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This paper presents flow map investigations of adiabatic two-phase flow in square cross-sectioned,
200 pm deep microchannels fabricated in silicon, employing laser induced fluorescence microscopy.
The influence of surface tension and nozzle geometry on the flow pattern transition was investigated
using two nozzle widths (orifices of 30 um and 50 pum, respectively) and methanol-water solutions with
CO; as the gas phase. It was found and quantified that smaller nozzle geometries and smaller liquid sur-
face tension promote the propagation of capillary gas bubbles at lower superficial gas and liquid veloc-
ities. Within the measurement domain of superficial gas (0.01-0.625 m/s) and liquid (0.0005-0.5000 m/
s) velocities, we observed dispersed bubbly, regularly ordered bubbly, wedging, slug and annular flows,
thus extending the experimental knowledge base to smaller superficial liquid velocities by almost two
orders of magnitude. With the help of the flow maps presented herein, we were able to characterize
the observed regularly ordered bubbly flow as the transition regime between dispersed bubbly and
wedging flow. The results of the present investigation are of direct relevance to the operation of small-
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scale direct methanol fuel cells.
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1. Introduction

Multiphase flow has been an ongoing subject of research activ-
ities ranging from large scale to, nowadays, microscale flow appli-
cations. The classical occurrence of two-phase flow includes the
wide field of energy and process engineering with large-scale
applications such as heat exchangers (Kattan et al., 1998; Kew
and Cornwell, 1997; Thonon et al., 1995; Webb, 2004), chemical
and biological reactors (Darmana et al., 2005; Dudukovic et al.,
1999; Millies and Mewes, 1999; Vanhouten et al., 1994). Since
the miniaturization trend of the electronics industry and decen-
tralized energy conversion applications has initiated a host of inno-
vative ideas in microfluidic applications such as Lab-on-Chip
(Romera-Guereca et al., 2008), micro-chip cooling (Amon et al.,
2001; Escher et al., 2009; Rosengarten et al., 2006; Senn and
Poulikakos, 2004) or micro fuel cells (Choban et al., 2004; Hotz
et al.,, 2006a,b; Senn and Poulikakos, 2005), a good understanding
of the expected two-phase flow in the microchannels involved is
necessary to design efficient devices. The many applications and
technical occurrences (Gunther and Jensen, 2006; Joanicot and
Ajdari, 2005; Kobayashi et al., 2004) combined with the complexity
of the microscale physical phenomena involved, result in a chal-
lenging research task, even though large scale two-phase flow in
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channels has been reasonably well understood (Baker, 1954; Bar-
nea and Taitel, 1993; Lockhart and Martinelli, 1949; Mandhane
et al., 1974; Taitel and Dukler, 1976).

Whereas macroscopic two-phase flow is strongly influenced by
the interaction of gravitational, inertia (shear) and surface tension
forces, microscopic or capillary two-phase flow deviates from this
description due to the diminishing influence of the gravitational
force and a shift in the importance of the other mentioned forces.
Kreutzer et al. (2005) suggested a classification of capillary/micro-
scopic two-phase flow dependent on a critical Bond number de-
rived analytically by Bretherton (1961):

2
Bo:%<3.368 (1)

This criterion is derived for long bubbles moving upwards in a ver-
tical, circular tube at low Reynolds numbers driven by buoyancy. At
low Bond and Capillary numbers (Ca = nju/a) the bubble motion is
described by the lubrication theory. However, below a threshold
(critical) value of the Bond number the bubble movement is
terminated.

Despite the approximate nature of this classification in that it
does not take dewetting phenomena, viscosity, or different channel
cross-sections into account, it will be used in this paper, because it
provides a simple means of classifying capillary/microscopic two-
phase flows. The undisputable advantage of the critical Bond
Number in defining the importance of microfluidic two-phase
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Table 1

Parameter sets.

Parameter set Channel geometry (1m) Nozzle width (pm) Liquid fluid
Set 1 200 50 H,0

Set 2 200 50 1M MeOH
Set 3 200 50 MeOH

Set 4 200 30 1M MeOH

phenomena is the incorporation of the surface tension, a clear
improvement over classifications based on channel dimensions
only.

Questions whether correlations obtained from macroscopic
experiments still hold, whether the same set of forces play a role
and to what extend, have to be further addressed. To this end,
many recent publications (Coleman and Garimella, 1999; Cubaud
and Ho, 2004; Hassan et al., 2005; Kreutzer et al., 2005; Triplett
et al., 1999; Waelchli and von Rohr, 2006; Zhao and Bi, 2001) indi-
cate advances in this field, but the influence of surface tension and
nozzle geometry on the phase transition was not taken into consid-
eration. This study focuses on the influence of surface tension, by
examining three different liquid mixtures of a methanol-water
solution, with carbon dioxide as the gas phase, see Table 1. In addi-
tion, a set of nozzle geometries, see Table 1, have been studied in
order to deduce the influence on flow regime transitions. The
choice of the working fluids is based also due to its relevance to
small-scale direct methanol fuel cells.

A reference case (parameter set 01, see Table 1) has been estab-
lished in order to objectively compare with similar parameters
(fluid properties, channel geometry and fabrication techniques)
in the literature before the influences of surface tension and nozzle
geometry can be discussed. In addition, the future need (Gunther
and Jensen, 2006; Hassan et al., 2005) for flow maps at lower liquid
flow rates has been addressed by this study. The existing knowl-
edge of two-phase flow transitions has been extended by almost
two orders of magnitude in square microchannel flow maps of
200 pm edge length.

2. Experimental procedure
2.1. Microfabrication

A standard microfabrication/MEMS technique (Madou, 2002)
based on photolithography was applied to manufacture micro-
sized channel networks, see the fabrication steps in Fig. 1. In a first
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step a 500 + 25 pm thick, p-doped, double side polished, 4” silicon
wafer with a resistivity of up to 30 Q cm was coated with at 10 pm
thick layer of a negative photoresist (AZ® 4562, MicroChem). In the
subsequent photolithographic process step (MAB, Siiss Micro Tec),
the mask polarity of the deployed high resolution quartz mask
(ML&C) patterns the photoresist during the UV exposure. A dry
etching procedure was performed using an inductive coupled plas-
ma system (ICP, Surface Technology Systems) resulting in a rectan-
gular shaped channel cross-section with a depth and width of
200 pm. The surface roughness of the channel walls is defined by
the cycle length of the involved “Bosch process” and the mask res-
olution, and does not exceed 1 um. By the iteration of the above
mentioned steps at the backside of the silicon wafer, fluid inlets,
outlets and pressure ports are incorporated. To allow for optical ac-
cess, a 100 mm in diameter and 700 + 50 um thick borosilicate
glass wafer was anodically bonded onto the silicon wafer by a sub-
strate bonder (SB6, Siiss MicroTec) at 450°C and a voltage of
1000 V. After dicing the wafer into predefined microchannel chips,
PEEK (Upchurch Scientific®) fluid connectors were sealed to the in-
let, outlet and pressure tubes by epoxy.

The microfluidic network on the chip has been designed in
accordance to representative microreactors, for the applicability
of micro fuel cell designs (Lu et al., 2004) and in comparison to
existing microfluidic investigations (Cubaud and Ho, 2004;
Waelchli and von Rohr, 2006). A distinct difference from the design
of Cubaud and Ho (2004) is that the rounding off of the serpentine
bends herein was deliberately realized, to reduce inertia effects
resulting from the momentum exchange with the wall, especially
at sharp turns, diminishing the influence onto the two-phase flow.
Micro-PIV investigations (Fries et al., 2008) mention the possibly
important influence of momentum exchange in the bends to fluid
mixing in the liquid plugs in the wake of a segmented gas-liquid
flow, but only corroborate the unaffected flow pattern.

The mixing section of the microchannel is of crucial importance
to the formation of the two-phase flow (Cubaud et al., 2005). The
liquid stream is divided into two equal pathways (in length and
volumetric flow resistance) by a T-junction. At the mixing zone,
the two liquid flows enclose the introduced gas flow coming at a
right angle, see (Cubaud et al, 2005; Dollet et al., 2008;
Ganan-Calvo and Gordillo, 2001). The so-described, layered flow
passes through an orifice of 200 um depth and 50 pm widths,
accelerating the flow. The abrupt expansion after the orifice to
the channel dimensions of 200 x 200 um? leads to the formation
of a bubble, as detailed in (Dollet et al., 2008; Ganan-Calvo and
Gordillo, 2001).
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_— Pressure Port 2
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Fig. 1. Process flow for the fabrication of the microchannel chip illustrating photolithography, photoresist development, dry etching by ICP, backside process, anodic bonding
and the attachment of the fluid connector - and a top view of a typical microchannel chip.
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Fig. 2. Schematic diagram of the experimental apparatus.

2.2. Experimental setup

The experiments were performed under standard laboratory
conditions, at 22 °C and 100 kPa ambient, in the experimental
apparatus shown in Fig. 2. A syringe pump (Harvard Apparatus,
PHD4400 programmable) delivers the desired fluid flow V, of the
aqueous methanol solution ranging from 0.0012 to 1.200 ml/min.
Several different methanol concentrations have been experimen-
tally investigated. The corresponding parameter sets are listed in
Table 1, and the respective fluid properties in Table 2.

The volumetric flow rate V, of the CO, gas stored in a pressur-
ized gas cylinder (PanGas, purity > 99.9 vol%) is adjusted by a
mass flow controller (Bronkhorst, EL-FLOW®) from 0.02 to
1.5 ml/min. Both fluid flows are transported through PEEK (Up-
church Scientific®) capillaries and injected through the corre-
sponding inlets into the microchannel chip. At the mixing zone, a
nozzle working by the principle of the capillary flow focusing tech-
nique (Cubaud et al., 2005; Dollet et al., 2008; Ganan-Calvo and
Gordillo, 2001), forms the two-phase flow pattern. In the subse-
quent section of the microchannel, the resulted flow pattern was
investigated over a serpentine-structured channel length. As men-

Table 2
Fluid properties.

Fluid mixture  Density (kg/m®)  Viscosity (mPas)  Surface tension (mN/m)

H,0 997.1 1.0016 72.75
1M MeOH 980.2 1.0982 66.10
MeOH 786.9 0.5440 22.95
CO, 1.811 0.0150 -

tioned earlier, the serpentine bends are designed with smooth,
rounded bends in order to reduce the influence of momentum ex-
change effects with wall.

After 5mm (25 x dpyy) from the nozzle, well outside of the
hydraulic entrance length, the first pressure port is incorporated,
with the second one being located at the end of the area of inves-
tigation. Precisely 70 mm of channel length lie between these two
ports. Three differential pressure sensors (Huba Control 692;
0.2 bar, 2.5 bar, 25 bar) have been employed for recording the pres-
sure drop between the two pressure ports depending on the flow
rates. After passing through the area of observation, 70 mm down-
stream from the nozzle, the two-phase flow exits the microchannel
chip by a PEEK tube and is collected in a glass beaker open to the
ambient positioned on an electronic scale (Mettler Toledo XS204
DeltaRange®) for cross-checking of the liquid flow rate.

The data collected from the syringe pump, the mass flow meter
and the differential pressure sensors are recorded by a data acqui-
sition system (Labview 7.0), however, the controlling of the mass
flow meter is performed by a Bronkhorst specific program,
FLOWView®.

2.3. Fluorescence microscopy

There exist several, non-intrusive methods for characterizing
flow patterns in microchannels, such as Brightfield microscopy,
fluorescence microscopy, transient magnetic resonance imaging.
In contrast to the commonly used Brightfield microscopy, the here-
in presented experiments were conducted utilizing a fluorescence
microscopy technique (LaVision Flow Master MITAS), see Fig. 2.

The liquid mixture was doped with 0.01 wt% Rhodamine 610
Chloride (Exciton), a fluorine dye also known under Rhodamine
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B, to achieve a distinguishable contrast between the fluorescent
liquid and the non-luminating gas phase. This concentration is ex-
pected to reduce the surface tension of the liquid mixture by
around 5%. A double cavity Nd:YAG laser (New Wave, Sololl-15,
532 nm) with a pulse length of 10 ns was applied as a light source
exciting the fluorescent dye in the liquid. Rhodamine 610 Chloride
re-emits light with a phase shift at a wavelength of around 594 nm
depending on the present solvent. An epi-fluorescent filter cube
(dichromatic prism) prevents the laser pulse from trespassing;
only the re-emitted light reaches the synchronized CCD-camera
chip (LaVision Imager ProX 4 M) with a set exposure time of
500 ns yielding distinct two-phase flow images as presented in
Fig. 3.

(e)

3. Flow pattern
3.1. Classical categorization

The injection of two immiscible fluids of different densities into
an adiabatic microchannel leads, after a certain entrance length, to
a distinct flow regime depending on fluid properties, channel
geometry and volume flow rates of the two fluids. For the case of
a single pair of gas-liquid mixture in a given channel, a flow regime
map can be constructed based on the gas and liquid volume flow
rates.

Different volume flow rates will yield a series of distinguishable
regimes. Attempting to find in the plethora of published regimes a
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Fig. 3. Micro-PIV images from: (a) bubbly, (b) regularly ordered bubbly flow, (c) wedging, (d) slug, and (e) annular flow.
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Table 3
Flow pattern.

Major flow regime Flow pattern

Dispersed Dispersed bubbly
Regularly ordered bubbly
Wedging (elongated bubbly, plug)

Slug flow

Intermittent (Taylor)

Annular Smooth annular
Wavy annular
Stratified Smooth stratified

Wavy stratified

common denominator for representative regimes and their
descriptions, this paper relies on a combination of classifications
from Kreutzer et al. (2005), Coleman and Garimella (1999) and
Cubaud and Ho (2004) with a minor modification, see Table 3. This
has been chosen as a base for comparison because of the similarity
in channel geometry, which includes a similar order of magnitude
of a rectangular cross-section as well as the aspect ratio.

As reported elsewhere (Coleman and Garimella, 1999), a signif-
icant difference of flow regimes can be observed between a chan-
nel of circular and rectangular cross-sections. This additional
complexity and therefore deviation potential for flow regimes is
amplified by the effect of aspect ratios. Since the first investiga-
tions of two-phase flow in a micro-spaced rectangular cross-sec-
tioned channel have been performed in narrow widths or slit
configurations, the applicability of those derived flow maps for a
rectangular cross-section channel is questionable.

The flow regime modification is the existence of a regularly or-
dered bubbly flow pattern in addition to the dispersed flow regime.
Under a different context, bubble formation by hydrodynamic
focusing for application of e.g. single microbatch reactors (Joanicot
and Ajdari, 2005), the so-called regularly ordered bubbly flow is re-
ferred to as bubble-liquid suspension (Gordillo et al., 2004), mon-
odispersed array of bubbles (Cubaud et al., 2005) or lattices of
bubbles (Ganan-Calvo and Gordillo, 2001), but is has not been
incorporated into any flow map categorization to the best of the
authors’ knowledge. Since the described bubble arrangement (see
next section) consists of perfectly spherical bubbles, see Fig. 3(b),
of the same diameter, the term foam, describing and referring to
polyhedral-shaped, deformed gas volumes, is inappropriate to use.

The typical working fluids for investigating two-phase flow in
the literature are water-air or water-nitrogen mixtures, hence
the regularly ordered bubbles have not been observed under the
context of flow map investigations. A discussion and description
of the flow regimes will be presented in the following section.

3.2. Observed flow regime descriptions

3.2.1. Dispersed flow regime

As mentioned earlier and illustrated in Table 3 the dispersed
flow regime is subdivided into two parts. Starting at a low gas flow
rate a dispersed bubbly flow will occur, see Fig. 3(a). The gas phase
can be described as discrete spheres with diameters smaller than
the channel height distributed rather uniformly in the continuous
liquid phase. An increase of the gas flow rate yields an increase of
the bubble size until the diameter starts to surpass the channel
height. From that moment on, since the bubble is constrained by
the channel cross-section, the flow regime is referred to as
intermittent.

However, under certain conditions an increase in the gas flow
rate will not cause an increase of the bubble size, but an increase
of bubble quantity to such a level, that the single gas spheres are
starting to densely pack inside the constraints given by the channel
geometry, see Fig. 3(b). Coalescence of bubbles (Ostwald Ripening),

as reported by some authors, has not been observed at distinct vol-
ume flow rates. The criteria for coalescence are not discussed in
this paper. This paper will refer to such a flow pattern as regularly
ordered bubbly flow.

3.2.2. Intermittent flow regime

The intermittent flow regime is known under a bounty of differ-
ent expressions, elongated bubbly, wedging, slug, plug or seg-
mented flow, but often attributed to Taylor and his work (Taylor,
1960). The characteristic of this flow pattern is a gas bubble, which
has a lager dimension than the cross-section of the channel. Due to
the dominance of the surface tension, the bubble expands along
the channel axis rather than collapsing or disintegrating into smal-
ler spherical bubbles.

Two distinguishable flow patterns can be detected within the
range of the intermittent flow regime, the wedging and the slug
flow, see Fig. 3(c) and (d), respectively. Even though the geometric
appearance of the two flow patterns is similar and can be described
by an axisymmetric gas core surrounded by a thin liquid film and
regularly segmented by liquid plugs, forming an elongated gas
bubble, the wedging flow regime exhibits under certain circum-
stances (Cubaud and Ho, 2004) a de-wetting and dry-out along
the center of the adjacent channel walls.

In contrast, the slug flow pattern is characterized by a much lar-
ger and, therefore, stronger elongated gas bubble, which does not
exhibit any dry-out zones. The gas core will be lubricated at all
times by the fast passing liquid slugs.

As described by Cubaud and Ho (2004), the wedging flow re-
gime can be divided into two different wetting regimes dependent
on the bubble velocity with a transition regime in between. If the
bubble velocity is below the dewetting velocity, the liquid film be-
tween the elongated gas bubble and the channel walls will dry out.
If the bubble velocity is above a critical velocity, the film will not be
disrupted and the bubble will be surrounded by a liquid film.

3.2.3. Annular flow

At low liquid velocities, the liquid plugs spanning the channel
cross-section disappear with increasing gas velocities forming
rings or waves and eventually smoothing out; a continuous, axi-
symmetric gas core establishes itself, see Fig. 3(e). The liquid vol-
ume flow is transported merely in the thin liquid film covering
the channel walls.

3.2.4. Stratified flow

The stratified flow has not been observed herein, but is shortly
elaborated upon for the sake of completeness and its presence in
some of the flow maps to be discussed in the following. The strat-
ified flow regime exhibits a complete separation of the liquid and
the gas phase. In large scale two-phase flow, this separation is in-
duced by the buoyancy force, whereas for microscopic channel
dimensions the wettability of the surface in combination with
the surface tension usually inhibits a stratified flow.

3.3. Results

3.3.1. Flow maps of parameter sets 1-4

The results of our experiments are discussed in this section, fol-
lowed by a thorough comparison with previously published inves-
tigations. In Fig. 4(a)-(d) the results of four parameter sets are
shown. Parameter set 1 has been defined as a reference case for
comparison with relevant literature fluid-gas mixtures (Coleman
and Garimella, 1999; Cubaud and Ho, 2004; Triplett et al., 1999;
Zhao and Bi, 2001). In the parameter sets 1-3, only the concentra-
tion of the methanol-water solution is altered, as seen in Table 2,
starting with destilled water for parameter set 1, followed bya 1 M
methanol solution for the parameter set 2 and a pure MeOH



C. Weinmueller et al. /International Journal of Multiphase Flow 35 (2009) 760-772 765

10° - 3 10° = 3
F o o o o o o o O ] o o o o o o o o0 ]
| o o o o o o o o | 0O 0o 0 O O o o o o |
L o o o o o o o o o J 1 o o o o o = = O O
10°Fr 4 ] 10 Fr E
F o o o O o o o v \ 2 F o o o O o O o v \ 2
@ | o o o o o D/v/v/v | @ o o o o o D/v/v/v ]
2 12 E 2| -2
= 10" = vV v v v v v v v v v E - 10°F v v A 4 v v v v v v E
I v v vV vV vV vV VvV Vv Vv v | vV vV vV vV vV VvV vV VvV VvV Vv i
| v v vV vV Vv Vv v v v v vV VvV VvV VvV VvV VvV VvV VvV VvV |
-3 -3
10 3 3 10°F 3
I v v vV vV vV VvV VvV VvV Vv v | vV vV vV vV vV VvV vV VvV VvV Vv i
L | L L PR | L L i Il L il i
107 10" 10° 107 10" 10°
(a) jg (M/9) (b) i (m/s)
10°§m, — T 10° Sy "
F o 0O o,o O ] o ]
: O : O ] :
; p T_1b
10F © E 10F © = o
r © v o] o v o]
2 :T 1O v ] 2 . 10 v ]
o v o] i v o]
| T 2 i | T_2 i
3 v v v v v v v v v A 3 v v v v v v v v v v
107 E 10 E
I v v v v v v v VT 3A AN vV vV vV vV VvV VvV Vv v v A ]
L. ol n ] ol . ol ]
107 107 10° 107 10™ 10
(c) j (m/s) (d) J, (/9)
o irregular bubbly Transition Line T_1: bubbly/wedging
®  regularly ordered bubbly|  Transition Line T_2: wedging/slug
o wedging Transition Line T_3: slug/annular
Z slug | Transition Line T_1a:  bubbly/wedging (at the beginning of the channel)
annuar Transition Line T_1b:  regularly ordered bubbly/wedging

Fig. 4. Flow regime maps for squared microchannels: (a) parameter set 1: nozzle 50 um, pure H,0; (b) parameter set 2: nozzle 50 pum, 1 M MeOH solution; (c) parameter set

3: nozzle 50 um, pure MeOH; and (d) parameter set 4: nozzle 30 um, 1 M MeOH solution.

solution for parameter set 3. In parameter set 4 the liquid has the
same concentration as for parameter set 2, but the geometry of the
nozzle is altered to a smaller width of 30 pm in order to identify
possible influences of the nozzle geometry.

The experiments were conducted by setting a certain liquid flow
rate at the syringe pump and stepwise increasing the gas flow rate.
The gas flow rate was allowed to reach steady state conditions, but
at least 300 s were allowed to pass before the flow pattern was re-
corded and identified at a location 70 mm downstream from the
nozzle exit, well after the hydraulic entrance length and in between
the pressure ports.

The recorded flow patterns are displayed in a graph with the
superficial gas velocity j, constituting the abscissa and the superfi-
cial liquid velocity j; constituting the ordinate, see Fig. 4(a)-(d). The
superficial gas velocity jg is defined as the gas volume flow rate V,
divided by the total cross-sectional area A of the channel, analo-
gously to the superficial liquid velocity:
= @)

An interesting observation can be drawn from all four parameter
sets 1-4 concerning the transition lines between the bubbly, wedg-
ing and slug flow regimes. At superficial gas velocities j, > 0.08 m/s
(the rms of j; > 0.06-1.0 m/s) in the parameter sets the transition
lines T_1 and T_2 are parallel with identical slopes and positions
on the flow map allowing the assumption that the change of liquid
properties within the parameters studied in this paper and the
slight alteration of the nozzle orifice has no significance on the main
trend of the two transition lines at the bubbly/wedging flow transi-
tion and the wedging/slug flow transition, referred to subsequently
as transition lines T_1 and T_2 respectively. The transition line sep-
arating the bubbly from the wedging flow regime can be mathemat-
ically expressed as follows:

Transition line T-1: j, = 0.7397 - j;*** 3)

The parallel positioned transition line of the wedging to slug flow
regime (T_2) yields a similar, exponential function as for transition
line T_1, with the same exponent, but with a different offset:

Transition line T2 : j,=1.086 - j§r8333 )
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In Fig. 4(a), below the critical value of jg = 0.08 m/s (parameter sets
1 and 2 (only) at j,=0.08 m/s) the transition between bubbly to
wedging flow (T_1) becomes independent of the gas flow rate. This
transition only depends on the liquid volume flow rate. The transi-
tion is located at:

ji=0.0736-m/s (5)

In comparison to parameter set 3, the transition is further domi-
nated by the ratio of the two liquid flow rates, because the metha-
nol as a liquid with a considerably lower surface tension than water
stabilizes smaller bubbles at the same nozzle geometry. This can be
explained by the working principle of the flow focusing technique.
The detachment of the gas core forming a bubble (or Taylor bubble)
depends upon the interaction between inertia and surface tension.
The lower the surface tension, the earlier the break off from the
gas core occurs and the smaller the formed bubbles will be. This
can also be facilitated by a smaller nozzle geometry, as seen in
the results of parameter set 4, shown in Fig. 4(d). Summarizing, it
can be said that two mentioned effects cause a stabilization of smal-
ler bubbles below the critical value of j; = 0.08 m/s; this is achieved
either by reducing the nozzle geometry below 50 pm or by reducing
the surface tension of the liquid.

0

An analogous argument holds for the transition from wedging
to slug flow (T_2) with a transition line positioned at:

j,=0.0159 - m/s (6)

The effect of a slightly reduced surface tension of the liquid by the
1 M methanol solution seen in parameter set 2, Fig. 4(b), does not
show a marked influence on the transition lines of parameter set
1, Fig. 4(a). Interestingly however, the occurrence of the regularly
ordered bubbly regime can be detected inside the perimeter of
the wedging flow regime, between transition line T_1 and T_2. This
indicates that the addition of a small amount of methanol stabilizes
smaller bubbles due to an earlier break off of the gas core at the
nozzle. At the same time, the surface tension is high enough to pre-
vent coalescence of the individual gas bubbles, forming a regularly
ordered bubbly regime. The regularly ordered bubbly regime is fur-
ther detected in parameter set 4, see Fig. 4(d), which can be ex-
plained similarly as for the 1 M methanol solution.

For parameter sets 3 and 4, the appearance of a transition re-
gion above j,=0.04 m/s is of interest. In the case of parameter
set 3, the mixing of methanol in the solution yields a phase transi-
tion in the microchannel from a bubbly to a wedging flow regime.
The transition was complete within ca. 70 mm downstream from
the nozzle and is characterized by the following transition line:
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Fig. 5. Flow map comparison to Cubaud and Ho (2004).
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Transition line T-1a j, = 27.388 - j, % (7)

For parameter set 4, a regularly ordered bubbly flow regime appears
as a transition regime below T_1 bounded by

Transition line T-1b j, = 0.1228 - j2%77® (8)

The only occurrence of an annular flow regime has been detected in
the parameter sets 3 and 4, see Fig. 4(c). A regression line for the
transition between the slug and the annular regime based on three
annular regime data points bears a high uncertainty, but is pre-
sented for sake of completeness:

Transition line T3 j, = 0.012 - j5"%** 9)

3.4. Comparison to existing flow maps

In the following sections the most relevant, recent and influen-
tial micro two-phase flow investigations will be compared to our
experimental data. The experiment with apparently the most sim-
ilar realization has been presented by Cubaud and Ho (2004).

3.4.1. Flow map comparison to Cubaud and Ho (2004)

Cubaud and Ho (2004) investigated thoroughly two-phase flow
in rectangular channels with a square cross-section of side widths
of 200 pum and 500 um. The microchannels were fabricated by
deep reactive ion etching (DRIE) into silicon covered by an anodi-
cally bonded glass on top and bottom allowing optical access.
The working fluids they used were de-ionized water and com-
pressed air mixed by a flow-focusing nozzle. The nozzle proved
to be an effective measure in producing bubbles in a large range
of sizes. They observed downstream from the nozzle section bub-
bly, wedging, slug, annular and dry flow, presented in a classical
two-phase flow map, see Fig. 5.

The transition lines of the flow map of Cubaud and Ho (2004),
based only on the 200 um channel, are drawn as a reference for
comparison to our experimental data. In (Cubaud and Ho, 2004)
the assumption was made that the flow map within the boundaries
of their measurement domain is independent of the size of the
channel cross-section. After an extrapolation of the transition lines
into the regime of 500 pm channels, their findings yield the follow-
ing, generalized functionality for the dependence of the superficial
velocities:

o
T 1-a

Jg Jg (10)
with «=0.75 for bubbly/wedging transition (T_1), «=0.20 for
wedging/slug transition (T_2), o = 0.04 for slug/annular transition
(T_4), o= 0.005 for annular/dry transition.

The comparison of the data of Cubaud and Ho (2004) obtained
from the 200 pm cross-sectional microchannels to our experimen-
tal data, shows a good agreement of the phase transitions between
bubbly/wedging flow (T_1) and wedging/slug flow (T_2), see Fig. 5.
A deviation of the transition lines T_1 can be observed. However,
after a closer examination of the regression of the transition line
H_1 in Cubaud and Ho (2004), it can be noted that this transition
line does not accurately capture the phase transition for the
200 pm cross-section microchannels alone. Several points of their
data set of the bubbly flow do not fall within the proposed bubbly
regime. If for the same set of their data points (200 pum values only)
the phase transition of Cubaud and Ho (2004) is interpreted sepa-
rately, the transition line slopes more gradually, practically super-
imposing with our result for T_1.

The plateaus of the transition lines T_1 and T_2 occurring in our
study below the value of j, = 0.08 m/s; have not been detected in
Cubaud and Ho (2004). The reason is that our larger nozzle design,

the orifice has the same depth as the channel following it, can sta-
bilize larger elongated bubbles at smaller gas volume flow rates.

The phase transitions between slug/annular and annular/dry
flow as depicted in Cubaud and Ho (2004) are not within our mea-
surement region, therefore, a fair comparison cannot be conducted.
If one assumes an exponential (linear in log scale) extrapolation of
the transition line into our measurement domain, a deviation could
be expected. A possible explanation can be deduced from our clas-
sification of the slug flow regime, which includes an annular-sim-
ilar flow regime with a scarcely occurring slug passing down the
channel.

Unlike the work of Cubaud and Ho (2004), the dry flow regime
has not been observed for the 200 pm being in accordance with
many other studies (Coleman and Garimella, 1999; Triplett et al.,
1999).

Summarizing, the conclusions drawn from the comparison be-
tween our study and that of Cubaud and Ho (2004), it can be said
that the channel size has an influence on the transition lines as
well. The extrapolations of the findings of Cubaud and Ho (2004)
from two different channel sizes are not showing the plateaus
found in our study underpinning the conclusion that the phase
transition of microscale two-phase flow is not only dependent on
the channel geometry (Coleman and Garimella 1999), but also on
the channel size (Triplett et al., 1999; Zhao and Bi, 2001). In gen-
eral, it can be stated that the flow map of Cubaud and Ho (2004)
corroborates well our phase transitions.

It should be also stated that we were able to measure two or-
ders of magnitudes lower than Cubaud and Ho (2004), extending
the so far known flow regime map for microscale two-phase flows,
detecting a dominant slug flow regime below the critical value of
ji1=0.0159 m/s.

3.4.2. Flow map comparison to Triplett et al. (1999) and Zhao and Bi
(2001)

Further comparison to often referred and cited papers is neces-
sary in order to understand and extract the influential parameters
on the transition lines. In the following, the work from Triplett
et al. (1999) and Zhao and Bi (2001) is used as a further means to-
ward this goal and is presented in comparison to our data in Fig. 6.

Triplett et al. (1999) observed in their Pyrex glass channels with
circular and triangular cross-section with a hydraulic diameter of
1.1 mm and 1.45 mm, respectively, four distinguishable flow re-
gimes: bubbly, slug, churn and annular-wavy. The orientation of
the setup was horizontal and the fluids, de-ionized water and air,
were mixed in a cross-like mixing chamber and co-currently
passed through a 200 mm long tube of the above mentioned
geometries.

Zhao and Bi (2001) tested three equilateral triangular channels
fabricated of Lucite Plastic. In contrast to Triplett et al. (1999) and
Cubaud and Ho (2004) a vertical upwards concurrent two-phase
flow was established by water and air injection through a porous
medium. The resulting flow regimes were: capillary-bubbly, slug,
churn and annular flow.

A first obvious/apparent observation extracted from a direct
comparison of our measurement data to the phase transition lines
presented from Triplett et al. (1999) and Zhao and Bi (2001) is the
difference of the measurement domains, see Fig. 6. To this end, be-
sides the shifted area of observation (Triplett et al., 1999: j, = 0.02-
80 m/s and j; = 0.02-8 m/s; Zhao and Bi, 2001: j; = 0.1-100 m/s and
Ji1=0.08-6 m/s), also the different channel geometries have to be
borne in mind when drawing conclusions from the comparison.

It is most interesting that our entire measurement range lies
within the expected slug flow regime based on the flow map of
Triplett et al. (1999) of circular channel cross-sections and of the
flow map of Zhao and Bi (2001) of triangular microchannels. Be-
sides the explanation of the different channel geometries for the
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Fig. 6. Flow map comparison to Zhao and Bi (2001) and Triplett et al. (1999).

deviation, special notice should be drawn to the nozzle. As proven
elsewhere (Cubaud et al., 2005; Ganan-Calvo and Gordillo, 2001),
the nozzle has a significant influence on stabilizing bubbles espe-
cially in microchannels (Bo < 3.368). Certain orifice geometries
can facilitate a broad range of bubbles, sometimes referred to as
capillary bubble flow (Zhao and Bi, 2001).

This explanation supports our finding of bubbly and wedging
flow also at lower j; than reported from Triplett et al. (1999). On
the other hand, under the consideration of the aforementioned
deviation factors, the bubbly regime detected from Zhao and Bi
(2001) is in rather good agreement with our results. Nevertheless,
the possibility of a coincidental superimposition of the phase re-
gimes cannot be completely excluded.

Interestingly, the extrapolations of the lines of the phase transi-
tion between slug and ring-annular flow from the work of Triplett
et al. (1999) and of Zhao and Bi (2001) are approximately superim-
posing the phase transition line for the methanol solution dis-
played in Fig. 4(c).

The comparison to Coleman and Garimella (1999) does not re-
veal any new information; our flow map lies completely in their
plug/slug flow regime, an analogous discussion as for Zhao and
Bi (2001) and for Triplett et al. (1999) applies.

3.4.3. Comparison to the Taitel-Dukler model

An influential paper presenting a physical model to describe the
phase transition in macroscopic two-phase flow in a horizontal
(and near horizontal) circular tube has been published by Taitel
and Dukler (1976). The model is based on the equilibrium of the
momentum balances of each single phase (gas and liquid sepa-
rately) of a stratified two-phase flow with a power law friction fac-
tor assumption for the shear forces (Agrawal et al., 1973). A
dimensionless representation of the momentum balances was ex-
pressed as a function of X, the Lockhart-Martinelli-Coefficient
(Lockhart and Martinelli, 1949), and the dimensionless parameter
Y representing the influence of the inclination. For the case of zero
inclination, as studied and compared in this work, the Lockhart-
Martinelli-Coefficient X only depends on the dimensionless
equilibrium filling height h, = h;/D of the liquid phase. Taitel and
Dukler (1976) developed for each phase transition a criterion rep-
resenting it by one specific dimensionless number.

The transition of the stratified to intermittent flow is based on
the Kelvin—-Helmholtz stability criterion for the growth of infinites-
imal waves at a liquid/gas interface with a critical filling height of
50% of the inner diameter of the tube, which can be expressed in a
dimensionless form as:



C. Weinmueller et al. /International Journal of Multiphase Flow 35 (2009) 760-772

P {]2 ”gdé’/dh’} >1 (11)
(@ Ag

where F is a modified Froude number:

F= Pe Je (12)

P1— Pg/Dgcosa

and where G, is a disturbance factor of an infinitesimal wave;
Ug, hi, A, and A, are the dimensionless gas velocity, the liquid fill-
ing height, the liquid and the gas core cross-section, respectively. All
variables are normalized by the geometric constraints of a pipe. The
transition criterion for the intermittent to annular flow regime is
based on the result from Butterworth (1972), showing a wave of
adequate height being swept around the wall forming the annular
regime at an initial filling height of less than h; = 0.5. This results,
for the horizontal alignment of the tube, in a constant value of
X=1.6.

The criterion of Taitel and Dukler (1976) from the stratified
smooth to wavy transition has limited or no relevance in the
microscale two-phase flow. On the other hand, the transition re-
gime from bubbly to intermittent flow is relevant and is based
on their work on the equilibrium of the turbulent fluctuations of

1
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the flow and the buoyant forces of the gas bubbles yielding the fol-
lowing dimensionless criterion:

P |8 (13)
Siait (WD )

with

[l ] 14

(P — pg)gcosa

where 1, ﬁg7 D,, and S; are the dimensionless liquid velocity,
cross-section, hydraulic diameter and the surface area of the gas-li-
quid interface, respectively. All variables are normalized by the li-
quid filling level and the diameter of the pipe.

Even though the model proved to suitably predict phase transi-
tions in macroscopic channels as shown in Taitel and Dukler
(1976) for the flow maps of Mandhane et al. (1974) for a circular
pipe of 25 mm diameter, the Taitel-Dukler model fails to predict
flow transitions at smaller diameters, already below 5 mm as
shown in the comparisons of Damiandides and Westwater (1988)
and Coleman and Garimella (1999).
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Fig. 7. Flow map comparison to the Taitel-Dukler model.
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The comparison of the Taitel-Dukler model (Taitel and Dukler,
1976) with our parameter set 1, shown in Fig. 7, yields for the tran-
sition line F (phase transition between stratified and intermittent
flow, based on the dimensionless criterion F) no agreement. Also,
it has to be noted that the parameter set 1 did not depict any strat-
ified flow; neither smooth, nor wavy. The applied criterion of an
extended Kelvin-Helmholtz Theory does not satisfactorily explain
wave growth in microfluidics.

On the other hand, the Taitel-Dukler-based transition line
excluding the intermittent from the annular flow regime (transi-
tion line X, based on X=1.6) shows a comparable slope as our
experimentally obtained transitions from wedging to slug flow.
This apparent coincidence still can bear an interesting piece of
information about the validity of the model: Although the channel
geometry causes a deviation, the basic momentum balance con-
cept is still valid.

The transition line intermittent to dispersed bubbly flow (tran-
sition line T, based on the dimensionless criterion T) only superim-
poses our data when extrapolated to smaller superficial gas
velocities matching the transition line plateaus. However, this
superposition has to be regarded as purely coincidental, since nei-
ther gravity-based buoyancy forces nor turbulent fluctuations play

a significant role in microfluidics underestimating the important
effect of surface tension completely.

The concluding remark regarding the original Taitel-Dukler
model is that the lack of inclusion of the surface tension effect in
the model, causes it to lose its applicability in microfluidics below
the critical Bond Number of Bo < 3.368.

3.4.4. Comparison to modified Taitel Dukler model

The work of Barnea et al. (1983) presents a modification for the
Taitel-Dukler model for smaller pipe diameters verified for chan-
nels of diameters of 4 mm and larger. The incorporation of surface
tension as a relevant force for the transition from stratified to
intermittent flow yields the following criterion:

h > (1-m/4) (15)
Fig. 8 shows the comparison of this criterion (transition line F_mod-
ified) to the present parameter set 3. It was found that the modified
transition line matches the transition of slug to annular flow, see
Fig. 8. Even though the momentum balances of the Taitel-Dukler
model are based on a circular cross-section, it appears that the
incorporation of the surface tension better predicts phase transi-
tions in sub-millimeter microchannels.
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Fig. 8. Flow map comparison to the modified Taitel-Dukler model.
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Another modification of the original Taitel-Dukler model has
been presented by Brauner and Maron (1992) in order to achieve
a better prediction of phase transitions in small diameters for the
dispersed bubbly to stratified transition (transition line T_modi-
fied). The modifications implement a critical bubble size at which
the surface tension is just preventing the formation of a continuous
gas layer driven by buoyancy forces.

As discussed throughout the paper, below the critical Bond
Number the reduced influence of gravity will not significantly af-
fect the phase transition, as confirmed by the mismatch of the cal-
culated transition line based on the modification of Barnea et al.
(1983) to the parameter set 1 in Fig. 8.

The conclusions drawn from the comparison with the mecha-
nistic model of Taitel and Dukler (1976) and its modifications from
Barnea et al. (1983) and Brauner and Maron (1992) are that even
though these models proved their validity for phase transitions
in macroscopic channels and under the consideration of the mod-
ifications also in channels of diameters down to 4 mm, they are not
reliable for two-phase flow below the critical Bond Number, due to
the diminished influence of gravity, which does not any more pre-
vail over surface tension.

4. Conclusion

The focus of this paper is the experimental construction of flow
maps of adiabatic two-phase flow in rectangular microchannels
with an aspect ratio of unity and the comparison of these maps with
other published experimental results. The influence of surface ten-
sion and nozzle geometry on the phase transition was investigated
by a parametric study involving two nozzle widths and a set of liquid
mixtures. The fluid mixture, water and methanol, with CO, as the gas
phase, was chosen due to its relevance in important microfluidic
applications, specifically in microscale direct methanol fuel cells.
This allowed also the examination of the influence of surface tension.
The incorporated nozzle geometry facilitated a broad range of differ-
ent flow regimes such as bubbly, regularly ordered bubbly, wedging,
slug and annular flows, depending on influencing factors such as
nozzle and channel geometries and fluid properties.

The study of different methanol mixtures yielded a relatively
small influence on the flow transitions within our experimental
measurement domain. However, by increasing the methanol con-
tent in our fluid mixture, the stabilization of capillary bubbles was
shown at lower superficial gas velocities. In addition, the occurrence
of regularly ordered bubbles can be attributed to the mixing of
methanol.

The comparison between the different nozzle widths resulted in
a relation between the nozzle width and the stabilization of bub-
bles. The nozzle width is therefore an important parameter for
two-phase flow maps in microfluidics. Smaller nozzle geometries
and fluids of smaller surface tension promote capillary gas bubbles
at lower superficial gas and liquid velocities also increasing the
likelihood for the occurrence of regularly ordered bubbly flow.

Comparing our data to published experimentally obtained flow
maps, a general agreement of flow transitions compared to Cubaud
and Ho (2004), Zhao and Bi (2001), Triplett et al. (1999) was ob-
served where relevant. Interestingly, the extrapolation of the
wedge/slug flow transition from Zhao and Triplett to lower super-
ficial velocities corroborates our detected annular flow regime of
pure methanol, in contrast to Cubaud and Ho (2004). The argument
in Cubaud and Ho (2004) that the channel size does not have an
influence on phase transitions is not corroborated by our results.
In contrast, our measurements of lower superficial liquid velocities
display a transition plateau. A further important result in the pres-
ent flow maps is the extension of the experimental knowledge base
to smaller superficial liquid velocities (by almost two orders of

magnitude compared to Cubaud and Ho (2004)). In addition, we re-
port as a new finding the occurrence of regularly ordered bubbles
in combination with flow maps placing them as a transition regime
between dispersed bubbly and wedging flow.

The Taitel-Dukler model did not prove to be an adequate means
to predict phase transitions in microscopic two-phase flow below
the critical Bond Number. Further, the modifications from Brauner
and Maron (1992) failed to predict the transition between the bub-
bly and the intermittent flow regime. The only partial agreement
was found for the Barnea et al. (1983) modification.
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