Figure 1-2 (c)
or by the liquid film disturbed at higdss and small liquid drops appearing in the gas cere a

shown in the Figure 1-2 (d).

(a) (b)

(e) (d)

(e) ()

Figure 1-2: Two phase flow pattern in microchannel: (a) bubbly flow; (b) slug or Taylor flow; (c)

and (d) churn flow; (e) slug-annular or Taylor-annular flow; (f) annular flow

Another main two-phase flow pattern did not appearriplett’s investigation, which is
dispersed flow Due to extremely high.s and Ugs the clear photo of dispersed flow is
rarely reported. The Figure 1-3 is only a picturaclhconveys basic meaning of dispersed

flow, of which the major characteristic is that ma$ the liquid phase entrained into gas

11
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phase as small droplets, and sometimes named alanigChen et al., 2006).

Figure 1-3: Dispersed flow in microchannels

Besides these main flow patterns, there are tranait patterns, i.e. bubble-train slug
flow (Chen et al.,, 2002; Yue et al., 2008), slugolby flow (Liu and Wang, 2008a),
slug-churn flow, unstable slug flow (Yue et al.,08), slug-annular-churn flow (Simmons et
al., 2003) etc. Bubble-train slug flow is also netgd as one type of unstable flow, developed
from slug flow by increasing gas superficial vetgcin this flow pattern, gas bubbles are
elongated and the some liquid slugs between buliildesme thin liquid film, even broken,
then bubble-train formed. But there are still ldjuslugs separate bubble-trains. With
increasing ofUgs in the bubble-train slug flow, slug-annular flowillwoccur. In a word,
between main two-phase flow patterns, there alveagdransitional flow patterns, which can

be easily understood according to the charactesisti main flow patterns.

(b)

Figure 1-4: The images of bubble-train slug flow in microchannels: (a) Two-phase flow in a
square microchannel with hydraulic diameter of 0.4 mm of Yue et al. (2008); (b) Two-phase flow
in a circular microchannel with diameter of 1 mm of Chen et al. (2002)

12
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1.2.3 Two-phase flow regime maps

Two dimensional flow patterns maps are usuallyohiiced to represent two-phase flow
regimes and the transitional boundary between tinélm some appropriate hydrodynamic
parameters as coordinates. The superiority of flegime maps is that various flow patterns
regions and the transition lines between them aaredsily determined, and the effects of
hydrodynamic parameters and physical properties lsanexpressed by using various
coordinates.

The most popular coordinates &fgs andUgs Barajas and Panton (1993) and Triplett et
al. (1999) exhibited flow regime maps based onrtlegperiments usindg).s and Ugs as
coordinates, as shown in Figure 1-5, from whictait be noted obviously that the transition
lines shift with the variation of channel size, shal section shape and wetability of channel

wall.

13
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Figure 1-5: The two-phase flow pattern regime maps in microchannels: (A) for the experiments

of Barajas and Panton (1993); (B) for the experiments of Triplett et al. (1999)

A regime map usingJ. s and Ugs as coordinates was also reported by Hassan et al.

(2005). They studied air-water two-phase flow patein horizontal small channels with

diameters of 3.0, 1.0 and 0.8 mm, and then sumethextensive existing experimental data,

finally established a universal regime maps asalegiin Figure 1-6, in which the difference

of terminology was eliminated and appropriate digmeawas acceptable.
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Figure 1-6:  Universal two-phase flow regime map for horizontal microchannel proposed by

Hassan et al. (2005) (JL and Jg represent U.s and Ugs)

Other dimensionless numbers were also employedoasdinates to draw two-phase

flow regime maps, with the aim to obtain a univefd@aw regime map. For instanc&u
number de,oL/,uLz) and RedRe s were used by Jayawardena et al. (1997) as codedina

Wess and We s by Zhao and Rezkallah (1993) and Akbar et al. 830We; and We. by

Rezkallah (1996),10" Re **We ** (k; / d,,)and Re..>*We.*by Waelchli and Rudolf von

Rohr (2006) k/ d,, is the relative roughness of microchannel), as aelloid fraction used

by Zhao and Rezkallah (1993), Bousman et al. (1886)Cubaud and Ho, (2004).

The flow regime map proposed by Akbar et al. (2008)ich was exhibited in Figure
1-7, is noteworthy for that it have given some osable physical explanation. In a flow
regime map using Weber numbers as coordinates@uspy the maps of Zhao and Rezkallah
(1993) and Rezkallah (1996) for two-phase flow unohécrogravity, Akbar et al. (2003)
summarized flow regime transitions in literatured asonsidered that Weber numbers were
more appropriate coordinates thdns andUgs They divided the flow regime map into four
regions: the surface tension-dominated region €langd elongated bubble flow or so-called
slug flow), the inertia-dominated region 1 (annuldow and wavy-annular flow or
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slug-annular flow), the inertia-dominated regioid&spersed flow) and the transition region.
The proposed flow regime map could predict well éxperimental data obtained by some
researchers using air-water two-phase flow in lomtizl channels with diameters about 1 mm,

not only circular, but also non-circular.
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Figure 1-7: Two-phase flow regime map with Weber number as coordinates and transition lines

proposed by Akbar et al. (2003)

However, in spite of so many flow regime maps wan@osed, no one could represent
all parameters influencing gas-liquid flow in mich@annel. Moreover, Shao et al. (2009)
found that the universal flow regime maps usldg and Ugs as coordinates had good
prediction accuracy with experimental data examiimeoch comparison with several universal
flow regime maps in their study. They also pointad that effects of other important
parameters, i.e. channel diameter, surface tenlsgumg viscosity, wettability of channel wall,
were not reflected on the transition lines by usldg and Ugs as coordinates. Such
parameters were included when using dimensionlestbars as coordinates, but that led to
obvious deviation, because effects of such parasmete each transition lines were various.

For example, the effects of surface tension orfltwve patterns in surface tension-dominated
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region are greater than that of inertia-dominatglan. Therefore, more experimental work
should be conducted and more reasonable flow reguaues are still needed to develop for

universal prediction of two-phase flow patternsricrochannels.

1.2.4 Effects of channel diameters and liquid préipsron two-phase flow patterns

Channel size is considered as the most influeni@ogpr on gas-liquid flow patterns in
microchannels. Coleman and Garimella (1999) comdu@xperiments in capillaries with
diameters from 1.3 mm to 5.5 mm to investigatedtfect of capillary diameter on air-water
flow patterns. They found that with decreasing dapjldiameter the transitions from slug to
bubbly, from slug to slug-annular and from slug+a@an to dispersed flow shifted to higher
Uss and U.s, whereas the transition from slug-annular to aanwand from annular to
dispersed flow seemed to be independent on capsiaze. Zhao and Bi (2001) investigated
air-water flow in triangular channels with hydraudiameter of 0.866, 1.443 and 2.886 mm.
They observed that when channel size decreaseceghenrof slug flow extended, i.e. the
transition from slug to churn and to dispersed-tyblow shifted to highetUgs and Us.
Meanwhile, the dispersed bubbly flow region shraen unobservable in 0.866 mm channel.
Flow patterns in circular microchannels were afsgestigated by Chung and Kawaji (2004).
They found that the flow regimes in smaller channelss 100 and 50 pum) were very
different with respect to those in larger onés=(530 and 250 um), and special flow patterns
such as slug-ring, ring-slug and semi-annular flegre observed. Chen et al. (2006) found

that the transition boundaries from slug to chuma &om churn to annular flow depend
strongly on tube diameter. The Weber numbgl de/a), which is generally used to

measure the relative importance of the fluid’s tiaecompared to its surface tension, might be
the appropriate parameter to reveal the size efiest et al. (2008) investigated g@ater
flow in rectangular channelgil{ = 0.2, 0.4, 0.667 mm) and reported the extensiatug flow

to higherUgs velocities with decreasing channel size. Howewtrer transition boundaries
seemed not to follow certain trend. There are atatther researches on this subject but a
general agreement of how the channel size exaffdgta the two-phase flow patterns is still

lacking.

17



Chapter 1: Literature Review

Besides the channel size, liquid physical propgrsiech as density, liquid viscosity and
surface tension may also have significant influsnam two-phase flow patterns in
microchannels (Akbar et al.,, 2003; Rebrov, 2010adkt al., 2009). Many researchers
attempted to implement experiments using variaggidis as working fluid to investigate this
subject. To list some, Suo (1963) and Suo andiGrifl964) proposed to use dimensionless
numbers such as Reynolds number and Weber numbeenmntify the transition boundary
from slug flow to bubbly flow. Yang and Shieh (20Gaund that the surface tension played
an important role for the transitions from slugbtabbly flow and from slug to annular flow.

Similar tendency was also reported by Haverkampl.e{2006). Waelchli and Rudolf von

Rohr (2006) proposed a dimensionless grouRe’¢We>*) to identify the flow pattern

transitions. Good agreement was found with thepeexnental data. However, detail and
exact effect of each influencing factor has notrbekscussed. Pohorecki et al. (2008)
investigated the effects of contact angle and dicgurface tension. The transition from slug
flow to annular flow shifted to lowddgs at high values of contact angle and surface tensio
Yang et al. (2010) observed that the rheologicabperties of non-Newtonian fluid
significantly influenced the two-phase flow patteriNoteworthy that Cubaud et al. (2006)
observed uncommon flow patterns, ifeam flowwhen surfactant was used to modify the
surface properties of water. Detail characteristichese studies are tabulated in Table 1-3.
Based on the literature, we may conclude that lfooat all the existing experiments, the
effects of viscosity, surface tension and densigrevmixed. Effective comparisons are
lacking so that how each factor exactly influenttes two-phase flow patterns can not be
clearly revealed. Moreover, as pointed out in theaws of Akbar et al. (2003), Rebrov (2010)
and Shao et al. (2009), the available experimeata @n the effects of liquid physical
properties and common understanding are still ré&gstematic and well-designed

experiments are still in need to explain fundamlegaa-liquid transport mechanisms.
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Table 1-3: Selected literature on the effects of liquid physical properties on gas-liquid flow regimes

Authors

Gas-liquid

Test section”

Flow patterns observed

Key findings

Suo and Griffith
(1964)

Yang and Shieh
(2001)

Liu et al. (2005)

Waelchli and
Rudolf von Rohr
(20006)

Haverkamp et
al. (2006)

Cubaud et al.
(2006)

Pohorecki et al.
(2008)

Lee and Lee
(2008)

Air-water, No-water,
He-heptane. N;-heptane

Air-water, air-R134a

Air-water, air-ethanol,

air-oil mixture
N,-water, N,-ethanol,
N;-glycerol (10%),
N;-glycerol (20%),

N,-water and

Ns-1sopropanol

Air-water, air-water
with surfactant

N,-water, N>-ethanol

Air-water, air-methanol

H. circular, d; = 1.024

and 1.590 mm

H. circular, Pyrex
glass, d; = 1.0 t0 3.0

mm

V. circular (d; = 0.91,
2.00, 3.02 mm),
square (dg=0.99,
2.89 mm)

H, rectangular
silicon. di= 0.188
and 0.218 mm

H, rectangular, dg =
0.0667, 0.150 and
0.294 mm

H. square glass. di =
0.525 mm

H, rectangular
PMMA, dg=0.293
mm
H. circular channels,
d;=1.46,1.8 mm
glass: d; = 1.59 mm
Teflon: d; = 2.0 mm

polyurethane

Bubbly slug, slug and
annular tflow
Bubbly. dispersed,
plug, slug,
slug-annular, annular

and wavy flow

Bubbly, slug-bubbly.,
slug, churn. annular
flow

Bubbly, intermittent

and annular flow

Bubbly, slug,
slug-annular, annular,
annular-spray, spray
flow
Bubbly, slug, annular,
dry foam and wet foam
flow
Bubbly, slug,
slug-annular, annular
flow

Bubbly. dispersed,
plug. slug, annular,
wavy, rivulet flow

Re, We, A used to describe the transition correlation.

Transitions from intermittent to bubbly and from slug to
annular flow occur at lower Ugs due to larger surface

tension.

The hydrodynamics of Taylor flow (slug flow) and the
mfluence of liquid properties on the Taylor bubble rise
velocity were mvestigated.

10" Re, [ ** We, ** (k, /dH)5

0.2 17 0.4
and Re,s “We,

proposed as coordinates in flow maps

All the transitions shift to higher Ugs due to smaller surface
tension: Smaller bubbles and larger specific interfacial

surface areas are formed.

Significant influences of wall properties and liquid surface

properties on two-phase flow in microchannel revealed.

Observable influences of the contact angle and surface
tension. For higher these values the transition from slug to

annular flow shifts to lower Ugs.

Effect of surface wettability: wet flow: Urs =1 m/s, 8507,
dry flow: Urs =1 m/s, 6=90°.
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Table 1-3(Continued)

Authors

Gas-liquid

Test section”

Flow patterns observed

Key findings

Niu et al. (2009)

Weinmueller et
al. (2009)

Zhang and Fu
(2009)

Pamitran et al.
(2010)

Yang et al.
(2010)

Ong and Thome
(2011)

Gas: CO; and N,
mixture
liquid: polyethylene
glycol dimethyl ether
CO;z-water, CO,-1M
methanol aqueous,
CO;s-methanol

Vapor- liquid N;

Vapor-R22,
vapor-R134a,
vapor-R410A,

vapor-R290,

vapor-R744
N,-CMC aqueous
(0.4%), PAM aqueous
(0.2%). XG aqueous
(0.2%0)

Vapor-R134a,
Vapor-R236fa,
veapor-R245fa

H. circular, d;= 1.0

mm

H, rectangular, dg =

0.2 mm

V. circular, d; = 0.531
and 1.042 mm

H. circular stainless
steel. d; =0.5. 1.5 and

3.0 mm

V, tniangular (dg =
0.866 and 2.886
mm), square (dg =2.5

mm)

H. circular. d; = 1.03.
2.20 and 3.04 mm

Bubbly, slug, churn,
slug-annular flow

Bubbly, slug(wedging).

annular, stratified flow

Bubbly, confined
bubbly, slug, churn.
annular, mist flow

Intermuttent, annular,
stratified, stratified

wavy, dry out, mist

Bubbly. dispersed
bubbly, slug, churn,
annular, chained
bubble-slug flow

Bubbly. coalescing
bubbly, slug, annular

tflow

Absorption and liquid physical properties considered.

Significant influences of nozzle, channel geometries and
fluid properties; Easy formation of smaller bubbles at lower
surface tension

The transition from slug to churn and from churn to annular
move to lower Ugs while the transition from bubbly to slug

moves to higher Ugg with decreasing surface tension.

Significant influences of liquid density, viscosity and

surface tension on the flow pattern and pressure drop.

Significant influences of rheological properties of the

non-Newtonian fluids.

The transitions from bubbly to coalescing bubbly and
coalescing bubbly to annular shift to lower Ugs with
mcreasing surface tension, density and liquid viscosity:
Transition criteria based on Re, We, Bo. Co, viscosity and

density ratios proposed.

" H: Horizontal; V: Vertical.
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1.2.5 Two-phase pressure drop in microchannels

Two-phase pressure drop is one of the most imporearodynamic aspects of
gas-liquid flow not only in common tubes, but alsomini/micro channels, which is an
essential element for design of gas-liquid two-gh@sactors and other processes in chemical
industry, as well as others gas-liquid systemshsa boiling and condensation in pipes.
Generally, two main methods are used to predictptiessure drop of gas-liquid two-phase
flow in common tubes, i.e. homogeneous mixture rhade separated flow model (Collier
and Thome, 1994) (more detailed introduction alibese two type models will be given in
Chapter 3). However, in the mini/micro size chaandle to the reduction of the channel size,
the effects of surface tension, confinement of aeamvall and two-phase interaction on the
two-phase pressure drop increase (Choi et al.,;2xdlish and Kandlikar, 2006), leading to
the inapplicability of the traditional pressure prprediction models. The homogeneous
mixture model have been proved to be not apprapraediction model for gas-liquid
pressure drop in mini/micro channels by many reseas (Niu et al., 2009; Su et al., 2010;
Yue et al., 2004), because interaction betweeragddiquid flow is not considered. Recently,
many researchers found that separated flow modetl goredict well the two-phase pressure
drop in their experiments after modification, ararious modified separated flow models
were proposed (Chen et al., 2007; Choi et al., 2B08lish and Kandlikar, 2006; Hwang and
Kim, 2006; Kawahara et al., 2009; Mishima and Hibi©96; Lee et al., 2010; Lee and Lee,
2001; Li and Wu, 2010; Ma et al., 2010; Niu et 2009; Qu and Mudawar, 2003; Saisorn and
Wongwises, 2010; Su et al., 2010; Yue et al., 20 and Mudawar, 2005; Zhang et al.,
2010). But up to now, general agreement on thisieisgs still lacking, much more
experimental work is required to give a more reabtsand universally applicable prediction
model. Actually, it is known that separated flow debis based on the assumption that gas
and liquid phase flow separately in the tube witkiche phase flowing continuous and
occupying a sector of the pipe cross section. Toereseparated flow model should be more
suitable to predict the two-phase pressure dromimi/micro channels under some flow
patterns, i.e. churn flow, slug-annular and anndlaw, but not bubbly or Taylor flow,
because that the gas phase is obviously discontthaond the motion of liquid film vary from
that of liquid slug in bubbly or Taylor flow.
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On the other hand, Taylor flow can be regarded steady process due to it consists of
several or a lot of unit cells (one bubble, thaikbfilm surrounding the bubble and one slug)
which are almost identical. Therefore, it is poksito build accurate physical model to
calculate the two-phase pressure drop of the Tafjbw. As early as 1961, Bretherton
theoretically studied the motion of gas bubblesmaall Reynolds number in small size tubes
using a lubrication analysis, forming a contribatitm the issue predicting the profile of the
gas bubbles and the rise rate of gas bubbles ticakcapillaries. Based on the assumptions
that surface tension was well-defined and no tatgestress on the gas-liquid interfacial,
inertia forces was negligible, and tube wall wadqmt wettable with sufficiently thin liquid
film surround the gas bubbles, he found that tresgure drop over the bubble caps in the

circular capillaries could be expressed as:

g
AP, 1uc = 7.16(3:a)2’3g (1.8)

C
1

And for the whole bubble, the pressure drop coel@xpressed as:

AP, = 9.04(3:af’3d5 (1.9)

Computer simulation was another method used toysthe Taylor flow in the
microchannels. Kreutzer et al. (2005a, 2005b) W3EeD (Computational Fluid Dynamics) to
calculate the two-phase pressure drop of Taylaw flo circular capillaries. They considered
that the contribution of bubbles could be calculats a part of the total frictional pressure
drop of Taylor flow across the channel, based @naksumption that for the infinitely long
liquid slugs, the pressure drop was equal to tisidnal pressure drop of liquid single phase

flow which could be calculated by the Hagen-Poikegiquation:

LoV jouic
AI::I‘iquid TuC = 64 SpL liquid = 16 (_:LZOLU quuidzjﬁ (110)
IQQiquid ,TUC A i Rqquid,TUC d

The contribution of gas bubble to pressure drogccte represented by an additional

factor & within the friction factoff:

_ 64
1=_Re1 (1+¢) (1.12)

iquid
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In which, éwas given as:

£= a(f—(%] J (1.12)

By assuming inertia was negligibled << 1 andWe<< 1).

According to the experimental measurements usin@wigas phase and three various
liquid (water, decane and tetradecanea) as ligh&b®, Kreutzer et al. (2005a, 2005b) found
that a=0.33, b=0.07 for Re>5C and b=0.17 for Re< 50( 0.002<Ca< 0.0¢,

8<Ls/d, <12), respectively. Walsh et al. (2009) performed expental study on the

pressure drop of Taylor flow in mini scale capiika; employing water, FC 40, dodecane, AR
20 Si oil and n-Hexane as liquid phagebB< Re< 102, 0.0023< Ca< 0.z), and found that
prediction of the model proposed by Kreutzer e{2005a, 2005b) with the fitting parameter
b=0.12 corresponded well with their experimental dataweeer, Yue et al. (2009) carried
out experiments on gas-liquid two-phase flow inaagular microchannelsi{: 200 and 400
um), and noted that when the liquid slugs were \sgrt, the frictional pressure drop of
Taylor flow in microchannels was significantly hegghthan the predictions of Kreutzer’s
correlation, caused by the inadequacy of the muddéscribe the excess pressure drop of the

inner circulation in liquid slugs. They modified m@ppriately Kreutzer’'s correlation to

-1.6
improve its applicability in microchannels, to addhew item 5.5x 105(d F';S ] to the
h eslug

frictional factor which was adopted in the analysisthe apparent frictional factor for the

hydrodynamically developing flow in non-circularas (Muzychka and Yovanovich, 1998;

Shah and London, 1978) Jo Besides two-phase pressure drop, the effectsletf oan Taylor

bubble formation (Shao et al., 2008), Taylor flasvrhation mechanism (Santos and Kawaji,
2010), Taylor bubble size and shape, liquid filntkhess and velocity field (Liu and Wang,
2008b) also could be simulated and calculated lyguSFD. But the thorough understanding
of fundamental knowledge of Taylor flow is stilcking, for instance, the exact mechanism of
two-phase pressure drop and others important paeasnaf Taylor flow are still not clear, and
more theoretical study, numerical simulation andl-designed experimental measurements
are deadly required.
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1.3 Two-phase mass transfer and reaction in microeetors

1.3.1 Two-phase mass transfer in microreactors

For gas-liquid absorption or reaction process, @aflg for fast and highly exothermic
reactions, the absorption or reaction rate is Uguahited by the gas-liquid mass transfer.
Heat and mass transfer enhancement is one of teeimportant advantages of microreactors.
Due to the reduction of the channels size to tliemoof tens or hundreds micron meter, the
specific interfacial area of the microreactors igndicantly larger than that of common
reactors, which not more than 206/m® (Ehrfeld et al., 2004), generally. Yue et al. (2P0
measured two-phase specific interfacial area dargilar microchannelgl{: 200 and 400
um) during the absorption of GOn the water, NaOH and MNaOs/NaHCGQ; solutions, and
found that the specific interfacial area reachetiigh as 9000 Aim?>. In addition, the liquid
side volumetric mass transfer coefficiekt&) could achieve 21 more than one hundred
times larger than that of traditional gas-liquichtaxtors. Yeong et al. (2004) experimentally
investigated the nitrobenzene hydrogenation in stligaid falling film microreactor (64
straight parallel channels with width of 3(fh, height of 10Qum and length of 78 mm). The
specific interfacial area was 9000-15008/mf andk_a; was 3-8 &, significantly higher than
that of common reactors. The absorption g&Hh MDEA (methyldiethanolamine solution)
was performed in circular microchannets. 0.56, 1.00 and 1.80 mm) by Su et al. (2010),
during which the specific interfacial area couldi@er than 11100 ffm*. Niu et al. (2009b)
implemented the experiments to study the absorphio€0O, in the MDEA in a circular
microchanneld;: 1.00 mm). Theéy a was found extremely high and increasing with dew f
velocity and liquid flow velocity, and could ach&®.34 &. Losey et al. (2001) reported that
the k.ai would achieve 5-157swhen the hydrogenation of cyclohexene in their rmic
packed-bed gas-liquid reactor with ten reactor diemn (width: 625um; depth: 300um;
length: 2 cm) packed by catalytic particles as shawFigure 1.8, hundreds times magnitude

larger than standard laboratory-scale reactors.
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Figure 1-8:  Single-reactor chamber of micro packed-bed gas-liquid reactors (Losey et al., 2001)

The flow patterns were considered to affect thesmia@nsfer in gas-liquid microreactors.
Hessel et al. (2000) carried out experimental studyhis issue in a rectangular microchannel
with a width of 300um and a height of 100m. They measured the specific interfacial area
by using the absorption of G@n the sodium hydroxide solution, and the exanvaleles are

tabulated in Table 1-4, which also can be foundatkel’'s thesis.

Table 1-4: Specific interfacial area measured by Hessel et al. (2000) under various flow patterns

Flow regime bubbly slug annular

a; m?/m° 5100 18700 25300

It can be noted in the Table 1-4, the largest $jgeiaiterfacial area of the microchannel
would reach in the annular flow.

On the other hand, many researchers believed lingtflsw or named Taylor flow was
the most interesting condition for gas-liquid mdssnsfer, due to the enhancement of
molecular transport between gas-liquid interfaced &quid bulk led by the recirculation
motion in the liquid slug, which had been confirnisdsimulation (using CFD; Liu and Wang,
2008b) and visual studies using particle image aigletry PIV; Ginther et al., 20045 nther
et al., 2005; Gunther et al., 2006; Thulasidad.el@97; Trachsel et al., 2005; Waelchli and vahR
2006. The mass transfer of Taylor flow in microchamsnelas numerically and experimentally

studied (Liu et al., 2009; Liu and Wang, 2011; \Baiten and Krishna, 2004; Vandu et al.,
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2005). It was considered that tke; was significantly affected by the detailed parasredf
Taylor flow, i.e. bubble length, bubble velocitigid slug length, and liquid film thickness,

with which the prediction of two-phase mass transf®uld be possible.

1.3.2 Gas-liquid reaction in microreactors

Due to the superior advantage in gas-liquid maasster and reaction, gas-liquid
microreaction technology has attracted increasiogdamic interesting, and extensive
exploratory work have been implemented to perfoas-igguid reactions in microreactors.

Jahnisch et al. (2000) experimentally investigatesl direct fluorination of toluene in
falling film micro reactor (Figure 1-9) and micraliible column reactor (Figure 1-10) using
elemental fluorine, and compared the results Wittt of a common laboratory bubble column,
as shown in Figure 1-11. Extremely large speciiitenfacial area was obtained, as large as
14800 mi/m® for a micro bubble column reactor and 27008nm for a falling film micro
reactor. The superior heat transfer performanceredsthe safety during the fluorination. It
could be seen from Figure 1-11 that conversionecseity and space-time yield of
microreactors were obviously higher than that ahown laboratory bubble column. Such
great performance of microreactors in direct flnation also has been reported by de Mas et

al. (2005).

Orifices —

11l Gaseous
reactant

Withdrawal

Figure 1-9: Falling film micro reactor and the principle of contacting liquid and gas reactants
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LIGA-dispersion unit
attached to reaction

and cooling channels
9 Heat exchanger medium

Gas supply supply and withdrawa
Segmented
) GaslLiquid flow
Liquid supply

Figure 1-10:

Micro bubble column reactor and the schematic illustration of contacting liquid

and gas reactants
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Figure 1-11: The comparison of conversion, selectivity, and space-time yield of direct
fluorination of toluene between in microreactors and in laboratory bubble column (LBC): FFMR,

falling film microreactor; MBC, micro bubble column reactor

Chambers et al. (1999, 2001, 2005a, 2005b, 200&djesl the direct fluorination of
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various organic compounds in microchannels usiamehtal fluorine, rather high conversion
and selectivity was obtained. For example, for divect fluorination of para-nitrotoluene,
very high conversion (44-77%) was obtained, cowadmg to the maximum space-time
yield of 78%.

Halder and Lawal (2007) performed the hydrogenatbmnthraquinone derivative in
microchannel reactor, which was generally consil@® a reaction limited by mass transfer.
The space-time vyield reached 1108 -g4*-h* due to the enhancement of mass transfer in
microchannels, tens times magnitude higher thanerttional reactors.

Inoue et al. (2007, 2009, 2010a, 2010b) implemetitednvestigation of direct synthesis
of hydrogen peroxide from hydrogen and oxygen inroreactors, using #D, and Q/N; as
gas phase, and mixture of sulfuric acid, phosphad and sodium bromide solution as
liquid phase. By using Pd/C hydrogenation cataltyst, space-time yield could achieve 5.78
OrzozGpd +h%, similar with that of anthraquinone process, bithvmore simple production
process.

Beside the reaction mentioned above, there were alhers various reactions
investigated in microreactors, i.e. nitrobenzenedrbgenation (Yeong et al.,, 2004),
chlorination and bromination of organic compound$b( et al., 2004), photochemical
chlorination of alkyl aromatics (Ehrich e al., 2002atalytic asymmetric hydrogenation
(Abdallah et al., 2004, 2006). In all the previaesearches, microreaction technology has
showed a great potential in gas-liquid reactiond awill certainly be introduced in the

gas-liquid industrial processes in the near future.

1.4 Conclusions

From the above review, it is revealed that the dgignamics characteristics of gas-liquid
two-phase flow, such as flow patterns, pressurp dral mass transfer, in microchannels with
inner diameter less than 1 mm vary from that ofvemional gas-liquid contactors. Moreover,
the potential of microreactors in gas-liquid cheshigrocess have been demonstrated, for its
superior advantages in mass transfer and reactidormance. Although extensive dedicated
work have been implemented, general agreementshenfundamental knowledge of
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gas-liquid microreaction system are still lackimgnd systematically researches are urgently
required to provide theoretical guidance for theigie of gas-liquid microreaction system.
Some important issues need to uncover and carebéfidd as follows:

(1) Gas-liquid two-phase flow in microchanneld. mainly include the formation
mechanism of two-phase flow patterns and the tiiansibetween them, as well as the
influence of channel size, liquid physical propesti channel surface properties, etc., on
two-phase flow patterns.

(2) Two-phase pressure drop in microchannelfwo-phase pressure drop in
microchannels is rather different from that of Ergubes, reasonable theoretical mechanism
and prediction model need to be founded. It wasnted that the two-phase pressure drop
was highly depended on flow patterns, which alssdreeeply studied.

(3) Gas-liquid reaction in microchannel&lthough many exploratory work have been
conducted to investigate gas-liquid reaction inroreactors, more various gas-liquid reaction
system need to be performed in microchannels toiggoempirical guidance for practical

application of microreaction technology in gas-l@jteaction process.

Consequently, the following chapters of this theglsfocus on the gas-liquid two-phase
hydrodynamics and reaction characteristics in naicamnels. The microchannels employed in
the present thesis is on the order of hundredsamsécwith circular cross-section. This thesis
consists of following main parts. To begin with, Ww&e a short overview on the current
research status of gas-liquid microreaction teatglin Chapter 1. Then, in Chapter 2
gas-liquid two-phase flow pattern will be systeroallly investigated, special emphasis will be
put on the influence of channel size and liquidpgrties. The existing transition model will
be examined and a new model will be proposed. M@aedChapter 3 will concentrate on
two-phase pressure drop in microchannels. In whioh,dependence of two-phase pressure
drop on gas-liquid flow patterns will be discussed the pressure drop in inertia-dominated
region will be deeply studied. Furthermore, Chaptels concerned with Taylor flow in
microchannels. The detailed characteristics of diaffbw, i.e. Taylor bubble length and void
fraction will be analyzed, as well as the formatimechanism of the Taylor bubble. The
pressure drop of Taylor flow will also be discusskedChapter 5, gas-liquid reaction will be
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experimentally investigated using the oxidation of hydrogenated
2-ethyltetrahydroanthraquinone (THEA@Has model reaction. Finally, the key finding
achieved in the present thesis will be summarizgtieaend of the present thesis, as well as

the perspectives about the future work.
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CHAPTER 2: GAS-LIQUID FLOW PATTERNS IN CIRCULAR
MICROCHANNELS

This chapter is mainly concerned with gas-liquia tphase flow patterns in horizontal
circular microchannels. In this chapter, Nitrogeatsv two-phase flow in three horizontal
circular microchannelsd( = 302 pum, 496 pum and 916 um, respectively) haven be
experimentally investigated. The flow patterns #ioav pattern maps will be exhibited and
compared to investigate the effects of channel @izthe flow patterns and their transition. In
addition, the influences of liquid physical propest i.e. surface tension and viscosity on
gas-liquid flow patterns in circular microchannd] € 496 um) will also be discussed. The
results obtained will be compared to appropriatndition models in literature. Finally,
transition criteria based on the present experiatietdta will be proposed with the aim of

attaining fundamental understanding of the trantgploenomena of gas-liquid processes.
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2.1 Experimental set-up

2.1.1 Test rig

As shown in Figure 2-1, the experimental setup ttanged for this study is composed of
a test section, gas and liquid circuits and the detguisition system. Precise pumps were
used to control the liquid flow in the microchann€he pulse of the pump was maximally
reduced by installation of a back-pressure regulatal two buffer tanks, so that constant
flow rate and steady flow in the microchannel cobédachieved. The temperature of liquid
was maintained constant at 25°C for all the tegtading a water bath. Flow rate of gas was
controlled and adjusted by mass flow controllersYAype junction connected with the
downstream microchannel was prepared for the pngacbof gas and liquid. To visualize and
record the two-phase flow patterns in the microdle¢s) a high speed camera was installed at
a side of the test channel, with background illiation provided by two homemade LED

lamps installed at the opposite side.

Mass flow
controller Pressure
oo T ] &'_ transducer |:| =
Valve _ S
High speed PC
Y camera '
Nitrogen gas / \
Valve
. . Y
p Back pressure Y type junction Atmosphere
um
P regulator N / pressure \\\
Buffertanks ~ LED 13111135% jf] Separator
' Liquid Valve
] = ., o [ —
H g []| Water bath o o DC electrical source

Figure 2-1: Schematic representation of the experimental setup
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2.1.2 Test section

Three microchannels with different diameters (302 496 um, and 916 um) have been
used, all of them having circular cross-section gresame length (10 cm). For convenience
of visualization, these microchannels were madeyudrtz glass, and fabricated through
precise hot-stretching by “Verre et Séparation metbgies S.A.”, Lyon, France. The Y
junction through which gas and liquid were fed k@ tmain microchannel was made of
Plexiglas. The microchannel was glued carefullyhvitie Y junction to ensure the smooth

connection between them, as shown in Figure 2-2.

A

%/ Gas

Y junction

0 120°
\ Microchannel
Liquid

/ Gas
N

Y junction

0 1200
\ Liquid

Figure 2-2: Detail of the test section. (A) TCI; (B) TC II
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Table 2-1: The physical properties of working fluids and rheological parameters of the CMC solutions

. Molecular Molecular Concentration Density Viscosity Surfgce Rheological
Fluids formula weihat (Wi%) (kg/m?)25°C (mPa-s) tension parameter
g g 25°C  (MN/m)25°C Kk n
Nitrogen N 28 - 1.25 0.018 - 0.018 1
Demineralized 15 18 : 997 0.89 72.0 089 1
Water
Ethanol GHsOH 46 - 789 1.11 215 1.11 1
Aqueous 0.0608 998 0.89 49.8 0.89 1
solution of  NaGH»sSOy 288
sSDS 0.2610 1000 0.90 39.6 0.90 1
Agueous 0.0464 998 1.27-1.76 72.0 0.0025 0.93
solution of  (NaGH11:07)m 90000 0.1262 998 2.02 -2.88 72.1 0.0042 0.92
CMC

0.2446 1000 2.61 -3.87 712.2 0.0059 0.91
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2.1.3 Working fluids

One of the objectives of the present study is teestigate the effects of the liquid
physical properties on the gas-liquid flow pattemsnicrochannel. Therefordemineralized
water, ethanol and a series of aqueous soluti@ME (Sodium carboxymethyl cellulose)and
SDS (Sodium dodecyl sulfate) were employed in ds¢st Nitrogen was selected as gas phase
in all the tests for its good stability. The phydiproperties of liquids used and the rheological

parameters of the CMC solutions are listed in Table

CMC was selected as thickener, for that low CMCcemrtration would change the liquid
viscosity significantly, keeping other physical pesties almost constant. SDS was chosen as
surfactant to vary the surface tension of the fgphase, while keeping other physical
properties constant at very low concentration. € €&C solutions (0.0464%, 0.1262%, and
0.2446% CMC) and two SDS solutions (0.0608% andID2 SDS) have thus been
employed as liquid flow phase, wheregesnineralizedvater and ethanol of which the surface

tension is just one third of water’s, were alsoduas reference case.

In fact, the aqueous solution of CMC is a type oh4Newtonian liquid, of which the
viscosity changes with the shear rate. The rhecédgharacteristics can be described in the

form of power-law equation (Barnes, 2000; Yanglet2®10):
r=k()" and u=k(»" (2.1)
where 7 is the shear stressy the viscosity, y the shear ratek and n are the

consistency coefficient and the power-law indexspestively. In the present work, the
effective viscosity values were obtained by meaguthe pressure drop of non-Newtonian
fluids single flow according to the velocity in thercular microchannel (Barnes, 2000),

which can be expressed as:

n

1
okL| 3t
AP = QB g\ (2.2)
rO nro

In which, Q is the volumetric flow-ratep the radii and. the length of the microchannel.
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The liquid velocity is defined as

U, =2 (2.3)
mO

For certain non-Newtonian fluid whogeandn are constant when temperature is invariable,

we defined the parametkeras:

K'= Zlﬂ; [é3+—1j = 4J:+Ll [@6 +—2j (2.4)
o n d, n

Combining Eqgs. 2.2-2.4, we obtain:
AP =Kk'U." (2.5)

In this work, k' and n could be obtained through a least square regressiothe

experimental data, and then thevas obtained from Eq. 2.4.

2.1.4 Parameters measurement and uncertainty aisalys

The flow-rates of gas and liquid and absolute pmesst the inlet of gas flow were
measured. Gas flow-rate was controlled by a masg 8ontroller (AALBORG GFC17 or
BROOKS SLA5850S1). The experimental range is GGG mL/min, corresponding toldgs
from 0.028 to 74.5 m/s. Liquid flow-rate was cotied by a precise pump (ELDEX 2HM or
SHIMADZU LC-20AD). The experimental range is 0.132.6 mL/min, corresponding to a
Us from 0.008 to 2.77 m/s. The rangeslafs andU_s were as large as possible to observe
more flow pattern transitions and to give more infation about the hydrodynamic

characteristics in microchannel.

To measure the pressure drop in the microchannglessure transducer (KELLER PR
21s) was installed on the gas flow side at thet iofeY type junction. The pressure at the
outlet of the microchannel was atmosphere presduresliminate the effects of inlet and
outlet, experiments were also implemented in the IEigure 2-2B) under the same
experimental conditions. The data redaction of gures drop followed the method described
in detail in references (Yue et al., 2008, 2009 ).

Gas-liquid flow patterns were visualized and reedrdy a fast camera (Fastcam, PCI
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R2). The camera lens used in the experiments wisTRE 25mm F/1.4 coupled with a 10
mm extension loop. The CCD camera was operatedfrainge rate of 500 fps and a shutter
speed of 1/70000s, and it was connected to a paErsmmputer via a special software
interface (Photron FASTCAM Viewer) for storing imegnformation. Details about the

instruments and their ranges and precisions asepted in Table 2-2.

Table 2-2: Range and precision of experimental instruments

Parameter Device Range Unit Precision
Liquid flow ELDEX 2HM pump 0-40 mL/min 1%
rate SHIMADZU LC-20AD pump 0-10 1%
AALBORG GFC17 mass flow
Gas flow rate controller 0-10 mL/min 0.5%full scale
BROOKS SLA5850S1 mass flow 0-500 0.2%full scale
controller
Pressure KELLER PR 21s pressure transduced-500 kPa 0.5% full scale
transducer
Viscosity PROLABQ-PARIS falling ball ) ) 1%
viscometer
Surface tension PROLABO-PARIS L.ECOMTE du 0-140 mN/m 1% full scale
NOUY Tensiometer
Camera Fastcam, PCI R2 high speed camera - - -

For convenience of comparison, all the tests wemgiexl out at 25 °C to avoid the
variation of fluid physical properties with temptna. For each measurement, it took about
10 to 20 minutes for the stabilization of two-phélesv. Good reproductivity was observed

(less than £5% variation). Table 2-3 gives the wuglconditions of the present study.

In the present work, the measurement errors haga healyzed following the method

proposed by Wahlin et al. (2005). The calculatedumeters may be expressed by:

_4Q,,
G,L ﬂd-2

U

(2.6)
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A
ReG,L :M (2_7)
,UG,L”di
16Q;, %P
We, =ﬁ (2.8)

Therefore, the relative uncertainties of the gad Aquid superficial velocities, Re

numbers andVenumbers may be estimated by following expressions:

AU, z\/(AQg,L] +(2A_dij (2.9)
Us. Qs d
ARe; _ (AQG,LJZ _'_(Adi jz +(ApG,L]2 _{AIUG,LT (2.10)
Re&s . Qs d Ps.L HsL .
AWGG,L _ (ZAQ;,L] +(3A_dij +[AIOG,LJ +(Aaj (2.11)
We, Q. d Pa,L g

The calculation indicates the uncertainty of 1.786 the flow velocity, 1.9% for
Reynolds number and 3.2% for the Weber number.92.2% Capillary number can be also
obtained following this method. It should be cladgrtbat the uncertainty of liquid properties
depends on the measured accuracy of temperaterepthelations to describe them and the
uncertainty of channel diameter depend on the megsmethod. Here, the uncertainty of gas
and liquid physical properties was assumed to be 48d 2 um forAd; in this paper in
acceptable extent.

Table 2-3: Experimental conditions

Parameters Ranges
302
Channel inner diameted; (um) 496
916
Temperature, (°C) 25
Pressure drop (kPa) 1-399

Liquid superficial velocityU, s (m/s) 0.008 - 2.8
Gas superficial velocityJgs (m/s) 0.028 — 74.5

Liquid Reynolds number, Re 0.84 - 1558
Gas Reynolds number, Re 0.98 - 1510
Liquid Weber numbeiVe 3.1 x 10*-50.5
Gas Weber numbewe; 5.4 x 10° - 33.6
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2.2 Flow patterns and flow regime maps in horizonta circular

microchannel with a 'Y junction

2.2.1 Nitrogen-water flow — Influence of channeksi

The hydrodynamic characteristics of Nitrogen-wé#lew have been investigated in three
circular microchannels. The typical gas-liquid fipatterns which were generally reported in
the existing literature, i.e. bubbly flow, slug Wip churn flow and annular flow, were also

observed, as shown in Figures 2-3A-C.

In microchannel,bubbly flow is characterized by shell bubbles dispersed in the
continuous liquid phase, of which the shape isroftistorted spherical because of high liquid
velocity, and the axial length is generally smallean the channel diameter (Shao et al., 2009;
Triplett et al., 1999). As shown in Figures 2-3A(&8(a), C(a), bubbly flow occurs at
relatively highU, s and very lowdgs Dispersed bubbly flow, which characterized by glas
phase dispersed in cluster of bubbles scatteringpminuous liquid phase and the bubbles
size is much smaller than the channel diameterd&ral., 2010), was not observed, due to
relatively small channel size andis. When the ratiodUsdU,s increases, the bubble size
grows up and reaches the channel diameter, analkthelength extend gradually. Eventually
slug flow develops.

Slug flowis also known as Taylor flow, plug, segmentedernmittent, bubble-train or
elongated flow (Shao et al., 2009). It is charaessr by elongated gas bubbles (gas slug) with
axial length larger than the channel diameter amhated by the liquid slugs in the axial
direction, and usually the lengths of gas slug bopaid slug are constant. When thks is
relatively low, the gas slugs have regular shapekiding smooth body and near-spherical
nose and tail (Figs 2-3A(b), B(b)). WhehsandUgsincrease, the shape of gas slugs deforms
like bullet with flattened tail and projecting nagegure 2-3B(c), C(b)).

With increasingUgs at relatively lowU,s, the gas slugs are elongated and merge due to
the increasing mixture volumetric flux, astlg-annular flow(Figure 2-3A(c), B(e), C(e)) is

established, also called Taylor-annular flow (Shetoal., 2009) or wavy-annular flow

48



Chapter 2: Gas-liquid Flow Patterns in Circular Mitannels

(Coleman and Garimella, 1999). In this flow patiegas core is surrounded by a liquid film
in which large-amplitude solitary waves appear timgly. Slug-annular flow looks like that

the gas flow just break through the liquid slugloe waves do not grow sufficiently to block

the channel. With further increasindss the large-amplitude solitary waves gradually
disappear and annular flow is formed.

Generally, annular flow occurs at excessively highlgs and relatively low U s
Continuous gas flowing through the channel cergesurrounded by continuous ring shape
liquid film along the channel wall (Figure 2-3A(dB(f)) (Triplett et al., 1999). In non-circular
channels, the liquid phase is concentrated at tiieecs (Shao et al., 2009; Zhao and Bi,
2001).

At highUgsandU_s, churn flowis formed in the channel, which is generally cdased
as a transitional flow pattern between slug flowl arertia dominated dispersed flow (Shao et
al., 2009). This flow pattern is generally in twarrhs, with very chaotic structure. One form
is unstable gas slugs leading to the disruptiothéir trailing ends and dispersion of tiny gas
bubbles into the liquid phase (Figure 2-3A(f), B(Mhe other is that liquid film is disturbed
at highUgsand small liquid drops appear in the gas coreufie@-3C(h)).

Under our experimental conditiordispersed flowcharacterized by small liquid droplets
dispersed in gas core and liquid film lost the achivith channel wall, was not observed in
these channels. Indeed, it is reported that dispeitew is rarely observed in microchannels
with hydraulic diameter smaller than 1 mm (Shaalet2009).

Meanwhile, two transitional flow patterns, namelyg-bubbly flowand unstable slug
flow were observed. Slug-bubbly flow characterized lmginof gas slugs followed by one or
more gas bubbles is considered as a transition#rpafrom bubbly flow to slug or to
unstable slug flow with increasindgsat relatively highJ, s, as shown in Figures 2-3B(d) and
C(c). The unstable slug flow characterized by \#deiagas and liquid slug length, even
sometimes two or more gas bubbles merge to fornblbttbain slug (Chen et al., 2002) or
even with a segment of slug-annular flow, is coased as a transitional flow pattern between
slug and slug-annular flow or churn flow, as shasvRigure 2-3C(d).

Another flow pattern rarely reported, namely tinvy flow was also observed. Instead of
a continuous liquid film, the liquid exits just one side of the channel, and form unstable
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wavy at gas-liquid interface due to very higlss as shown in Figures 2-3A(e) and B(Q).
Barajas and Panton (1993) considered that this flattern is related to the wetting properties

or contact angle between the liquid and channel, wahnnel contamination and amount of

liquid in presence.

Flow direction;

Flow direction: e———fm—
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C(h)

Flow direction: g

Figure 2-3: Representative flow patterns of Nitrogen-water horizontal flow in the circular
microchannels. (A): d;= 302 pm; (a) bubbly flow (Us = 1.973 m/s, Ugs = 0.076 m/s); (b) slug flow
(Us =0.212 m/s, Ugs = 0.127 m/s); (c) slug-annular flow (Urs = 0.212 m/s, Ugs = 15.99 m/s); (d)
annular flow (Urs = 0.069 m/s, Ugs = 74.45 m/s); (e) wavy flow (ULs = 0.023 m/s, Ugs = 74.48 m/s);
(f) churn flow (Ucs = 1.152 m/s, Ugs = 21.32 mIs). (B):.d; = 496 um; (a) bubbly flow (Us = 2.024 m/s,
Uss = 0.028 m/s); (b) smooth slug (ULs = 0.065m/s, Uss = 0.094m/s); (c) slug flow (Urs = 0.698 m/s,
Uss = 1.042 m/s); (d) slug-bubbly flow (ULs = 0.951 m/s, Uss = 0.659 m/s); (e) slug-annular flow
(ULs = 0.065 m/s, Ugs = 5.176 m/s); (f) annular flow (Us = 0.048 m/s, Ugs = 46.95 m/s); (g) wavy
flow (Us = 0.026m/s, Ugs = 46.92 m/s); (h) churn flow (Uvs = 2.024 m/s, Ugs = 9.401 m/s). (C) d;=
916 m; (a) bubbly flow (ULs = 1.101 m/s, Ugs = 0.028 m/s); (b) slug flow (ULs = 0.555m/s, Ugs =
0.553m/s); (c) slug-bubbly flow (Us = 1.101 m/s, Ugs = 0.444 m/s); (d) unstable slug flow (Urs =
1.201 m/s, Ugs = 1.103 m/s); (e) slug-annular flow (ULs = 0.050 m/s, Ugs = 3.311 m/s); (f) annular
flow (ULs = 0.020 m/s, Uss = 13.76 m/s); (g) wavy flow (ULs = 0.005 m/s, Ugs = 3.310 m/s); (h) churn
flow (ULs = 1.101 m/s, Ugs = 11.02 m/s)
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Figure 2-4 indicates the influence of channel sizeghe two-phase flow regime maps in
microchannel. It can be observed that the regidnslug and unstable slug flow become
wider when channel size decreases. Later transitoour from slug to churn, to slug-annular
and to bubbly flow. This trend may be explainedthnee aspects. Firstly, the smaller the
channel size is, the more difficult to form bubfilyw due to more energy needed to disperse
the gas phase in gas bubbles with smaller volureeor®lly, the liquid slug is more difficult
to break through due to the high surface tensidmchvis dominant in smaller channels.
Thirdly, churn flow is generally considered as aalic flow, which appears under higher
Reynolds number conditions. Therefore, the sma#flerchannel is, the higher values of gas
and liquid velocities are required for the tramsitifrom slug flow to churn flow. This
tendency is also reported by Akbar et al. (2003 wivided two-phase flow regime into four
parts, i.e. surface tension-dominated region (byksdlg flow), inertia-dominated region 1
(slug-annular and annular flow), inertia-dominatedion 2 (dispersed flow) and transition
zone. The effect of surface tension on two phase fihcreases with the decreasing of channel
size and that leads to the larger region of surfacedergominated flow.

Wavy flow is observed for all three channels, atgl region becomes wider with
increasing channel size. In our tests, the liqulich fin the horizontal microchannel was
asymmetry due to the gravity effect, i.e. the ldgfilm near the upside of the channel was
thinner than that of downside. this asymmetry iases with increasing channel size (Li and

Wang, 2003).
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Figure 2-4: Comparison of flow regime maps of Nitrogen-water horizontal flow in circular

microchannels with different diameters

2.2.2 Nitrogen-CMC solution horizontal flow in ailar microchannel — influence of viscocity
Three solutions with different CMC concentas (0.0464%, 0.1262%, and 0.2446%)
were employed to study the influence of liquid wsity on the gas-liquid flow patterns in

microchannel with diameter of 496 pum.

According to Spisak (1986), the effective viscogifynon-Newtonian liquid flow can be

described in a laminar flow as follow:

n-1
g = k(w—j (2.12)
dH

Wherek andn are the rheological parameters listed in the Ta@ble Therefore the effective

viscosity values of working liquid can be obtainad,indicated in Figure 2-5.
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Figure 2-5: The effective viscosity of CMC solution and water as a function of liquid superficial

velocity

Typical flow patterns, i.e. bubbly flow, slug flowJug-annular flow, annular flow and
churn flow, were observed whereas slug-bubbly floapillary bubbly flow and dispersed
flow did not appear. In particular, wavy flow hastrbeen observed for 0.2446% CMC
solution. It was also found that some detail charéstics are different with respect to
Nitrogen-water system in the same microchannel. &mmple, with increasing CMC
concentration, the thickness of liquid film of slagnular flow increases. This is due to the
higher liquid viscosity, for that when gas flow &ks through the liquid slug, more driving

force is needed and thicker liquid film will be foed at the samdgs

Figure 2-6 shows the influence of the liquid visgo®n the gas-liquid flow regime
maps. For all these working liquids, the transiticom slug to bubbly flow occurs at almost
the samaJgsandU,s, implying that the liquid viscosity does not hawech influence on this
transition.

It should be noted that the increasing liqugtosity leads to lower value of Ravhich
in turn causes the transitions from slug-annulaararular to churn flow occurring at higher
Urs One may also observe the later transitions frlug ® slug-annular or to churn flow at
higherU_s, because that highelgslead to the increase of actwl in the microchannel.

54



Chapter 2: Gas-liquid Flow Patterns in Circular Mitannels

In the present workwith increasing liquid viscosity, the region of waflow reduces or
even disappears under high liquid viscosity condi(0.2446% CMC solution). It is the wavy
flow, with high Ugs and very little amount of liquid in presence, ascwhen the thickness of
liquid film decreases below a certain limit. Ancetthickness of liquid film is considered to
increase with the liquid viscosity and to decreagh surface tension under the sathg and

Ugs (Bretherton, 1961). Therefore, the higher theillquscosity is, the smaller the wavy

flow region becomes.
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Figure 2-6: Comparison of two-phase horizontal flow regime maps in circular microchannels (d;

=496 pum) with different liquid viscosity

2.2.3 Nitrogen-SDS solution and Nitrogen-ethanoizumtal flow in circular microchannel —
influence of surface tension

Two SDS solutions with different concentrations attlanol were used as working
liquid in this study. For the Nitrogen-SDS solutifbow, typical flow patterns such as bubbly
flow, slug flow, wavy flow and churn flow could béentified. In addition, some distinct flow
patterns that were not observed in other two-plsgséeems, i.efoam-slug(Figure 2-7(a)),

foam-slug-annular (Figure 2-7(b)) andfoam annular (Figure 2-7(c)) were observed.
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Foam-slug flow is similar to slug flow, but contaifioams in both liquid and gas slugs.
Similarly, foams occur in liquid film and gas body slug-annular flow, thus forming the
foam-slug-annular flow. With increasindcs foam-annular flow is developed. In this flow
pattern, foams exist in the gas core but not ptdasethe liquid film. Churn flow is formed in
the channel at relatively higdgsand U.s. Unlike other two-phase systems, in which one
phase disperses into another phase body becabgghdhertia, a lot of foam occurs in liquid
body and gas core, as well as at gas-liquid intetfét relative highgs (U.s > 3m/s), the
foams hold the entire liquid slug, and much higberssure drops are measured, three times

higher with respect to Nitrogen-water two-phasdesysunder same working conditions.

Foam

Flow direction: eessg

Figure 2-7: Foam flow patterns of Nitrogen-SDS solution (0.2610% SDS) horizontal flow in the
circular microchannel (d; = 496um): (a) foam-slug flow (ULs = 0.086 m/s, Uss = 3.103 m/s); (b)
foam-slug-annular flow (Ucs = 0.051 m/s, Uss = 4.228 m/s); (c) foam-annular flow (Us = 0.034 m/s,

Uss = 28.18 mis)
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It is known that the surfactant, especiallyoait surfactant such as SDS is usually a
foaming agent. The SDS molecule, like all the otharonic surfactant molecules, has
hydrophilic head and hydrophobic tail, and theyl wilgrate to the liquid surface to minimize
the surface potential energy of the system by actatmg at the liquid-gas interface. This
effect activates the formation of foams and thecdoof repulsion between the ionized
molecular head and tail can keep the foam stabdsd® 2004). For the slug-annular, annular
and churn flow, the gas-liquid interface is verygk but unstable due to the high gas
velocities. Therefore, stable foams are formedha Nitrogen-SDS solution flow. This
phenomenon may be useful for chemical process iohathrge gas-liquid interface is needed,

such as gas absorption or gas-liquid reaction.

8(a)

8(b)

Flow direction; g

Figure 2-8: Two representative flow patterns of Nitrogen-ethanol horizontal flow with different
details compared to Nitrogen-water flow in the circular microchannel (d; = 496m): (a) bubbly

flow (ULs = 0.866 m/s, Ugs = 0.049 m/s); (b) slug-annular flow (ULs = 0.069 m/s, Ugs = 2.067 m/s)

Typical flow patterns were also observed in therdgen-ethanol system. However,
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detail features of flow patterns may be differematnd Nitrogen-water system. For example,
the gas bubbles deviate from the centre of theadmannel, and closer to the upper side of
the channel (Figure 2-8(a)), which may be relatethé buoyancy of the gas bubbles and the
decrease of the liquid surface tension More asyimynveas observed in slug-annular flow
(Figure 2-8(b)) (Li and Wang, 2003). In additiolygsbubbly flow and wavy flow were not

observed.

Figure 2-9 displays the comparison of two-phasw ftegime maps for working fluids

having different surface tensions.
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Figure 2-9: Comparison of two-phase horizontal flow regime maps in circular microchannels (d;

= 496pum) with different surface tension

In spite of the disturbance caused by the presehfmams, it is obvious that the regions
of slug and unstable slug flow reduce with decreasiurface tension, The bubbly flow is
easier to form at lower surface tension since tivease energy needed to form and elongate
small gas bubbles decreases. The earlier trandioon slug to slug-annular flow is mainly
because that the liquid phase is easier to bre@ugh because of the decreasing surface

tension. Earlier transition from slug to churn flaecurs at lower surface tension. However,
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for the transitions between slug, slug-annular emarn flow, the influence of surface tension
can not be well identified due to the disturbantdoams. Wavy flow region also reduces
with decreasing surface tension, even not observethanol case. According to Bretherton
(1961), the liquid film thickness increases withcidm®sing surface tension, therefore wavy
flow region is smaller when surface tension is loWwi#ese observations correspond well to

the “zone divisions” proposed by Akbar et al. (2D03

2.3 Comparison with existing flow regime maps and\ailable transition

criteria

2.3.1 Comparison with existing flow regime maps

The flow pattern maps of the nitrogen-water systsm compared with three existing
flow regime maps, i.e. that of Triplett et al. (8990of Yang and Shieh (2001) and of Hassan et
al. (2005). These three flow pattern maps are smlebecause they are all based on the
systematic experiments of two-phase horizontal filowmicrochannels, which are close to the
present work. In experiments of Triplett, air andt&r were used as working fluids, and the
test channel was circular with= 1.097 mm. As shown in Figure 2-10(A), the regimap of
Triplett agrees well with ours for the regions afbbly, slug and annular flow, with the
exception for the transition from slug-annular @amhular to churn flow. This difference may
be caused by different experimental conditionshsas temperature, or by the differences in
gas liquid inlet conditions, channel diameter aalorication. Good agreement was also found
in comparison with Hassan’s flow map (Figure 2-1)(Gowever, it can be noted from
Figure 2-10(B) that the Flow regime map of Yang &fmikeh (2001) does not correspond well

with the present regime maps.
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Figure 2-10: Comparison with existing flow regime maps of (A): Triplett et al. (1999); (B): Yang
and Shieh (2001); (C) Hassan et al. (2005)
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2.3.2 Comparison with available transition criteria

Many transition models have been proposed by relsees to predict the flow pattern
transitions in small channels. Here, we choosettamsition models, that of Akbar et al.(2003)
and that of Waelchli and Rudolf von Rohr (2006}, feason that the channel size and fluid

properties considered are close to our work.

a) Comparison with the transition model of Akbaakt(2003)
Akbar et al. (2003) suggested that the Weber nun{bée= uqu/a) IS more

appropriate to be used as coordinate to predididiaeregime transitions:

Surface tension dominated zone:

For We,<3.0: We,<0.11We* (2.13)

For We, >3.0: We, <1.0 (2.14)
Annular flow zone:

We, >11.0Wel** and Weg <3.0 (2.15)
Dispersed flow zone:

We, >3.0 and We,; >1.0 (2.16)

The comparison between Akbar’s model and the ptdkem regime maps using Weber
number as coordinates are displayed in Figures(&}4C). It can be noted that the Akbar’s
model can well predict the annular flow region unalé experimental conditions, but it is not
the case for other flow patterns. Note that theelised flow in Akbar’s model, which occurs
at higher gas and liquid velocities than churn flevas not observed in the present work.
According to the “zone division” of Akbar et al.Q@3), the transition flow zone consists
slug-annular flow, a part of unstable slug flow amdart of churn flow. In addition, the
surface tension dominated zone includes bubbly,fldwug and plug flow. As a result, the
Akbar’s transition model seems to be acceptable pi@dicting the transitions of flow

patterns.
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Figure 2-11: Comparison with the flow pattern transition model of Akbar et al. (2003): (A) with

various channel diameters; (B) with various liquid viscosities; (C) with various surface tensions
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Also note that Weber number is more appropriatebéoused as coordinates than
superficial velocities, for that the effects of faae tension and channel diameter can be taken
into account. But it fails to reveal the effectligiuid viscosity on two phase flow patterns, as

shown in Figure 2-11(B).

b). Comparison with the transition model of Waalelnid Rudolf von Rohr (2006)

Waelchli and Rudolf von Rohr (2006) suggested tiRa; °**We, °* be used as

coordinates, and it showed good agreement withr thgerimental results. As expressed in

Eq. (2.17), Re; **We,  *“can be considered as a transformationUgf, , with additional
factors adapted to the variation of fluid physicalperties and channel diameters.

0.2
d.Gmp®

ReG‘,_O'ZWQ;,LOA: UG,L(/; mfg] - Ks Ug L (2.17)
6L

Figure 2-12 shows a comparison of Waelchli and Rudmn Rohr’s model with our
experimental results. Several features may be wbderFirstly, the transition lines of the

model are in poor agreement with the present exytal data. Secondly, the effect of

channel diameter on two phase flow patterns caweierevealed by usingRe, **We, >

as coordinates, as show in Figure 2-12(A). Howetvery may not be appropriate to predict

the influences of liquid physical properties.
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Figure 2-12: Comparison with the flow pattern transition model of Waelchli and Rudolf von Rohr

(2006): (A) with various channel diameters; (B) with various liquid viscosities; (C) with various

surface tensions
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2.4 Transition criteria based on the present expemental data

Based on the above discussion, it can be concltldgdhe effects of channel size and
liquid physical properties on the gas-liquid floatferns in microchannels are significant. The
existing transition models can not properly coteelaur experimental data. As a result, we try

to propose here a new transition model.

For the two-phase flow patterns transition in threwtar horizontal microchannels, it can
be known that the influence factors that shouldaken into account are fluids viscosities,
MLg, surface tensiong, superficial velocitiesU,scs channel inner diameted;, channel
surface roughnesks (in the present study, the microchannels werddated through precise
hot-stretching and very clean giving:= 0.001 mm), and fluids densitigs,c. The influence
of temperature is not considered for that all tkgegiments are conducted under°€s Using
n-theorem (the detail can be found in Waelchli andlétf von Rohr, 2006; Zlokarnik, 1983),

six dimensionless groups can be obtained as follows

Rq = pLULSdi
M
Re, = PV el
Hs
_H4Ug
Ca =
aL g
_ HUgs
C
aG g
5=
d,
p, =L
Hs

A function f can be expressed based on the dimension anatysibd flow patterns

transition boundaries as:

f(Re .Re Ca_ Ca & 4, F ( (2.18)
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Usually, f is an exponential function which can only be extwd from experimental

results, and we used the form for the present sasdy

c,Re " Caq%o= . “ = Re* Ca 0" 1 ° (2.19)

According to Eqg. (2.19), when the transition linesall the gas-liquid systems are
plotted in the figures,Re,* Ca,*d% u_ *can be used as x-axis arflle * Ca 20y, *as
y-axis, as shown in Figure 2-13. According to tkkpezimental data, a parameter-variation

yields the exponents as follows.

For transition from bubbly to slug flow:

x-axis: Re,**Ca,*’07 %" (the value in the present work: from 0.0026 t85)0

y-axis: Re **Ca >0 % =% (from 0.0054 to 2.30)

For transitions from slug flow to churn and slugzalar flow:

x-axis: Re,"*Ca,%0" %%~ % (from 0.0015 to 2.80)

y-axis: Re*Ca >0 % ~*" (from 0.0025 to 0.95)
For transitions from churn to slug-annular and danilow:

x-axis: Re,*°Ca,*0°%* (from 0.077 to 174.7)

y-axis: Re°Ca *9°%y, ** (from 2.06 to 1058)

Because of different flow mechanism, three traosgiare discussed separately. It can be
noted that in the transitions from churn to slugidar and annular flow, the exponent@d
is 0.1, smaller than other two transitions. It cades that the influence of surface tension is
less important under higher gas velocities. It atsm be noted that all the axis are
proportional toUgssandU,s, e.g., Eq. (2.20) and Eqg. (2.21). It can be careid as additional
factors which relate the channel size and liquigsptal properties are used to corrbes and

U|_5.

ReGO.3 CaGO.75— 0.4= di O.7ILIG O.ApG O.&.— O.l7JGS (220)
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ReLo.3CaLo.75~ 0.4 - 0.4_ q 0.% O'bL 03~ 0L7JLS (2.21)

All the transitions are plotted in Figure 2-13(A))(and good agreement is observed.
Note that for the transitions from slug to slug-alan flow and from churn to slug-annular

flow, Nitrogen-SDS solutions have not been congdedue to the disturbance of foams.
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Figure 2-13: The flow pattern transitions with based on the experimental data: (A) the transition
from bubbly to slug flow; (B) the transitions from slug to churn and to slug-annular flow; (C) the

transitions from churn to slug-annular and to annular flow

We admit that the transition criteria presentecehsme based only on the experimental

data obtained in the current work, without the @ffee comparison with others, thus may lack
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of universality at this stage. However, the aintho$ effort is not to claim that our model is

better than the previous ones, because the awailatperiments data in literature on the
effects of liquid physical properties are stilleaAnd the present model is far from complete,
I.e. other influencing factors such as temperathannel section, orientation, channel surface
characteristics and inlet structure are not comsitlevhich is also the subject of our ongoing

work, as well as further refinement of the modetbynparison with others.

2.5 Conclusions

Gas-liquid flow in horizontal circular microchansekith diameter of 302 pm, 496 um,
and 916 um was experimentally investigated. Speomgihasis has been put on the influences
of channel size and liquid physical properties as-tiquid flow patterns. Flow pattern maps
were constructed and compared with existing modelkterature in order to discuss the
transition trends from one flow pattern to anotidenew model was proposed which takes the
effects of channel size and liquid physical prapsrinto account. Based on the analysis and
discussions above, we list the main observatioris|&svs:

(1). Typical flow patterns, i.e. bubbly, slug, slagnular, annular and churn flow were
observed during all the tests. In addition, traosdl flow patterns, such as bubbly-slug and
unstable-slug flow as well as wavy flow also appdaDispersed bubbly flow and dispersed
flow were not observed.

(2). Channel size influences the two-phase flowgpas remarkably. With decreasing
channel diameter, the transitions from slug to byibw, to churn and to annular flow occur
at higherUgs andU,s. In other words, the surface tension dominatedoregs defined by
Akbar et al. (2003) widened.

(3). Liquid physical properties (viscosity and swé tension) have obvious effects on
two-phase flow patterns. On one hand, when liqusgosity increases, the transitions from
slug to churn and to slug-annular flow happen ghéiUgs andU, s, while the transition to
bubbly flow remains almost unvaried. On the othandy the smaller the surface tension is,
the earlier the transitions from slug to bubblyfldo churn flow and to slug-annular flow,
which can be considered as shrinkage of surfaceaelominated region.
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(4). The flow pattern maps presented by Tripletile{1999) and by Hassan et al. (2005)
correspond well to our experimental results. Howetlhee maps of Yang and Shieh (2001) are
in poor agreement with the present results.

(5). The Akbar’s transition model can only predice transition from slug-annular to
annular flow under our tested conditions. The tteors model proposed by Waelchli and
Rudolf von Rohr (2006) can not well predict thegama flow regime maps either.

(6). A new model which considers the effects of ote size and liquid physical
properties is proposed. Three empirical correlatiare proposed for predicting the transitions
from slug to bubbly flow, from slug to churn anduglannular flow, and from churn to

slug-annular and annular flow, respectively.

Gas-liquid two phase pressure drop characterigtit$e presented in the next chapters,
in which the main trend of pressure drop with thg andU_s and the dependent of pressure
drop on the two-phase flow patterns will be preséniThe pressure drop characteristics of
pressure drop in the inertia-dominated region da in surface tension-dominated region

will be deeply discussed, respectively.
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CHAPTER 3: TWO-PHASE PRESSURE DROP MODEL FOR
INERTIA-DOMINATED REGION

As an extension of the study presented in thedaapter on gas-liquid flow patterns in
horizontal circular microchannel, this chapter maiconcentrates on the characteristics of
two-phase pressure drop, and of course its depegaentwo-phase flow patterns.

The experimental results show that the two-phassspre drop in microchannels is
highly flow pattern dependent, and the main tread lbe divided into three regions: bubbly
and slug flow region (surface tension-dominatedystable flow region (transitional region)
and slug-annular, annular and churn flow regiorer(ina-dominated region), and will be
exhibited in this chapter. The two-phase pressuop data ininertia-dominated regiomwill
be compared with many existing homogeneous-flow eteoend Lockhart-Martinelli models
using various Chrisholm parameté€) (correlations. And an effort will be made for posmg
a modified Lockhart-Martinelli model in which thdfexts of channel diameter and liquid

properties on th€-value will be taken into account.
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3.1 Introduction

Pressure drop, one of the most important hydrodymaspects of gas-liquid flow, is an
essential element for the design of two-phase gs®=ein the chemical industry and others
gas-liquid systems, i.e. boiling and condensatiopipes. Two methods are generally used to
predict the pressure drop of gas-liquid flow, ileomogeneous mixture model and

separated-flow model (Collier and Thome, 1994).

Homogeneous mixture model, also named homogendmwsiiodel, is a simple model
which assumes that gas and liquid flow have idahtielocity, thus can be considered as a
single phase flow with two-phase mixture densitg arscosity (Holland and Bragg, 1995;
Lee et al., 2010). Generally, in homogeneous-floadet, the two-phase frictional pressure

drop is calculated from:

dP,. 2
—f = ftp —G (3.1)
dZ hom 2dH'0'fP
In which, p,, is two-phase mixture density defined as:
1_ -1
Py = (i +—X9j (3:2)
pG pL

The two-phase Darcy friction factoff, is a function of two-phase mixture Reynolds

number (McAdams et al., 1942), which defined as:

Re, = Gd, (3.3)
Hip
For laminar two-phase flowRe, < 210() in pipes (Saisorn and Wongwises, 2008):
64
fo=—— (3.4)
Re,
And for turbulent flow Re, > 210()
0.3164
fip = quo.zs (3.5)
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in which £, is two-phase mixture viscosity, which is the keyrgmeter for

homogeneous-flow model. Different expressions fgr have been proposed, as tabulated in

Table 3-1. For two-phase flow in mini- or microchah several authors found that the
homogeneous-flow model could well predict the puessdrop based on their experimental
results ((Agostini et al., 2008; Choi et al., 200R; and Wang, 2008; Saisorn and Wongwises,
2008; Triplett et al., 1999; Ungar and Cornwell,929 while others also found that the
predicted results deviated obviously from their expental data (Niu et al., 2009; Su et al.,

2010).

Table 3-1: Different expressions of the two-phase mixture viscosity for homogeneous-flow model

Authors Correlation
-1
McAdams et al. (X 7%
(1942) Porlw a
Cicchitti et al.
=X +(1-Xx
(1960) lutp eluG ( e):UL
Owens (1961) Hyp = My
Dukler et al.
= +(1-
(1964) My = Bl + (A= B) 1,
Beattie and

Whalley (1982) thy = A= B)A+2.98)+ B, B=p X[ AXe+ Poll=X)]

Lin et al. (1991) Hyp = H Mg /[,uG +Xg (U, —,uG)} ,n=1.4when0<x, <0.25
Awad and P :1[ 20+ Hs —2(H — Hg )X + 1 e+, 20U~ )AX,)
Muzychka (2008) " 2| ™" 2u g + (U X, | g+, +Ug —1)(1-X,)

On the other hand, many researchers preferred ssp@rated-flow model to predict the
two-phase pressure drop in mini or microchannétgesthe interaction between two phases
was considered, which would be significant when ¢hannel size is in the mini or micro

scale (Choi et al., 2011; English and KandlikatQ&0 The most widely used separated-flow
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model was proposed by Lockhart and Martinelli (194Bhey used two-phase friction
multiplier to relate the two-phase frictional pness drop to the single-phase frictional

pressure drop, expressed as:

deri de>r| 2 dlf:r)l 2
= = — 3.6
( dz jsep [ dz quoL ( dZ G% ( )

And the Lockhart-Martinelli parameter is given by:

2 deri de)n
/%)

The most widely used correlation to calculate the-phase frictional multiplier was

proposed by Chisholm and Laird (1958), expressed as

@’ :1+§ s L (3.8)

X2

In which, C is the Chisholm parameter. Combining Eqs.3.6-881y:

2@ T, -
dz sep dz L dz L dz G dz ¢

From Eq. (3.9), it can be known that the two-phlgsional pressure drop based on

Lockhart-Martinelli model is composed of three pathe liquid phase pressure drop, the gas
phase pressure drop and the pressure drop caustbe lmyteraction between liquid and gas
phase. Thus, th€ parameter can be considered as a parameter deaiihgtwo-phase
interaction. Chisholm and Laird (1958) first gawg @ur C-values depending on the gas and
liquid flow conditions (whether the flows are tutbot or laminar) for two-phase flow in
common size tubes. Later, Mishima and Hibiki (1986)nd that the value of Chisholm’s
parameter would decrease with decreasing tube demmehen they investigated the
two-phase flow in the circular small tubes, andytheoposed &-value correlation related to
tube diameter. After that, extensive investigatiarese carried out to study two-phase flow
pressure drop characteristics in mini or microcledsnand many modifie€ correlations
were proposed, as listed in Table 3-2. Most of @heorrelations were related to channel
diameter and dimensionless numbers, i.e. Reynaldsber, Weber number or confinement
number. Recently, more and more researchers coadidthat the C-value depended

dramatically on the fluid physical properties arthmnel diameter (English and Kandlikar,
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2006; Kawahara et al., 2009; Ma et al., 2010). Médale, we have discussed in detail in the
last chapter the significant influences of liquidypical properties and channel diameter on
the two phase flow pattern. Consequently, the tivasp pressure drop in microchannels is
highly related to the gas-liquid flow patterns,adso reported by other authors (Cheng et al.,
2008; Choi et al., 2010, 2011; Moreno Quibén andnid, 2007a, b; Rebrov, 2010).

Nevertheless, this relationship has not been censidin most of two-phase pressure drop

models.

Based on the experimental results obtained in #s¢ thapter, a typical trend of
two-phase pressure drop highly related to the tivasp flow patterns in the microchannel
will be depicted in this chapter. Three flow regionmill be defined according to flow patterns,
i.e., surface-tension dominated region, transifioegion and inertia-dominated region. Then
the experimental pressure drop results in thertia-dominated regicghwill be compared to
various existing predictive methods, and the inflees of channel size and liquid physical
properties on theC-value will be deeply discussed and exhibited. lfnaa modified

correlation will be proposed for a better prediatfor this region.
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Table 3-2:

Chisholm parameter C and various expressions of C correlation for two-phase flow in mini or microchannel

Authors

Gas-liquid

Channel geometry

Correlation Observations

Chisholm and
Laird (1958)

Mishima and
Hibiki (1996)

Lee and Lee (2001)

Qu and Mudawar
(2003)

Yue et al. (2004)

Lee and Mudawar
(2005)

Air/water

Air/water

Vapor/water

Nitrogen/water

Vapor/R134a

Circular small tubes
and rectangular
ducts; hydraulic

diameters: 1| mm — 4

mimnl.

Rectangular channels
with small height:
(0.4, 1,2, 4 mm) x 20

mim;

Parallel rectangular
microchannel: 0.231

mm * 0.713 mm.

Rectangular
microchannel (dz =
0.528 and 0.333

mm).

Rectangular

micro-channel: 0.231

mm * (0.713 mm.

Both liquid and gas flow turbulent: C =20 liquid flow laminar and

gas flow turbulent:

laminar: C =10 : both liquid and gas flow laminar: C =5.

Modify the

C =12 liquid flow turbulent and gas flow  Lockhart-Martinelli model

with Chisholm number: C.

3
C=211-e""" %Y for rectangular ducts:

The effect of channel size on

3 C considered.
C=21(1-e*"" ) for circular small tubes.
C=¢c,A%y” Re,”
The C correlation defined
Liqud Gas <, (& c, (&N using three dimensionless
- - = parameters in which liquid
Laminar Laminar 6.833x10 -1.317 0.719 0.557 )
] ) - ) properties, flow rates and
Laminar  Turbulent 6.185%10 0 0 0.726 ) .
) channel size considered.
Turbulent  Laminar 3.627 0 0 0.174
Turbulent Turbulent 0.408 0 0 0.451
The C correlation
oo incorporates the effects of
C =21(1—e "1 2)(0.00418G +0.0613)

C=0411822X """ Re,

C=c,Re," We,* .

. : 0.047 0.60
laminar -laminar: €' =2.16Re, ™" We, ™"

channel size and mass
velocity.
The single phase pressure
0.600428 drop ratio X considered as a
significant factor in the C

correlation.

Liquid phase Re and We
number used to modify the C

value.

laminar liquid-turbulent vapor: C =1.45 ReLO'25 I’Vel,_o'23 .
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Table 3-2 (Continued)

Correlation

Observations

Authors

Gas-liquid Channel geometry

Modified model of Mishima

and Hibiki (1996).

English and
Kandlikar (2006)

Hwang and Kim
(2006)

Chen et al. (2007)

Choi et al. (2008)

Lee and Lee (2008)

Kawahara et al.

(2009)

Niu et al. (2009)

Lee et al. (2010)

Rectangular
minichannel: 1.124
mm % 0.93 mm

C*=C(1- e 10 ): C =5 for laminar-laminar flow.

‘Nrcanf = L / d}
© Nel—rs)

C=aX". a=555-0.7555x4"%" +0.00439xRe, and

Air/water

Circular steel
microtubes with C =0.227Re 0452 Y0320 0820

. = U, 4 ¥ conj .
diameters: 0.244, .

0.430, 0.792 mm.

Vapor/R134a

Three rectangular
channels with width
of 3.0 mm and depth
of'3.0,6.0,9.0 mm.

Air/water
b=0.1001+0.0005x 4"

Circular smooth
Vapor/R410A 11'.1i11ichannels with C=55564 Relpo_zgy F’Veqfo 288
diameters: 1.5 mm

and 3.0 mm.
C =c,A%w™ Re,”: for their data:

Circular mini-tubes
with diameters: 1.62
and 2.16 mm.

Air/water

C=2161x 10—31/1—3.703%//—0.995 ReL°'486
Nitrogen/water, ethanol Circular tube with C = bBo™™ RGLOZS I‘Verﬂ'u . b = 138 for the flow without
contraction, and » = 0.55 for the flow with contraction.

and ethanol aqueous diameter: 0.25 mm.

Circular channels

Mixture of CO, and
Nitrogen/ polyethylene  with inner diameter: C=0.0049Re,"” Re " W e,p_o'86

glycol dimethyl ether 1 mm.

Collected
experimental data in
) channels (dg = 0.207
mm ~ 14 mm)

. 1.85
X

C=121.6(1—e*"%)x,

Confinement number
considered in the C

correlation.

Channel aspect ratio, liquid
phase Re and single phase
pressure drop ratio X were

considered in the C
correlation.

C considered as a correlation
of total two-phase tflow
Reynolds number and Weber
number

Bond number and inlet
contraction were considered
in the correlation.

Re;, Reg and Wey, considered
as the dramatic influence

factor on C.

Bond number and gas mass
fraction employed to
calculate the C in their work.
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Table 3-2 (Continued)

Authors

Gas-liquid

Channel geometry

Correlation

Observations

Li and Wu (2010)

Ma et al. (2010)

Saisorn and
Wongwises (2010)

Su et al. (2010)

Zhang et al. (2010)

Air/water, ethanol and
n-propanol

Nitrogen and air/water

Nitrogen/40%
methyldiethanolamine

aqueous solution

Collected
experimental data in
mini-channel (dy =

0.148 mm ~ 3.0 mm).

Four rectangular
microchannels: depth

100 pm = width (200,

400, 800. 2000 pm).

Circular
micro-channels with
diameter: 0.15, 0.22.

0.53 mm.

Circular channels
with diameters: 0.56
mm. 1.00 mm. 1.80

mm.

Collected
experimental data in
muni-channel (dg =

0.014 mm-6.25 mm).

Bo<1.5. C=11.9B0"":and 1.5<Bo<ll1,
C=109.4(BoRe,”)™*: Bo=11.Beattic and Whalley’s
homogeneous-tflow model predict well the data
C=aCd" : Ca

=u,U, /o

a=7.59-042374""" +0.0023Re, , b=0.223+0.24""": 4

1s the aspect ratio of rectangular microchannels.

(w — 7599 % 10—3 /‘L—O.GSII/IO.OOS ReL—O.OOS

C=c,Re," X*We_" : for both laminar gas and liquid flow: the

valuesof ¢,. ¢,. ¢,. ¢; respectively are 0.0704, 1.7720. -2.7901,

-0.6384: for turbulent gas flow and laminar liquid flow: 0.5426, 0.3882,
-0.2211, 0.3064.

Liquid-gas: C = 21(1— ey

Liquid-vapor: C = 21(1—e ™"y,

Three Bo regions considered
respectively, and Bond
number considered as a

significant factor.

Effects of surface tension and
channel aspect ratio were
investigated and taken into

account in the C correlation.

Re;. X and Wes considered as
influencing factor and two
flow regime considered.

Dimensionless Laplace
constant considered in the C
correlation to replace the

channel diameter.
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3.2 Experimental condition and data reduction

The experimental setup, the geometry of the tedtaseand the experimental procedures
has been described in detail in the last chaptes.miethod for uncertainties analysis was also
presented in the last chapter, and in this worketenated maximum uncertainty was 1% for
pressure drop measurements, 1.7% for flow velotiBf6 for Reynolds number and 3.2% for
the Weber number. The uncertainties made by ingnisnand error in measured channel

dimensions were also taken into account.

In the present work, the experiments were impleeteim the test section shown in the
Figure 2-2 of the last chapter. Two-phase flowhreé circular microchannels made in quartz
glass with diameters of 302, 496 and 916 um anatickd length of 10 cm, was investigated
in this study. Generally, the total two-phase puwessdrop consists of three parts: the
gravitational pressure drop (static pressure drihyg),acceleration pressure drop (momentum

pressure drop) and the frictional pressure drop:

AP =AP, +AP_+AP (3.10)

fri acc gra
Since the experiments were conducted in the hot@omicrochannel, thus:

AP =0 (3.11)

gra
and

AP, = AR, - AP (3.12)

acc

And the two-phase acceleration pressure drop sngby (Yan, 2007):

AP, =G’ ( %, Qox) j —{ %, @-x) j (3.13)
Psés  p(-&;) ot \Pcfc p(A-&g) in

In which, G is total two-phase mass flux defined as:

G=Up +Uqs00 (3.14)

And ¢&; is the void fraction. In literature, many corretais were proposed to estimate the

void fraction of two-phase flow in horizontal pipeS&mong them, two typical correlations
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were widely used:

Armand’s correlation (Armand, 1946):
&, =0.8333 (3.15)

In which g is the gas volumetric fraction defined as:

ﬂ:& (3.16)
UGS +U LS

And Kawahara’s non-linear correlation (Kawaharalgt2002):

05
&g :% (3.17)
Many researchers found that the Armand’s correfattan well predict the gas void
fraction in microchannels under a wide range ofesxpental conditions, especially under
slug flow (Taylor flow) (Choi et al.,, 2011; Kawalsaet al., 2009; Serizawa et al., 2002;
Warnier et al., 2008; Yue et al., 2008; Zhao and?BD1). Some researchers also reported that
when the channel diameters are smaller than 15QharKawahara’s correlation shows better
agreement with the experimental results (Chung kadaji, 2004; Kawahara et al., 2002;

Saisorn and Wongwises, 2010). In this work, acyyalb matter which correlation is used to

estimate the void fraction for the data reductiérivm-phase pressure drop only very small

error would remain becausAP, . is very small compared té\R, (less than 1.9% under all

acc

experimental conditions). Since the diameters oédhmicrochannels employed in present
work are 302, 496 and 916 um, Armand’s correlaigomore suitable and adopted in the data

processing of the present work.

3.3 Dependence of pressure drop on the flow regimes

It is reported that the gas-liquid two-phase pressirop in a mini or microchannel
depends on the flow regimes (Cheng et al., 2008;j €hal., 2011; Jassim and Newell, 2006;
Moreno Quibén and Thome, 2007a, b; Nino et al.,.2200no et al., 2006; Rebrov, 2010).
Nino et al. (2002) conducted experiments of the-plase pressure drop using a variety of

fluids in two multi-port microchannels with hydrauldiameters of 1.54 mm and 1.02 mm.
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They found that two-phase pressure drop was hifjbly-regime dependent and proposed
models for intermittent flow (bubbly flow and sldlpw) regime and annular flow regime,
respectively, to predict the pressure drop in ruitit microchannels. However, the inevitable
problem of gas and liquid flow maldistribution ben multi-channels may make their model
unsuitable for single mini or microchannel. Based experiments using nitrogen-water as
two-phase system in rectangular microchannels ytraulic diameters of, 143, 322 and 490
um, Choi et al. (2011) found that the typical trepfdtwo-phase pressure drop could be
divided into three regions: (a) the bubbly, slugl atongated bubble flow regimes; (b) the
multiple flow regimes (transitional regime); (c)ettiquid ring flow regime. In the first and
third regions, the pressure drop increased withilbeeasing gas superficial velocityds),
whereas a reverse tendency was observed in t@araitiegime, which could be caused by the
collapse of the elongated bubbles. Unfortunatélgytdid not propose a reasonable two-phase

pressure drop model taking this typical trend axtoount.

In the present study, a typical trend of pressuop gimilar to that of Choi et al. (2011)
was also experimentally observed, as shown in Ei@ut. For all working liquids used in the
present experiments and liquid superficial velogltys), the results show the same trend
which can also be divided into three regions adogrtb flow patterns:

Region I: The bubbly and slug flow (the slug flomthe present paper includes slug and
elongated bubble flow in Choi’s paper) region. Hhistregion, theJgs was relatively low, and
the two-phase pressure drop increased with incrgékis

Region II: The unstable slug flow region or traiwsial region. The unstable slug flow,
which was similar to the multiple flow in Choi’s per, is a transitional flow pattern between
slug flow and slug-annular or churn flow. The twaage pressure drop does not increase
obviously withUgs, but shows some instability in this region.

Region lll: The slug-annular, annular (liquid rifigw in Choi’'s paper) and churn flow
region. TheUgs is relatively high, and two-phase pressure drapeiases monotonously with

theUgs but with a higher increasing rate with respeattgion I.

Inspired by the region division theory of Akbaradt (2003) for two-phase flow regime
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map in microchannel, in which flow map was dividedo four regions: the surface
tension-dominated region (including bubbly and sliligw), inertia-dominated zone 1
(including annular and slug-annular or so-calledrywvannular slow), inertia-dominated zone
2 (dispersed flow) and transition zone, the thnexsgure drop regions in the present work can
be rewritten according to the flow mechanisms as:

Region I: The surface tension-dominated region.

Region II: The transitional region.

Region IlI: The inertia-dominated region.

Since each region has its dominating driven-force aroper flow mechanism, the
two-phase pressure drop in each region will betétbaeparately. In this chapter, only that in
inertia-dominated (region Il1) will be discussed, by comparing our experimentdah daith
the predicted two-phase pressure drops using \@arisomogeneous-flow models and
Lockhart-Martinelli models. The study of pressumdm in the surface tension-dominated

region (region 1) will be presented in the followinhapter.
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Figure 3-1: The dependence of two-phase pressure drop on the flow patterns in circular
horizontal microchannel (d; = 496 um): (A) Gas: nitrogen, U.s = 0.34 m/s; (B) nitrogen-ethanol
two-phase flow. (I) The surface tension-dominated region (bubbly and slug flow regimes); (ll) The
transitional flow region (unstable slug flow regime); (lll) The inertia-dominated region

(slug-annular, annular and churn flow regimes)
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3.4 Two-phase pressure drop in circular horizontal microchannel in

inertia-dominated region (slug-annular, annular andchurn flow regimes)

For convenience to analysis the departure of tedipted values from the experimental
results, mean relative deviation and the percentgeoints falling within the relative

deviation of 30% are used, defined as:

E

:izN: 80001 = A0y x100% (3.18)

" N i=1 Ape)(p,i
And

n. . ' s o
Pgo% — pomtls\lfallmg within 30% XlOO% (3 19)

total points

3.4.1 The comparison of experimental results witisteng homogeneous-flow model
correlations

The measured two-phase pressure drop of three Iasep flow systems
(nitrogen-ethanol, nitrogen-0.2446%CMC solution andtrogen-water) in circular
microchannel with diameter of 496 um were compangtth various homogeneous-flow
models, as shown in Figure 3-2. The mean relatexgation between experimental data and
predicted results, and the percentage of poinlisdalithin the relative deviation of 30% are
tabulated in Table 3-3. It can be observed thaptieeictions of McAdams et al. (1942) and
Beattie and Whalley (1982) are the best among hemegus-flow models, and the others
absolutely fail in prediction for two-phase flow microchannels, as also reported by other
researchers (Choi et al., 2008; Niu et al., 20@8ni#&an et al., 2010; Saisorn and Wongwises,
2008; Su et al., 2010; Triplett et al., 1999). Heer it can be observed from Table 3-3 that
even for the predictions of the McAdams’ or Bea#tirel Whalley’'s model, the mean relative
deviations from measured results are rather highremmore than 56.25% points fall within
the relative deviation of 30%. Therefore, the hoarapus-flow model may not be the proper
method to predict the two-phase pressure drop @ ittertia-dominated region, for it

postulates that the gas phase has the same vedacliguid and the interaction between two
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phases is ignored.
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Figure 3-2: The comparison of measured two-phase pressure drop (in the inertia-dominated

region) in circular horizontal microchannel (d; = 496 pm) with predictions of homogeneous-flow

models. (A): The nitrogen-ethanol two-phase flow; (B): The nitrogen and 0.2446% CMC aqueous

solution two-phase flow; (C): The nitrogen-water two-phase flow
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Table 3-3: Mean relative deviation between predicted results of various homogeneous-flow models and the measured two-phase pressure drop (in

the inertia-dominated region) in circular horizontal microchannel (d; = 496 um), and the percentage of points falling within the relative deviation of

30%
Two-phase systems
Homogeneous-flow
Nitrogen-ethanol Nitrogen-0.2446%CMC solution Nirogen-water
correlations
Em (%) P30% (%0) Em (%) P30% (%0) Em (%) P30% (%0)
McAdams et al.
35.16 37.50 30.51 52.75 31.09 56.25
(1942)
Cicchitti et al. (1960) 693.6 0 1546 0 653.6 0
Owens (1961) 997.2 0 2079 0 1093 0
Dukler et al. (1964) 60.64 0 59.15 0 50.73 4.46
Beattie and Whalley
31.96 48.86 30.52 50.55 37.52 22.32
(1982)
Lin et al. (1991) 120.0 15.90 89.89 27.47 96.96 21.43
Awad and Muzychka
374.4 1.14 706.5 0 341.5 1.79
(2010)
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3.4.2 The comparison of experimental results wiktisteng Lockhart-Martinelli model
correlations

The mean relative deviation between experimentathvase pressure drop data in the
inertia-dominated region and predicted results twé tockhart-Martinelli models using
variousC correlations, and the percentage of points fallwithin the relative deviation of
30% are tabulated in Table 3-4. It can be noted tlogkhart-Martinelli models usin@

correlations of Chisholm (1958), Yue et al. (200dawahara et al. (2009) and Lee et al.

(2010) have better agreement than others for velddwer E_ (%) and higheR,,,(%). The

comparison of the measured two-phase pressureddtapwith the predicted results of these
four models is also depicted in Figure 3-3. Althbugmarkable departure is found between
the predicted results and the present experimeéatal, and a lot of points do not fall within

the relative deviation of 30%, the Lockhart-Martinenodel seems to have more potential
with respect to the homogeneous-flow model. Thumagified Lockhart-Martinelli model

with a newC correlation will be proposed based on the expartaialata of the present work.
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Figure 3-3: The comparison of measured two-phase pressure drop (in the inertia-dominated

region) in circular horizontal microchannels with predictions of Lockhart-Martinelli models using

various C correlations. In this figure, the different symbols represent: (a) the nitrogen-ethanol

two-phase flow in microchannel with d; = 496 um; (b), (c) and (d) the nitrogen and 0.0464% CMC,
0.1262% CMC and 0.2446% CMC aqueous solution two-phase flow in microchannel with d; = 496

Mm, respectively; (e), (f) and (g) the nitrogen-water two-phase flow in microchannels with d; =

302 pm, d; =496 pm and d; = 916 pym, respectively
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Table 3-4: Mean relative deviation between predicted results of Lockhart-Martinelli model using various C correlations and the measured two-phase
pressure drop (in the inertia-dominated region) in circular horizontal microchannels, and the percentage of points falling within the relative

deviation of 30%

Two-phase system

- Nitrogen-0.0464% Nitrogen-0.1262% Nitrogen-0.2446% :
Nitrogen-ethanol - . . ) . Nitrogen-water
CMC solution CMC solution CMC solution
Authors D; =496 nm D;=496 pm D;=302 nm D; =496 pm D;=916 ym
P39 Pype, Pyge, En Py
E, (OA)) Py (%) E,, (%) E;, (ﬂ/o) Psyo, (0/0) E, (0/0) Psge, (ﬂ/o) E, (0/0) E, (O/D)
(%0) (%) (%0) (%) (%)
Chisholm and ) ) ) . =
20.40 77.27 21.27 71.43 19.51 79.12 18.00 82.42 21.10 81.32 23.33 68.75 45.43  30.30
Laird (1958)
Mishima and ~ ) )
e 29.00 52.27 3246 27.47 28.72 51.65 27.47 56.04 43.54 21.98 33.62 46.43 4320 3030
Hibiki (1996)
Leeet Lee (2001) 68.14 0 68.72 0 67.04 0 66.32 0 67.42 0 65.37 0 79.54 0
Qu and Mudawar _ o _— . -
(2003) 43.20 18.18 38.92 27.47 38.36 28.57 38.89 30.77 32.80 38.46 40.92 19.64 48.28 27.27
Yue et al. (2004) 19.61 90.91 22.43 67.03 28.71 46.15 32.77 39.56 21.45 76.92 18.80 96.43 27.62 54.55
Lee and Mudawar
(2005) 45.25 20.45 53.24 6.59 50.59 14.29 50.19 12.09 43.01 20.88 53.73 2.68 64.67 0
English and _ _
i 58.84 0 60.006 0 57.68 0 56.86 0 61.88 0 59.48 0 71.24 0
Kandlikar (2006)
Hwang and kim ~
62.24 0 64.99 0 64.25 0 64.04 0 64.37 0 62.03 0 74.64 0
(2006)
Choi et al. (2008) 134.4 13.64 177.0 7.69 176.5 4.40 167.7 4.40 188.9 1.10 186.6 10.71 1108 19.70
Lee et Lee (2008) 68.17 0 68.54 0 67.06 0 66.33 0 64.82 2.20 45.12 31.25 250.5 1061

90



Chapter 3: Two-phase Pressure Drop Model for laettiminated Region

Table 3-4 (continued)

Two-phase system

Nitrogen-ethanol

Nitrogen-0.0464%

CMC solution

Nitrogen-0.1262%
CMC solution

Nitrogen-0.2446%
CMC solution

Nitrogen-water

Authors D; =496 pm D; =496 nm D; =302 ym D; =496 nm D; =916 nm
Psqo, Py P, Ey Py,
Em (0/0) PJO% (%) Em (%) Em (0/0) -PJO% (O/U) Em (0/0) P}U% (0/0) -Em (0/0) -Em (O/U)
(%) (%0) (%) (%) (%)
Kawahara et al. _ _
(2009) 21.74 70.45 23.42 64.84 24.70 59.34 26.62 57.14 12.18 93.41 20.72 72.32 45.63 3.03
Niu et al. (2009) 21.29 73.86 131.6 7.69 73.05 15.38 47.95 27.47 178.9 0 207.3 4.46 2093  9.09
Lee et al. (2010) 20.40 77.27 21.27 71.43 19.51 78.02 18.00 82.42 21.10 79.12 23.33 67.80 4543 27.27
Liand Wu (2010) 21.50 71.59 38.01 31.87 34.06 37.36 33.03 43.96 47.04 15.38 39.01 35.71 49.05 16.67
Ma et al. (2010) 36.63 30.68 45.03 9.89 39.02 20.88 36.40 30.77 41.31 14.29 48.08 4.46 67.65 0
Saisorn and
Wongwises 43.98 1591 29.99 51.65 44.10 12.09 49.86 0 21.58 74.73 24.26 63.39 27.04  62.12
(2010)
Su et al. (2010) 1935 13.64 2506 6.59 273.3 19.78 79.46 17.58 8635 6.59 36085 0 22564  4.55
Zhang et al. _ . _ _ I _
(2010) 22.47 68.18 39.73 26.37 358 30.77 34.84 39.56 48.68 14.29 40.61 33.03 5046 15.15
New correlation 7.41 97.73 8.55 98.90 9.39 96.70 11.98 94.51 13.11 100 7.97 99.11 17.89 80.52
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3.5 New correlation for modified Lockhart-Martinell i model

In this section, the effects of channel diametquidl viscosity and surface tension on the
two-phase pressure drop in circular horizontal otbannel were systematically and
experimentally investigated, which will be discusssnd a modifiedC correlation will be

proposed to modify the Lockhart-Martinelli model.

3.5.1 The influence of channel diameter
Figure 3-4 shows the influence of channel diametetheC-value under the same liquid
velocity and liquid properties conditions. Th&value is obtained from the measured

two-phase pressure drop, calculated by the follgwiguation derived from Eq. (3.9):

(22T, e

From Figure 3-4, it can be noted that thevalue increases with the channel diameter.

This trend was also reported by many other reseacfLee and Lee, 2001; Mishima and
Hibiki, 1996). Actually, such trend is agreed by snof the researchers, which just can be
derived from theilC correlations. For example, tizcorrelation of Lee and Mudawar (2005)

Is expressed by:
Laminar liquid-laminar vapor:C = 2.16 Rg**"We ** (3.21)
Laminar liquid-turbulent vaporC =1.45Re%**We °% (3.22)

The Eg. (3.21) and Eqg. (3.22) can be rewritteheform:

0.047 0.60
C= 2.16(U 5Py j (U LSZp d Hj - 2.16U le'zzgzll;'ﬁzqeg 008 (3.23)
M o Moo
0.25 0.23
NIRRT SN
M o MO

From Eq. (3.23) and Eqg. (3.24), it also can be kmtivat theC-value would increase with the

channel diameter when other influence factors kegstant.
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Figure 3-4: The Chisholm parameter C-value as a function of gas superficial velocity in circular

horizontal microchannels with different diameters in the inertia-dominated region

3.5.2 The influence of liquid viscosity and surfeagsion

The

influences of

liquid viscosity and surface tens on C-value in

the

inertia-dominated region are depicted in Figurés&id 3-6. Note that in the last chapter, we
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have shown that the dynamic viscosity of CMC agsesoiution increases with increasing
CMC concentration. And at very low concentratidme tother physical properties of these
three CMC aqueous solutions such as surface termmoh density are almost constant.
Therefore, in Figure 3-5, the decreasi@galue with the decreasing CMC concentration

indicates that the increasing liquid viscosity hasegative effect on C-value.

Figure 3-6 shows the comparison between Grealue of nitrogen-water and that of
nitrogen-ethanol two-phase flow in microchanrgl 496 um) at the samd, s. These two
systems have close values of viscosity and densittya large difference in surface tension:
the surface tension of nitrogen-water system isentban three times higher than that of
nitrogen-ethanol system. From Figure 3-6, it cannbéed that theC-values of the two
systems are almost identical, implying the insigaifit influence of surface tension on the
C-value. This phenomenon is just in correspondenite tive two-phase flow mechanism of
the inertia-dominated region, in which the inernasignificantly larger than the surface
tension force. Consequently, it can be considehed the influence of surface tension on
two-phase pressure drop (thus @walue) would be very small with respect to thainafrtia,

even negligible.
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horizontal microchannel with inner diameter of 496 um under different liquid viscosity in the

inertia-dominated region at 25°C. Liquid viscosities at 25°C: 0.2446% CMC solution (U.s = 0.34
mis: i, =3.5mPa's; Us=0.60m/s: 1, =3.3mPa's)>0.1262% CMC solution (U.s = 0.34

mis: i, =2.6mPas; Us=0.60m/s: 1, =2.5mPa-s)>0.0464% CMC solution (U.s =0.34

mis: ,, =1.6mPas; Us=0.60m/s: 1, =1.6 mPa's)>water(0.89 mPa-s)
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Figure 3-6: The Chisholm parameter C-value of nitrogen-water (surface tension: 72.0 mN/m at
25°C) and nitrogen-ethanol (surface tension: 21.5 mN/m at 25°C) two-phase system as a function
of gas velocity in circular horizontal microchannel with diameter of 496 um in the

inertia-dominated region

3.5.3 The proposal of new C correlation
As discussed above, the Chisholm param@tean be considered as a parameter which

represents the interaction between the two phdsesefore, the variables which have to be

taken into account in th€ correlation should be the superficial velocitiés {and U ),

acceleration of gravity ¢f, the densities p, and p;), their surface tensiond), the
viscosities (i, and (), the channel angle of inclination with respecttte gravity force g)

and the channel diameted, . Neglecting the effect of surface tension andsigyson C-value,
and 8 equal to zero for horizontal flow, the effectivariables areU ¢, U, 0., Os,

M., Hs; and d . By usingrn-theorem, two dimensionless parameters can be peapo

Re :ULs_pLdi (3.25)

H
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Re, = Uesh ;i (3.26)
Hs

The C correlation for the two-phase flow in circular hmental microchannel in the

inertia-dominated region can be expressed as
C=f(Re ,Re | (3.27)

by using a least square regression of all the @xeatal data of the present work, the Eq.

(3.27) can be determined and rewritten as:

C=(1.17+ 0.53Rg"* )RE™ (3.28)
10000
E 1000 5 -30%
Aﬂ
Z O (a)
a
N
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& 100
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E x (d)
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s 10 + (t)
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Figure 3-7: The comparison of measured two-phase pressure drop (in the inertia-dominated
region) in horizontal circular microchannels with predictions of the new model. In this figure, the
various symbols represent (a) the nitrogen-ethanol two-phase flow in microchannel with d; = 496

pm; (b), (c) and (d) the nitrogen and 0.0464% CMC, 0.1262% CMC and 0.2446% CMC aqueous

solution two-phase flow in microchannel with d; = 496 um, respectively; (e), (f) and (g) the
nitrogen-water two-phase flow in microchannels with d; = 302 ym, d; = 496 pm and d; = 916 pm,

respectively
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The comparison of measured two-phase pressure(dirdpe inertia-dominated region)
with predictions based on the modified Lockhart-tfealli model using present propos€éd
correlation is shown in the Figures (3-7)-(3-9).eTimean relative deviation of predicted
results from the measured two-phase pressure drgpesent work and the percentage of
points falling within the relative deviation of 30f#r the new correlation are presented in the
last row of Table 3-4. It can be noted that thedmteons of the new correlation show a very
good agreement with the experimental data, forerdthw E,, e.9. 7.41% for nitrogen-ethanol,
7.97% for nitrogen-water, less than 12% for nitro@MC solutions, and rather higPsoo,
e.g. 97.73% for nitrogen-ethanol, 99.11% for nieogvater, more than 94% for
nitrogen-CMC solutions, and even 100% for nitrogeater two-phase flow in the channel

with diameter of 302 um.
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Figure 3-8: The comparison between the measured two-phase pressure drop in circular

horizontal microchannels in the inertia-dominated region and the predicted results of the new
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Figure 3-9: The comparison between the measured two-phase pressure drop in the circular

horizontal microchannel in the inertia-dominated region and the predicted results of the new

model: nitrogen-ethanol two-phase flow and three nitrogen-CMC aqueous solutions two-phase

flow system with different concentration: 0.0464%, 0.1262% and 0.2446% in the microchannel

with inner diameter of 496 um
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3.5.4 Verification of the modified Lockhart-Martihemodel using presently proposed C
correlation
The modified model proposed in the present workdsfied with several groups of
experimental pressure drop data in mini or microcle¢s reported in literature (Kawahara et
al., 2002; Niu et al., 2009; Triplett et al., 199 et al., 2004), as shown in Figure 3-10.
Although a lot of researches have been reportedotiiginal data of two-phase pressure drop
in mini or microchannel are difficult to obtain, cafiour groups of data are collected for
verification. The minimum gas velocities of thesgad(Uss = 1.10 m/s for Triplett's data;
Ucs = 8 m/s for Kawahara’s datélgs = 2.85 m/s for Yue's datdjss = 1.75 m/s for Niu’'s
data) are determined according to the transitidera proposed in the part | of this paper to
ensure that the experimental results employed ferifivation fall within the
inertia-dominated region. It is shown in Figure Bthat the present model can well predict
the experimental data employed here, not only focutar microchannel, but also for
rectangular microchanndtg = 11.40% andPs, = 99.13% for Yue’s data). Good agreement
between the predictions and these data also imdidhtt the present proposed model can
well predict the effects of channel size (from 3106 to 1.1 mm) and the liquid properties

(Em = 15.44% andPs30 = 100% for Niu's data; and liquid physical propest of
polyethylene glycol dimethyl ether at 20 p, =1.027 kg/n’, M, =4.3 mPas, 0=34

mN/m) on the two-phase pressure drop in the in€idiainated region.
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Figure 3-10: Verification of the modified Lockhart-Martinelli model using presently proposed C
correlation with experimental data in literature. (A) data in Fig.3 (a) of Triplett et al., 1999; (B) data

in Fig.12 of Kawahara et al., 2002; (C) Yue et al., 2004; (D) Niu et al., 2009

3.6 Conclusions

Based on the analysis and discussions of the erpatal data presented above, we list
the major findings as follows:

(1) The two-phase pressure drop was found highbeddent on the flow patterns, and
the typical trend could be divided into three regio(l) bubbly and slug flow regimes (the
surface tension-dominated region); (II) unstabig$low regime (the transition region); (I11)
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slug-annular, annular and churn flow regimes (thertia-dominated region). It matches the
Akbar’s division of entire gas-liquid two-phaseMil@attern map in microchannels according
to the two-phase flow mechanism.

(2) Homogeneous-flow model cannot well predict tiweo-phase pressure drop in
microchannels for that the interaction between tyhases is not considered.
Lockhart-Martinelli models using Chisholm param&téy correlations proposed by Chisholm
(1958), Yue et al. (2004), Kawahara et al. (2008]) hee et al. (2010) could provide better
(but unsatisfied) predictions with respect to oxperimental data.

(3) TheC-value increases with channel diameter and decse@isle liquid viscosity. The
influence of surface tension @ivalue is inconspicuous in the inertia-dominategiae.

(4) A new and simplé& correlation based on Reynolds numbers of gas igndIwas
developed to modify the Lockhart-Martinelli moder fprediction of the two-phase pressure
drop in the inertia-dominated region. The preditsichow very good agreement with our

experimental data and others’ reported in liteetur

The study of pressure drop characteristics of mpsd flow in circular horizontal
microchannels in the surface tension-dominatedorewiill be presented in the next chapter,
since the two-phase flow mechanisms in that regsomather different from that in the
inertia-dominated region. New methods that diffesni the current Lockhart-Martinelli

model may be indispensable for better predictiotheftwo-phase pressure drop.
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CHAPTER 4: HYDRODYNAMIC CHARACTERISTICS OF
TAYLOR FLOW IN CIRCULAR MICROCHANNELS

As a continuation of the study on the two-phasesree drop in the inertia-dominated
region in the last chapter, this chapter mainlylsledth hydrodynamic characteristics of
Taylor flow in circular microchannels, which is tlmeajor two-phase flow pattern in the
surface tension-dominated region. In this chaptdre fundamental hydrodynamic
characteristics of Taylor flow, such as Taylor bleblvelocity, void fraction will be
investigated, as well as the formation mechanismth&f Taylor flow in the circular
microchannels, especially, on which the effectshannel diameter and liquid properties will
be presented. Furthermore, the two-phase pressapeatharacteristics of Taylor flow will

also be studied.
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4.1 Introduction

In the last chapter, the two-phase pressure drofheninertia-dominated region was
systematically studied. As an extension, the hygnadhic characteristics of surface
tension-dominated region will be discussed in tthiapter. As shown in the two-phase flow
pattern maps, the two-phase flow patterns in tikase tension-dominated region, i.e. bubbly
flow, slug flow or Taylor flow, take an importanag, which is the most familiar two-phase
flow pattern of all in the microchannels. In theegent study, the bubbly flow is very similar
to the Taylor flow in shape and in formation medbBamn except that the lengths of gas
bubbles are shorter than that of Taylor flow. Thenes this chapter mainly concerns the
hydrodynamic characteristics of Taylor flow in citar microchannels.

Many researchers (Gunther et al., 2004; Thulasedes., 1997; Trachsel et al., 2005)
found that the liquid phase axial back mixing wod&trease significantly because of the gas
bubbles in the Taylor flow, besides, the liquid gdhaadial mixing could be enhanced by the
internal circulation in the liquid slug. In additip gas-liquid reactions or gas-liquid-solid
reactions would be improved due to the liquid fibetween the gas bubbles and the channel
wall (Kreutzer et al., 2001; liu et al., 2009; Vanet al., 2005). Consequently, it is generally
agreed that Taylor flow have excellent performannasass transfer and chemical reactions.
Thus, the hydrodynamic characteristics of the Taylow, which is the fundamental
knowledge to research the gas-liquid or gas-lipalid reaction performance in the
microchannels, are worthy to deeply study.

During the experiments described in the Chaptdye8jdes investigating the effects of
channel diameter and liquid physical propertiesttmn two-phase flow pattern and pressure
drop characteristics, the two-phase pressure drdipei Taylor flow region was also measured
in three circular microchanneld; € 302, 496, 916 um). In the meanwhile, the videdaylor
flow was also recorded by a high speed camera,dbasewhich, important parameters of
Taylor flow were measured, i.e. bubble velocitié® length of gas bubbles and liquid slugs.
In this chapter, hydrodynamic characteristics ofldaflow, such as Taylor bubble velocity,

void fraction and two-phase pressure drop will Ewssed, especially the effects of channel
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diameter and liquid physical properties. The resulill also be compared with the available

prediction models, and the reasons responsibléhéobserved deviation will be analyzed.

4.2 Results and discussion

4.2.1 Taylor bubble velocity and void fraction

Taylor bubble velocity is one of the most importpatameters in the Taylor flow. Due to
the liquid film between the gas bubbles and chawadl, Taylor bubble velocity is different
from velocity of liquid slug. And many researcheonsidered that Taylor bubble velocity was
related to the liquid slug velocity an@a number in the microchannels. Based on the
theoretical analysis of gas bubble’s motion in $heall tube, Bretherton (1961) proposed the

correlation as follow:

U Liquid — U Liquid (4 1)

U, =
® 1-1.29(Taf® 1 2.688"°

WhereCa < 0.003. Liquid slug velocityJ ., can be deduced from the volume continuity

equation and equal to the sum of gas superficildcity and liquid superficial velocity,

described as:

U :UGS+U LS:U TF (42)

Liquid
But Liu et al. (2005) found that the predictionsfoliowing correlation corresponded well
with their experimental results, which expressed as
U
U =-____~"T°
° 1-o0.6ra”
Where 0.0002 <Ca < 0.003. However, according to the experimentalegtigation of

(4.3)

air-water two-phase flow in the capillary with imndiameter from 1 to 4 mm, Mishima and
Hibiki (1996) suggested that a simple linear catieh could predict well the experimental

data, which expressed as:
Ug =11, (4.9)

In the present work, Taylor bubble velocities hatkdr relationship with the liquid slug

velocities, which is very similar to Mishima’s celation, as shown in the Figure 4-1.
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Figure 4-1: Taylor bubble velocities versus the mean velocities in liquid slug in circular
microchannels: (a) with different channel diameter; (b), (c) with different liquid physical

properties in microchannel with diameter of 496 um

From the Figure 4-1(a), it can be noted that tiieces of channel diameter on the relationship
between Taylor bubble velocities and liquid slugpegies are not obvious. As the discussion
in the Chapter 2, it was known that the efficiergcesity of CMC solution would increase
with the CMC concentration. Therefore, we can abthat the effects of liquid viscosity are
also so slight, even can be neglected, as showthenFigure 4-1(b). However, there is

significant observed deviation between such limetationship of nitrogen-water and that of
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nitrogen-ethanol two-phase flow system, which carcaused by the variation in the surface
tension, two-phase interfacial properties and madsqolarity. But all the linear relationship

can be expressed as:

U, =C,U,p (4.5)
And for nitrogen-water, nitrogen-CMC solution twbgse flow systenC,=1.09; for

nitrogen-ethanol two-phase flow systép~=1.71. The Eq. 4.5 can be more convenient for

application for its simple form, but it still ne@dlore experimental verification, which will be

our ongoing work in the future.

Void fraction is another important parameter of {@lase flow. Caused by the difference

betweenUg andU+p, the void fraction&; is different from superficial void fractigfi, and

their relationship depicted in the Figure 4-2. Vbiktion is defined as:

(4.6)

Generally, there are two type correlations to eetae £, tof, one is proposed by Armand

(1946), given by:

£,=—pf, C,=1.2 4.7)

Further rewritten as:
&; =0.83% (4.8)
The other is given by Kawahara et al., (2002), esped as:

B 0'0%0.5
€6 T T A o705
1-0.978

4.9
The comparisons between experimental data and thdicion of the Armand’s and
Kawahara’s correlation are shown in the Figure 4¥@m which it can be noted that
Kawahara’s correlation absolutely fails in predigtithe present experimental results, and
obvious deviation is observed when Armand’s cotimaemployed, although similar linear

relationships are found. From Figure 4-2(a) and i{glso can be obtained that channel size
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and liquid viscosities hardly affects void fractiam Taylor flow. For nitrogen-water and
nitrogen-CMC solutions two-phase flow systengs, almost equals to 0.9)F. However,
the void fraction of nitrogen-water is obviouslyffdient from that of nitrogen-ethanol

two-phase flow system, as shown in the Figure 3;2{hich corresponds to the reason

causing the difference of Taylor bubble velocityvizen the two two-phase flow systems.

a 12 b 1.2

@ ;=302 um ©  Water

1B o a=4%um L b o oodss0ecnc
a ;=916 um A 4 0.1262%CMC
— 0.8330 o 0.2446% CMC

08 F o017 0.8 0.833p
— Kawahara's = 0.917p

0.6 S 06 P = Kawahara's

&G
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C 1.2
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—0.8335
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&g
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0.2

Figure 4-2: void fraction &_ of Taylor flow in circular microchannels versus homogeneous

void fraction (. (a) with different channel diameter; (b), (c) with different liquid physical

properties in microchannel with diameter of 496 pm
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4.2.2 Formation mechanism of Taylor bubbles

The formation of Taylor bubbles have been confirm@dbe highly dependent on two
phase inlet conditions (Garstecki et al., 2005;steaki et al., 2006; Salman et al., 2006),
which affected significantly on the Taylor bubblEngth at the entrance of microchannels.
Garstecki et al. (2006) have studied the formatma&chanism of Taylor bubbles at the
T-junction inlet of microchannels, and considerbdttthe break-up mechanism of the gas
phase in the in the continuous liquid phase wasindiependent upon the relative magnitude
of forces involved in the Taylor bubbles formatiprocess, i.e. surface tension, shear stress,
pressure on the gas phase caused by the contiflumygesistance of Taylor bubbles to the
continuous fluid. Based on the relative magnitufléocces, formation mechanism of Taylor
bubbles was divided into three regions: squeezggme, dripping regime and jetting regime.
When the dominated force in the break-up mechanis® arising from the pressure drop
across the emerging bubbles, the Taylor bubble d6on process was squeezing dominated,
and in the squeezing regime tGa was considered to be less than 0.02 for their raxjeats.
Then, a simple correlation was proposed to pretietTaylor bubble length in the squeezing
regime:

L, /d =1+a—es (4.10)

LS

In which awas a fitting parameter, and its value dependednuipe structure of the
T-junction. Based on the experimental results of-lgguid flow in the rectangular
microchannels with hydraulic diameter of 200, 400 &67 um, Yue et al. (2008) found that
EqQ. (4.10) could predict well the bubble lengththe squeezing regime.

In the present study, the values@d were less than 0.02 at most operating conditions;
therefore the bubble formation process should Imeigiated by squeezing regime. To examine
applicability of Eq. (4.10) for the prediction ofaylor bubble length and to verify the
assumption that squeezing regime dominated Taylobble formation, the current
experimental data were compared with the prediabibEq. (4.10), as depicted in the Figure
4-3, in which, values ofa determined by linear least square regression oéraxental data.
Approximately, Taylor bubble length could be wedipresented by the Eq. (4.10) with
constantr value. It can be note that the valuexafary with liquid viscosities and surface
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tension, but not channel diameter. The reasonbeaxplored are that the variation of liquid
properties can affects the forces involved in tlagldr bubble formation process, such as
variation of surface tension, variation of sheaest caused by the change of liquid viscosity,

etc.

a 14
o =
12 d ;=916 pm #
B d,;=496 pm
10 p
i 1.1625x + 1
) y =1.1625x
5 R* = 0.9806
~N 6 =0.
4
2
0 2 2
0 2 4 6 8 10 12
Ugs/U g
b 14
12 m
y=1.602x+1
10 p R =0.9602 v=1.1625x +1
R? =0.9806
S P
§ 6 Ay=1.0192x+1
~ R?=10.9394
4 B Water
¢ Ethanol
2 A 0.2446%CMC
0 A [ a
0 2 4 6 8 10 12
Ugs/Upg

Figure 4-3: L, /d, versus U, /U of Taylor flow in squeezing regime in circular

microchannels. (a) with different channel diameters: nitrogen-water two-phase flow; (b) with
different liquid physical properties in microchannel with diameter of 496 pm: nitrogen-water,

ethanol, 0.2446% CMC two-phase flow, respectively
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According to the discussion above, it can be cadeduthat the Taylor bubble formation
mechanism in the present study is dominated byesjug regime and the Taylor bubble
length can be well predicted with the Eq. (4.10)d an which the value ofais highly
dependent upon the liquid viscosity and surfacesiten The effects of inlet structure,
operating orientation and channel section on thglofabubble formation, still need

experimental and simulation study, necessarily.

4.2.3 Pressure drop characteristics

In the Chapter 3, the two-phase pressure dropanntltrochannels was found highly
dependent upon the two-phase flow patterns, anantda trend could be divided into three
regions: surface tension-dominated region, tramsitiegion and inertia-dominated region.
The pressure drop in inertia-dominated region watesmatically studied and the applicability
of homogeneous flow models and separated flow nsodere examined. It was found that
the modified separated flow model could predict twe-phase pressure drop well in the
microchannels. However, to predict the pressure drb Taylor flow, which is the major
two-phase flow pattern in the surface tension-dateid region, homogeneous flow model
and separated flow model may be not the proper adeffo begin with, in the homogeneous
flow model, gas and liquid phases are assume tovitfle equal actual velocities and
thoroughly mixed, thus, the two-phase flow canrbated as a single phase flow with average
properties of two-phase mixture. As mentioned abovéhe Taylor flow, gas bubble velocity
is significantly higher than that of liquid phaseedo the liquid film between Taylor bubbles
and channel wall. Moreover, it is assumed thatagasliquid flow separately in the tube with
each phase flowing continuous and occupying a seamtdhe pipe cross section in the
separated flow model. But in the Taylor flow, ohysty, the gas phase is discontinuous and
the motion of liquid film is very different from &t of liquid slug. Finally, Taylor flow can be
considered as a transient intermittent flow duthédiscontinuous motion of gas bubbles and
the alternative exposure of channel wall to thaitdilm and liquid slug. Accordingly, Taylor
flow can not be regarded as a homogeneous flowseparated flow, and distinct method will

be indispensable for the prediction of two-phassgure drop in the Taylor flow.
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Figure 4-4: Unit cell of Taylor flow

Actually, Taylor flow can be treated as a steadycpss due to it consists of several or a
lot of unit cells (one bubble, the liquid film satmding the bubble and one slug) which are
almost identical, as depicted in the Figure 4-dng&guently, the pressure drop of Taylor flow

can be considered as the sum of the pressure @liaptbe unit cells. The frictional pressure

drop of one Taylor unit cell consists of three paftictional loss in the liquid SIUGAR,, 4 ruc

frictional loss in the liquid filmAPR,  ;.; the pressure drop over the front and the rear

CapSAR:ap,TUC '
AI:)fri TucC = AI:I)iquid ,TUC + AI:)film,TUC + AI:Zap TUC (4 11)

Then the total frictional pressure drop of Taylowf can be deduced as:

AR,
F.Taylor _ 1 (ARiquid . + APfilm Tue + Apcap TUC) (412)
Z Ll |

in which Z is the length of the microchannel. Generally,tfer Taylor flow, both gas flow and

liquid flow are in laminar regime (Thulasidas et, @997). Therefore AR, r,cCan be

regarded as a sum of the additional pressure dra@used by the inner

recirculatiomP,

circu, TS

and the fully development laminar flow pressurepdiro the liquid slug,

which is:

2

L.oU, .
AR, i ruc = AP, o4 SO i

circu, + (4 13)
™ RQiquid ,TuC A
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For the horizontal Taylor flow in the microchanniguid film is usually assumed to be

nearly at rest (Kreutzer et al., 2005). TAES,, 1 is negligible compared to tiAd

liquid TUC *

The pressure drop over the bubble caps in thelaircapillaries can be expressed by the
following correlation, which proposed by Brethertd®61) according to the theoretical study
on the motion of bubble in tubes:

g
AP, rue = 7.16(33af’3a (4.14)

Then the Eq. (4.12) can be further rewritten as:

AI:)F ,Taylor — 1 (AP 64 LSIOLU quuid2

Z + L circu,TS + R
LB S equuid,TUC

+ AR ruc) (4.15)

Kreutzer et al.,, (2005) implemented experiments itwestigate the pressure drop
characteristics of Taylor flow in the circular ciguy with diameter of 2.3 mm, and verified

their experimental findings with CFD simulation. éyh found that the contribution of

AP, wcand AP, ;sto the frictional loss could be described as ariteadl function ¢ to

the friction factorf . &£was defined as:

£= a(f—(—Ria ] J (4.16)

And f could be calculated by:

_ 64
f_Rq (1+¢) (4.17)

iquid
Based on the experimental results and numericdinys, it was determined thiatin the Eq.

(4.16) equaled to 1/3, ared= 0.07 forRg,,;; > 5C, a= 0.17 forRg,,,4 < 5C.

The total pressure drop of Taylor flo&PR,, ., in the present work can be expressed as:

aylor

AR,

Taylor

=AP.._ +AP (4.18)

F,Taylor acc

In which the AP,__calculated by:

acc

AP, = G? ( X, 0o J —( X, 0=x) j (4.19)
Psés pL(l_‘gG) out Pcéc pL(l_‘gG) in
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and
G=Up +tU,0. (4.20)

Thus

AP

F ., Taylor = AP‘I’a AP (421)

ylor - acc
In the last section of this chapter, it was obtditieat:

&, =0.9178 (4.22)
for nitrogen-water and nitrogen-CMC solutions twape systems, and

£, =0.5768 (4.23)
for nitrogen-ethanol two-phase systems.

Finally, the f Rg , can be measured from the experimental data as:

AP,

2 F ,Taylor di2

(fRega) = Le * Ls (4.24)

meas U TP/'IL LS
The measurel Rg,as a function ofL /d;is plotted in the Figure 4-5, as well as its

comparison with the prediction of Kreutzer's coaten Eqg. (4.17). It can be noted from
Figure 4-5 @) (b) (d) (e) (f) that the most of experimental data are highen fradictions of
Eq. (4.17) witha = 0.07, but lower than that of Eq. (4.17) watk= 0.17. However, Eq. (4.17)
would over-predict the experimental data of nitrog¢hanol two-phase system are
significantly, no matter which value employed, as shown in Figure 4eb (

Walsh et al. (2009) experimentally investigated thalrodynamic characteristics of
Taylor flow in capillaries, and five liquids withavious liquid properties were employed in
their work. Based on the results, they suggestatatk 1.92/16 = 0.12 and = 1/3~ 0.33 in
the Eq. (4.17). As exhibited in the Figure 4-5¢can be known that Walsh’s correlation can

predict well the experimental data of nitrogen-wated nitrogen-CMC solutions. Figure 4-6

plots the comparison of measurefd | Re with predictions of Walsh’s correlation, and the

deviations between them are lower than 20% fonthst of data.
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However, both Kreutzer’s correlation and Walsh’srelation would under-predict the
experimental data of nitrogen-ethanol two-phasetesys as shown in the Figure 4-7.
Kreutzer’s correlation is based on the assumptantheCa should be sufficiently small, less
than 0.04. In the present study, for the Taylowflof nitrogen-water and nitrogen-CMC
solutions two-phase flow system@a values are less than 0.05 (0.000LC& < 0.05), in
accordance with the Kreutzer's assumption, congdtylethe experimental data can be
predicted well using Kreutzer's model modified byalh et al. But for the Taylor flow of
nitrogen-ethanol two-phase flow syste@g ranges from 0.006 to 0.11, in which certain part
of experimental data exceed the Kreutzer’'s assamptt was found that (Thulasidas et al.,
1997), for higherCa value, the liquid film could not be assumed at,rasd the relative
magnitude of inertia force increased causing tlggagtion of recirculation in the liquid slug.
Therefore, Kreutzer's model will under-predict thietional loss caused by the motion of
liquid film and the recirculation in the liquid gluand that will lead to the failure to predict

the experimental data of nitrogen-ethanol two-pHkase system.

4.3 Conclusions

In this chapter, hydrodynamic characteristics of/ldia flow were discussed. Major
conclusions can be drawn as follows:

(1) Taylor bubble velocity showed a good lineaatieinship with the sum of gas and
liquid superficial velocity. Similarly, void fraain could be predicted by a simple linear
correlation related to gas phase volumetric fractiBut for the nitrogen-ethanol two phase
flow, lopes varied from that of others two-phasewlsystems in these two linear relations.

(2) In the present work, the formation mechanisnTaflor bubbles was dominated by
squeezing regime, and there was a linear relatetwden the bubble length to channel
diameter ratio and gas to liquid superficial vetpceatio, in which the slope highly depended
on the liquid viscosity and surface tension.

(3) Kreutzer’s model modified by Walsh et al. copladict well the two-phase pressure

drop of Taylor flow in the present experimentsedatively lowCa values.
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Figure 4-7: The comparison between experimental results of f Rg,,;; in nitrogen-ethanol

two-phase system and prediction of Kreutzer’s and Walsh'’s correlations
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CHAPTER 5: OXIDATION OF HYDROGENATED
2-ETHYLTETRAHYDROANTHRAQUINONE IN CIRCULAR
MICROCHANNEL

This chapter mainly concerns the oxidation of hgerated
2-ethyltetrahydroanthraquinone (THEA@HN the circular microchannel, as an attempt on
application of microchemical technology in the hogken peroxide industrial production
process. One aim of this study is to verify the phase flow pattern transition model and
pressure drop prediction model of inertia-dominagsgglon proposed in the previous chapters.
The other aim, also the major one, is to experiaigninvestigate the oxidation of THEAQH
in circular microchannel, especially the charastes of gas-liquid specific interfacial area

and the effects of operating conditions.
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5.1 Introduction

Hydrogen peroxide is one of the most important dbehproducts, which is considered
as an ideal, environmental friendly oxidizer, ftvat the by-products is only water after
oxidation. Thus, it is widely used in the municipabstewater treatment, propellant in
aerospace, medical hygiene application, pulp- aagepbleaching, as well as in others
industrial process employed as feed-stock, i.etmleic material production, pharmaceutical
synthesis, organic synthesis, etc. Nowadays, hwlrogeroxide is manufactured almost
exclusively by the self-oxidation of 2-alkyl anthgalroquinone to the corresponding 2-alkyl
anthraquinone in the so-called anthraquinone psyagkich mainly consists of three parts:
catalytic hydrogenation, self-oxidation and exti@tt generally. In the traditional industrial
production process, the self-oxidation step, whsch gas-liquid two-phase reaction process,
usually occurs in big tower two-phase reactors witmeter more than 3 m and height more
than 20 m, and its limitations are obvious: lowiccy, poor safety, high energy
consumption, etc. It is worthy to improve the setidation step to meet the market demands,
as well as environmental requirement, and microct@ntechnology provides a new method
for its excellent performance in process intenatfan.

In this chapter, oxygen-anthraquinone working sofuttwo-phase flow in a circular
microchannel and the oxidation of THEAQIA a circular microchannel with diameter of 900
pm and length of 30 cm will be investigated. Speally, the gas-liquid specific interfacial
area will be calculated with the image of flow patis recorded by a fast camera, and the
effects of temperature, operating pressure, andidigelocity on the oxidation will be

discussed.

5.2 Experiments

5.2.1 Set up
The experimental setup constructed for this stsdyomposed of a test section, gas and

liquid circuits and the data acquisition system,dapicted in Figure 5-1. A precise pump
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(Shimadzu, LC-15C, 0.001-10 mL/min) were used towtad the liquid flow in the
microchannel. The pulse of the pump was maximabuced by installation of two buffer
tanks, so that constant flow rate and steady flowhe microchannel could be achieved. The
temperature of liquid was controlled by using aexdiath. Flow rate of gas was controlled
and adjusted by mass flow controllers (Seven 887-11C, 0-500 mL/min; DO7-7A, 0-100
mL/min; DO7-7A, 0-30 mL/min; DO7-7B, 0-2 L/min). A type junction connected with the
downstream microchannel was prepared for the pngacbof gas and liquid. To visualize and
record the two-phase flow patterns in the microcdke#s) a fast camera (Canon 5D Mark I,
shutter speed: 1/8000 S) was installed at a sideheftest channel, with background
illumination provided by two homemade LED lampstatied at the opposite side. A pressure
difference sensor (Micro, MDM490, 0-70 kPa) was yed to measure the pressure drop of
two-phase flow through the microchannel. A backspuee valve was paired up with a
pressure sensor (Micro, MPM489, and 0-1 MPa) totrobrthe operating pressure during

experiments.

Mass ﬂOW Cameta

P—
controller PC
Pressure difference \ I
sensor RN
I = Pressure sensor
- AN

P
e

T-type junction ‘g ™ g A Single micro-channe

reactor in water bath
LED lamps

Separator

Oxygen Buffer tanks

Nitrogen

Water bath

Figure 5-1: Schematic diagram of experimental setup

The circular microchannel with diameter of 900 umal &ength of 30 cm has been used

in the experiments. For convenience of visualizgtithese microchannels were made of
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quartz glass, and fabricated through precise Mhetesting by “Verre et Séparation
Technologies S.A.”, Lyon, France. The T junctionotigh which gas and liquid were fed to
the main microchannel was made of stainless steel fabricated by Nanzhong Mould
Company.

Before the oxidation in the microchannel and ingbparator after the microchannel, the
hydrogenated anthraquinone working solution wast kepthe atmosphere of nitrogen to

prevent it from oxidizing out of the microchannel.

5.2.2 Working solution and analytical method

The anthraquinone working solution was get from yarbgen peroxide production
workshop of SINOPEC CORP, in which there were 3#L12-ethylanthraquinone (EAQ) and
91.5 g/L 2-ethyltetrahydroanthraquinone (THEAQ)sdised in mixture of heavy aromatics
and trioctyl phosphate (Zhang, 2008). Table Sbli@ed the physical properties of working
solution and oxygen. It was confirmed that only T&{E involved in the hydrogenation,
corresponding to THEAQHIn oxidation (Berglin and Schoon, 1983; Santadasat al.,

1987), and the reaction scheme could be expresskti@w:

O OH
Sy —
O OH
OH O
S O &
OH O

In the oxidation, the working liquid was catalytigdrogenated anthraquinone working
solution. It would be sampled and completekidized with flowing air to obtain hydrogen
peroxide as an oxidation product. Hydrogen peroxmdée oxidation mixer was extracted
with de-ionized water. In the presence of sulfaeid, the extraction products were titrated
with standard potassium permanganate solutiondardo determine the amount of hydrogen
peroxide, which corresponding to the amountT6fEAQH, in the hydrogenatedvorking
solution sample, finally, totalconcentration of THEAQH Ciar in the hydrogenated

anthraquinone working solution could be determin€de amount of hydrogen peroxide
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produced in the oxidized working solution couldoalse determined by titration, and then the
amount of THEAQH, oxidized in the microchannel would be determinedhose
concentration could be expressed @s. Accordingly, the oxidation conversion could be

defined asy =C,,,/C

total *

Table 5-1: The Physical Properties of Working liquid and oxygen (Poling et al., 2001; Qingdao
college of chemical engineering, 2002)

Working liquid Oxygen
T ML PL c He PG
, kg/m® (atmospheric
°C mPas  kg/m mN/m mPas
pressure)

20 2.4 892 31.8 2.1 1.33
30 2.1 888 30.7 2.2 1.29
40 1.8 884 29.6 2.2 1.25
50 1.7 880 28.5 2.3 1.21
60 1.5 876 27.4 2.3 1.17
70 1.4 873 26.3 2.4 1.14

5.3 Oxygen-anthraguinone working solution two-phaseflow in circular

microchannel

5.3.1 Two-phase flow patterns

Oxygen-anthraquinone working solution two-phase wflopatterns in circular
microchannel with diameter 900 um were visuallyeshigated, and three typical flow
patterns were observed, i.e. slug flow (Taylor fipgslug-annular flow and transitional flow
pattern: unstable slug flow. Due to the small fiamge of the pump, higher liquid superficial
velocities could be achieved, thus, bubbly flowurchflow did not appear in the present

experiments.
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In the Chapter 2, a flow pattern transition modakvwproposed taking effects of channel
size, liquid viscosities, and surface tension iatcount. With the liquid physical properties
tabulated in the Table 5-1, the transition linghia proposed model could be derived as lines
plotted in the flow pattern regime maps witlys andU, s as coordinates, which depicted in
Figure 5-2. It could be known that the flow patté&nansition model predicted well the present
experimental data, especially, the transition framstable slug flow to slug-annular flow. On
the other hand, the applicability of transition rabdor others two-phase flow system in
microchannel was verified, for the liquid physigaloperties of anthraquinone working
solution varied from that of liquids employed iretexperiments of Chapter 2, base on which

the model proposed.

10
__/ o Slug ﬂo“‘
1
_ O Unstable slug flow
é 0O OO OOmOoo 00
= 01 O OO OOOO0C O AAA : ‘
‘: O OO0 ooomo o Alaa A Slug-annular flow
~
H BB H88588 844 y
0.01 O OO O0O0CDO O AAA — Transition model
0.001 n b i b iagl N b i isasl
0.01 0.1 1 10

U GS [m/S]

Figure 5-2: The comparison between the flow patterns regime map of the experiments in this

chapter and transition model proposed in Chapter 2

5.3.2 Pressure drop

Two-phase pressure drop of oxygen-anthraquinonekimgr solution also was
investigated. The typical trend dependent on the fbatterns was also observed as shown in
Figure 5-3, whose characteristics have been destiib detail. In the present experiments,

region | (surface tension-dominated) correspondedslag flow (Taylor flow), region Il
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(inertia-dominated) to slug-annular flow.
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Figure 5-3: The dependence of two-phase pressure drop on the flow patterns in horizontal

circular microchannel (d; =900 pm)

In Chapter 3, the pressure drop in inertia-domohadgion was systematically discussed.
As a result, a new Chisholm parameteias proposed to modify the L-M separated flow
model for prediction the two-phase pressure dropertia-dominated region in microchannel,
and good agreement with the data of our previope®xents and that of others was shown.

TheC correlation can be expressed as:
C=(1.17+ 0.53Rg"* )Rg* (5.1)

The Two-phase pressure drop of oxygen-anthraquinevaking solution in
inertia-dominated region was compared with the rhpdgposed in Chapter 3, as exhibited in
Figure 5-4. It was noted from Figure 5-4, that pirediction corresponded well with the
experimental data, and the mean relative deviatiball data was only 14.42%, relative
deviation of most data less than 30%. In other worthe model proposed for
inertia-dominated region was confirmed again.

However, an important detailed parameter, Tayldobbel velocity, could not be obtained
for that the fast camera in the present experimesutd only record image, but not the video.

Therefore, two-phase pressure drop of Taylor flawehnot discussed here.
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Figure 5-4: The comparison of measured two-phase pressure drop (in the inertia-dominated
region) in horizontal circular microchannels with predictions of the new model proposed in

Chapter 3

Figure 5-5: Two-phase flow patterns in micro-channel reactor during experiments. Experimental

conditions: Temperature 50°C, operating pressure 0.29 MPa, liquid velocity 0.026 m/s. (a): r,:

4.4; (b): r,:8.7;(c): rpg:13.4;(d): rg:17.5
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5.4 Oxidation of THEAQH, in circular microchannel

5.4.1 Gas-liquid specific interfacial area
The two-phase flow pattern during the oxidationhiea microchannel was observed to be

Taylor flow, and the representative images wereilgtaéd in Figure 5-5, in which the

gas-to-liquid ratior,cdefined as the ratio of gas superficial velocitydein atmospheric

pressure to that of liquid phase. Taylor flow cob&regarded as a quasi-steady process, with
relatively regular Taylor bubbles and liquid slup that, it was possible to calculate the
gas-liquid specific interfacial area from the twieage flow images.

As shown in the Figure 5-6, the diameter of Tayobbled, can be calculated by:

d, =d, -2T, (5.2)

Where T; is the thickness of the liquid film, which can bbtained from the correlation

proposed by Aussillous and Quere (2000):

T 213

d_i :% (5.3)
In which:

Ca:/”ILTUB (5.4)
Where (Baten et al., 2004):

U =Ugs/ €6 (5.5)

And void fraction &, can be calculated by:

gG = VBubee > (56)
(Ls+Lg)rm;/4

We regard approximately the Taylor bubble as a d¢oation of a cylinder and a hemisphere,

for which the interfacial area expressed as:
S = 47 L, + L) +37d? /4 (5.7)
Where:

Loy +Lgg =Lg—Lyy =L g=d /2 (5.8)

C
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Then the gas-liquid specific interfacial area @ thicrochannel can be obtained from:

_ Ss
AT L rLyma (5:9)

L spl Lcy L.S‘pZ

_ ~| — + —
1 db \___. Gas bubble |- |dc
/

I

Ty Ls LB

Figure 5-6: The schematic diagram of gas bubbles in Taylor flow

Based on the Eq. (5.9), the specific interfaci@aacan be calculated fdy, d, andL,

are known or obtain from the flow pattern imagewad| as U4 calculated from gas flow

rate. Four values were determined to be 4580mi 4840 ni/m®, 4960 m/m® and 5040
m?/m? (with the error < 10%), corresponding to the opegaconditions in Figure 5-5 (a), (b),
(c), (d). Generally, the specific interfacial aredsconventional gas-liquid reactors are less
than 200 im® (Ehrfeld et al., 2004). It is dramatically highesjfic interfacial area that is
one of the most important reasons for excellentope@ance of microchannel reactor in mass

transfer processes.

5.4.2 Effects of temperature on oxidation

The effects of temperature on the oxidation wewhin the Figure 5-7, from which it

could be noted th&t,, and its correspondingy would increase significantly with temperature.

For instance,C_ was only 0.79 gbD./L, and r7only 13.2% with a temperature of :€;

oxy

but C,, increased to 4.4 gid,/L, and ;7to 72.8%, when temperature had reachedC0

with others operating condition keeping unchanged.
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There were mainly two aspects responsible for giiesnomenon. On one hand, the
oxidation of was a moderately slow reaction ocaigrnmainly in the bulk liquid, whose rate
was affected dramatically by the mass transfersactbe gas-liquid interfacial (Santacesaria
et al., 1987). Thus, the intrinsic reaction rateuldancrease with temperature for that it was
generally agreed that kinetic constant of the diadawould rise significantly. On the other
hand, mass transfer would be enhanced with theaser of temperature. To start with, gas
diffusion in the liquid would accelerate with thecrease of temperature; consequently, the
mass transfer of oxygen would be enhanced (Lamodt S$cott, 1970), which positively
related to gas diffusion in the liquid. Moreovdre tmass transfer would be intensified by the
rise of oxidation kinetic constant. Finally, theludmlity of oxygen in the anthraquinone
working solution would also be increased with terapg#e, and that was common
phenomenon of oxygen dissolved in a lot of orgaoiwents (Huang, 2002), such as benzene,
toluene, trimethyl benzene, heavy aromatics, etcofdingly, the mass transfer driving force
would rise, leading to the enhancement of massfieganin conclusion, with the increase of

temperature, both the intrinsic reaction rate dflation and oxygen mass transfer would be

intensified, corresponding to the rise &, and 77.
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Figure 5-7: The effects of temperature on the oxidation. Experimental condition: Pressure

0.29 MPa, liquid velocity 0.026 m/s
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5.4.3 Effects of operating pressure

Generally, operating pressure is another imporafitiuencing factor in the gas-liquid

reaction process, as well as in the oxidation prtesehere. As exhibited in Figure 5-8,

under 0.49 MPa was about three times of that udd€r MPa with others operating condition
unchanged. As mentioned above, the rate of theepresidation was determined by the
intrinsic reaction rate, as well as the mass tenatross the gas-liquid interfacial. On one
hand, with the increasing of operating pressurentlass transfer would be enhanced. On the
other hand, the solubility of oxygen in the bulguid would increase with higher operating
pressure, so that the concentration of oxygenaritiuid phase would become higher. Then,

the intrinsic reaction rate would be improved. Aseault, the reaction rate of the present

oxidation would increase with the operating presseading to the rise o, and 77 as

shown in the Figure 5-8.
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Figure 5-8: The effects of pressure on the oxidation. Experimental conditions:

Temperature 50°C, liquid velocity 0.026 m/s

5.4.4 The effects of liquid velocities on the obaa

In Figure 5-9, it was plotted that the variation ©f and 7 with liquid superficial
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velocities of hydrogenated anthraquinone workinigitsan. Obviously, it could be noted that

the C,,,and nfallen with the increasing of liquid velocities. &hmean residence time of

hydrogenated anthraquinone working solution inrtherochannel would decrease, when the
liquid velocities increased, so that the conversadnthe oxidation would be led down
inevitably with other operating conditions unchashgelowever, with the increasing of the
liquid velocities, the amount of hydrogenated amdiinone working solution through the
microchannel per unit of time would increase, and imass transfer across the gas-liquid
interfacial would be enhanced, as well as therisici reaction in the bulk liquid because of
the higher mean THEAQHtoncentration under lower conversion. So that, tiidrogen
peroxide space-time yield of the microchannel waproved significantly, as shown in the

Figure 5-10.
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Figure 5-9 The effects of liquid velocity on the oxidation. Experimental conditions: Temperature

50°C, pressure 0.29 MPa

It is a great advantage of microchannel reactar ltilgh hydrogen peroxide space-time
yield could be achieved in the THEAQHXxidation process. Actually, the aim to employ
microchannel reactor in this oxidation process wagnhance the process to improve the
efficiency and to reduce the energy consumption. @Asesult, the hydrogen peroxide
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space-time yield of the microchannel reactor aade®790 kg HO./(m*-h), when liquid
velocity was 0.052 m/s, operating pressure 0.29 MiRh temperature 58C, as shown in
Figure 5-10. However, the oxidation process intiidrogen peroxide production industry is
with so low production efficiency, in which, thedrpgen peroxide space-time yield is usually
only 15-36 kg HO./(m®h) (Hu, 2008). Even though the advanced tubulédation reactor
developed by Kemira company (Hu, 2004), of whioh blydrogen peroxide space-time vyield
is not more than 254 kg-8./(m*-h), and the reactor have not been used by manpamies
yet. Consequently, compared with traditional towe&rdation reactor or advanced tubular
reactor, the microchannel reactor has its own piateto improve the oxidation step in the

hydrogen peroxide industrial production process.
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Figure 5-10 The effects of liquid velocity on the space-time yield of hydrogen peroxide.

Experimental conditions: Temperature 50°C, pressure 0.29 MPa.

5.5 Conclusions

The oxygen-anthraquinone working solution two phéis&y and the oxidation of

THEAQH, in the circular microchannel were experimentaliyastigated in this chapter.
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Based on the discussion above, major conclusiomisl ¢xe reached as follow.

(1) Three two-phase flow patterns were observeithénoxygen-anthraquinone working
solution two phase flow, i.e. slug flow, unstableigsflow and slug-annular flow. The
two-phase flow pattern transition model proposedhi& Chapter 2 predicted well the flow
patterns in the present experiment. The main tadrtd/o-phase pressure drop also could be
divided into three parts, and the pressure drothéninertia-dominated corresponded well
with the prediction of the modified L-M separatéow model proposed in the Chapter 3.

(2) The gas-liquid two-phase interfacial during tbeidation of THEAQH in the
microchannel reactor could achieved more than $6%6°, which was tens times more than
that of traditional reactors.

(3) According to the experiments, it was known ttie oxidation rate would increase
with the temperature, operating pressure and liguiderficial velocity. And the hydrogen
peroxide space-time yield of the microchannel macould achieved 1790 kg,8,/(m>-h) in

the present experiment, much more than that ofrgitradation reactors.
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CONCLUDING REMARKS

1 Thesis summary

This thesis is mainly concerned with the gas-ligiwdb-phase flow and reaction
characteristics in microchannels. Two-phase flovtepas, the dependence of two-phase
pressure drop on the flow patterns, two-phase presdrop in inertia-dominated region and
the hydrodynamic characteristics of Taylor flow &aween investigated in circular
microchannels, as well as the oxidation of THEAQWhich was an important step in the
hydrogen peroxide industrial production processallrthe study aspects of this work, special
emphasis have been put on the influence of chare| liquid viscosity and surface tension.
In chapters 2-5, the corresponding results, discussions and gsiaeis have been presented
in detail, and the key findings of the present@itgion could be summarized as follows:

(1) In the circular microchannel, there are sevgpaical flow patterns i.e. bubbly flow,
slug flow, churn flow, slug-annular flow and annullaw, as well as transitional flow patterns,
such as slug-bubbly flow, unstable slug flow andgeoIn addition, foam flow patterns will
occur when using working liquid containing surfatta

(2) Channel size, liquid viscosity and surface i@msffect two-phase flow patterns in
the microchannel dramatically, not only on the dleththe flow patterns, but also on the
transition between the flow patterns. The existilogv pattern transition models can not
predict well the experimental data, so a new madelproposed taking the effects of channel
size, liquid viscosity and surface tension in tocamt.

(3) The two-phase pressure drop highly depends uffow patterns, and the
corresponding trend can be divided into three pactording to the mechanism, i.e. (I) the
surface tension-dominated region (bubbly flow ahdy glow), (ll) the transitional region
(unstable slug flow) and (1) the inertia-domingteegion (churn flow, slug-annular flow and
annular flow). Homogeneous flow model is not thelmable method to predict two-phase
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pressure drop in microchannel. The prediction ofliired Lockhart-Martinelli separated flow
model corresponds well with the experimental datdahie present work and that of other
researchers in the inertia-dominated region. Thesgure drop of Taylor flow, which is the
major flow pattern of surface tension dominatediaegcan be predicted satisfactorily by
Kreutzer's model modified by Walsh et al., wh@a < 0.05. But for highe€a, new model is
needed to found.

(4) Taylor bubble velocity and void fraction can ppeedicted by a simple linear
correlation, but for the nitrogen-ethanol two-ph#ilews, lopes of these correlations vary from
that of others two-phase flow systems. In addititve, formation mechanism of Taylor flow
can be explained by squeezing regime, and the iugygrtant parameter of Taylor flow, gas
bubble length, is highly related to the liquid pecies.

(5) The experimental results show that the prealicof flow pattern transition model
and two-phase pressure drop model proposed inrésemt work have a good agreement with
the data of oxygen-anthraquinone working solutiamo tphase flow in the circular
microchannel.

(6) Microchannel reactor has superior reaction ggatance, when employed in the

oxidation of THEAQH. During the oxidation, the gas-liquid interfactain achieve 5000 7h
m?, and the space-time yield of hydrogen peroxide agmieve 1790 kg $D./(m*h), tens

times more than that of traditional oxidation react

2 Future work perspectives

The present work contributes to the advances in ftmelamental knowledge of
hydrodynamics and reaction characteristics in gpse microreactors. Although extensive
experiments have been performed on the two-phageifl microchannel, there are still many
tasks in this field need to deeply study. Moreottee, present study on the two-phase reaction
only represents a first attempt at the applicatbbrmicroreactor in the hydrogen peroxide
production industry. There is still much work tltan and should be carried out, and in the

near future, we recommend as follows:
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(1) Foam flow patterns in the microchannel are gecsl, and rarely reported. On one
hand, it has been observed that the pressure ditbe éoam flow is several times higher that
of typical flow patterns. On the other hand, theo4{phase interfacial is speculated to be
extremely large, which perhaps will be new methodthe enhancement of gas-liquid mass
transfer process. Accordingly, extensive experimewbrk will be implemented to study the
hydrodynamics and mass transfer characteristiésamh flow in microchannels.

(2) The flow pattern transition model proposed he tchapter 2 needs plenty of
experimental data to verify, and other influenciagtors such as temperature, channel section,
orientation, channel surface characteristics ated structure are not considered. Therefore, it
will be the subject of our ongoing work, in whichore experiments will be carried out to
found a more applicable model.

(3) Computer simulation is great to the study ab{hase flow mechanism in the micro
channels, and has been used successfully in #lts fror the present work, the formation
mechanism two-phase flow patterns, the mechanigmesfsure drop in inertia-dominated and
surface tension-dominated region, as well as massfer from gas to the liquid, are very
different to know clearly only based on the expemts. Therefore, we will use computer
software, such as CFD and MATLAB, to numericalljudst on two-phase flow in
microchannels aiming to found more reasonable ptiedi model.

(4) The microchannel reactor showed a superioopadnce in the oxidation step of the
hydrogen peroxide production industry. But there atill many problems before using
microreactors in the oxidation step, i.e. the affeaf channel size, channel section and
channel length are not clear, how the two-phasd @istribute in the multi-microchannels for
that the oxidation reactor in the industry mustwbth multi-channel, etc. We shall conduct
more experiments to investigate the influencespefrating parameters, channel size, channel
section and channel length, etc. on the oxidatiglulti-channel microreactor will be
fabricated, for which, fluid distributor will be digned. Oxidation and fluid distribution in the
multi-channel reactor will be investigated. Of caeirother gas-liquid reaction characteristics
in microchannel reactor will also be investigatedind suitable process to use microreaction
technology.
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