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Abstract

A two-phase flow in flat minichannels and microchannels with a height range of 50—1 mm and width range of 10-40 mm was
experimentally investigated. The flow regimes were determined and regime maps were constructed. The characteristics of
two-phase flows have been studied using laser-induced fluorescence and Schlieren methods. Transitions between two-phase
flows and their formation have been investigated. Based on the developed methodology, criteria that accurately determine
the boundaries between the two-phase flow regimes have been created. The two-phase flow regimes in microchannels were
compared with theoretical models. For the Taitel and Dukler and Ullmann and Brauner models, an algorithm that calculates
the regime maps for the given channel parameters was derived. It was shown that the Ullmann and Brauner model predicts
quite well the transition to the stratified and annular regimes in channels with cross-sections of 0.05 %20 mm? and 0.05 x 40
mm?. Regularities of the channel width influence on the transition to the annular regime were revealed. A criterion for the
transition from the stratified to the annular regime, based on the discovered fact of liquid jet structuring along the channel,

has been proposed.

Keywords Two-phase flow - Flow regimes - Slit microchannel - Schlieren method - LIF method

1 Introduction

Currently, there is a rapid development of microsystems that
are used in microreactors, micropumps, heat exchangers,
cooling systems, etc. (Yao et al. 2021; Li et al. 2021). In such
systems, the characteristic dimensions of the heat-generating
devices are from tens to hundreds of microns. Such systems
are more efficient than conventional heat exchangers due to
the large area-to-volume ratio. In this regard, micro heat-
exchanging devices are widely used. Using microchannel
systems, it is possible to remove heat fluxes of more than
1 kW/cm? using microchannel systems (Nasr et al. 2017).
Two-phase liquid—gas and/or liquid—vapor flows in micro-
channels have a huge potential to resolve the problem of
high heat fluxes removal (Zaitsev et al. 2017). Due to the
increased microscale segregation of vapor from the liquid
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phase caused by capillary forces as compared to macroscale
flows, the flow regimes in microchannels take a more simpli-
fied form (Magnini and Thome 2017).

In recent years, interest in the topic of two-phase and
two-component flows in microchannels continues to grow
due to increased relevance and a large number of unsolved
problems. Igbal and Pandey (2018) have developed a new
model for predicting the pressure drop during boiling in a
microchannel, since the previous models did not take into
account a change in thermophysical properties at large pres-
sure drops. Soma and Kunugi (2020) have developed a phe-
nomenological model for liquid film evaporation in a narrow
microchannel. In this work, local heat and mass transfer in
the region of a microscopic liquid film is described taking
into account thermal conductivity in the liquid film, kinetics,
and diffusion. Der and Bertola (2020) have studied a two-
component water—oil flow in a horizontal serpentine chan-
nel. The regime maps were created and it was shown that the
serpentine geometry of the channel reduces the area of strati-
fied flow of two fluids on the regime map, while increasing
the areas of intermittent and dispersed flows, which leads
to better mixing of two components as compared to the
straight channel. In Drummond et al. (2020), the authors
investigated the morphology in a single microchannel heat
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sink. Microchannel samples were selected with a high aspect
ratio. It was shown that for the channels (1 mm) at suffi-
ciently high heat fluxes, vapor covers the channel base com-
pletely, and the liquid did not wet the surface in this area.
This newly discovered vaporization phenomenon causes a
significant decrease in productivity and an increase in meas-
ured channel wall temperatures. This paper demonstrates
the critical role of two-phase flow morphology in the opera-
tion and design of manifold microchannel heat sinks. Oudah
et al. (2020) studied boiling in a microchannel radiator using
inlet restrictors. Experiments using inlet restrictors improved
the performance of the critical heat flux in a microchannel
radiator with a fluidized bed as compared to the basic case
without inlet restrictors. The improvements relate mainly to
the suppression of flow instability by inlet restrictors. Xiong
et al. (2022) have done a comprehensive review of the distri-
bution of two-phase flow in microchannel heat exchangers.

Thus, today in the field of two-phase and two-component
flows in small-sized channels, there are many interesting
effects and topical problems for various technical applica-
tions, in particular, for the design of cooling systems. For
more efficient heat removal, it is necessary to understand
the hydrodynamics of adiabatic flows in microchannels,
in particular, the regimes of gas-liquid flows and criteria
for transitions between them since adiabatic regimes often
repeat the morphology of heat-exchange liquid—vapor flows
with the same void fractions.

Over the past two decades, there were a large number
of publications on adiabatic two-phase flows in channels of
different geometries, including rectangular channels with
characteristic dimensions from 50 pm to 1 mm, square and
circular channels with characteristic dimensions of up to
20 pm (Serizawa et al. 2002). Many authors studied micro-
channels with a circular cross-section (Serizawa et al. 2002;
Kawahara et al. 2002; Chung and Kawadji 2004; Chung
et al. 2004; Saisorn and Wongwises 2009; Sur and Liu 2011
and others). Also, many authors studied two-phase flow
characteristics in square and rectangular channels with a low
aspect ratio (Choi and Kim 2010; Yin et al. 2018; Li et al.
2022). The papers on two-phase flow regimes in channels
of various geometries and sizes were reviewed by Chinnov
et al. (2015). The main factors affecting the structure of a
two-phase flow, such as gas and liquid flow rates, channel
and inlet parameters, wettability of the inner surface of chan-
nels, liquid properties, and gravitational forces have been
analyzed. It is shown that the development of instabilities of
a two-phase flow has a significant effect on formation, evo-
lution, and transition in the flow regimes. It is necessary to
note that the number of works devoted to rectangular chan-
nels with a high aspect ratio (slit channels) is very limited.
Moriyama et al. (1993) were the first authors who began to
study such channels. They studied adiabatic two-phase flows
of R113-N2 in channels with a height of 7-98 um and a
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width of 30 mm. This paper deals mainly with the two-phase
pressure drop; however, reliability of the results and deter-
mination of the channel height are questionable. Most of the
works mentioned above used a simple visualization tech-
nique of high-speed video recording, which did not allow
quantitative determination of two-phase flow characteristics.

The two-phase flow in a short horizontal channel of a
rectangular cross-section with a height of 100-500 um and
a width of 9-40 mm was studied experimentally by Chinnov
et al. (2016). The use of the Schlieren and fluorescent meth-
ods allowed the authors to identify the liquid flow regime
in the channel and quantify its characteristics. The features
of the churn, jet, and drop flow patterns were studied in
detail. Two particular regimes that can be distinguished rep-
resent the formation of immobile drops on the channel walls
because of the breakage of liquid films or liquid bridges
and the appearance of mobile drops due to the two-phase
flow instabilities. It was found that the formation of vari-
ous two-phase flow patterns and transitions between them is
determined by instabilities of the liquid—gas flow in the side
parts of a channel. Frontal instability has been observed dur-
ing the liquid—gas interaction in the region of liquid output
from the nozzle. It was shown that a change in the height and
width of the horizontal channels has a substantial effect on
the boundaries between the flow regimes. One of the results
is that the region of the churn regime increases significantly
with decreasing thickness of the channel.

When designing cooling systems, it is important to deter-
mine the gas-liquid flow regime (Wu et al. 2017). In most
experimental works, the boundaries between the regimes are
determined qualitatively, which reduces the accuracy of their
determination. For more than half a century, models predict-
ing the boundaries between flow regimes have been devel-
oped. The first attempts to generalize the regime maps of
two-phase flows were made by Baker (1954), who proposed
an empirical regime map. Since then, there were numerous
attempts to predict regime maps, in particular (Mandhane
et al. 1974; Taitel and Dukler 1976; Weisman et al. 1979).
The most interesting of them is the work of Taitel and Duk-
ler (1976). Their model is used to construct regime maps,
where the superficial velocities of gas and liquid are used
as coordinates. The model describes four predominant flow
regimes: stratified, intermittent, bubble, and annular. Tran-
sitions from one regime to another are substantiated using
physical criteria. In 1990, after the significant contribution
of Barnea et al. (1980); Shoham (1982); Taitel and Dukler
(1987), this work culminated in the creation of a unified
model for calculating the transitions between flow regimes in
channels of any orientation, based on simple physical crite-
ria and using the familiar two-phase dimensionless numbers
(Taitel 1990).

Models based on physical criteria used in the regime
maps of Taitel and Dukler determine most accurately the
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prevailing flow patterns for evaporation of refrigerants and
dielectric fluids in channels. Such models can be also used
for known macroscale correlations for these dielectric flu-
ids in microchannel cooling systems. Bar-Cohen and Rahim
(2009) found that calculations by the Taitel and Dukler
model were in good agreement with extensive two-phase
flow observational data taken from published sources, and
observed inflection points in the behavior of the heat trans-
fer coefficient of a two-phase flow often occur near flow
boundaries calculated by Taitel and Dukler. Later, in the
work of Bar-Cohen et al. (2011), the authors provided a
comprehensive literature review and analysis of microchan-
nel (microgap) heat transfer data for the two-phase flow of
refrigerants and dielectric liquids. They showed that flow
regime progression in such a microgap channel could be
predicted by the traditional flow regime maps, including the
regime boundaries, based on Taitel and Dukler model. Data
covered the channels with rectangular and slit geometry.
Characteristic dimensions of these channels varied from
0.2 to 1.6 mm.

Dimensionless maps ensure a compact way to indicate
specific transitions for easier interpretation and more physi-
cal representation of flow pattern distribution on a map.
Howeyver, it is more convenient to use not the dimensionless
form of the Taitel-Dukler regime map (Taitel and Barnea
2016), but the maps using the superficial velocities of gas
and liquid as the coordinates.

There are a huge number of parameters affecting the
structure of a two-phase flow. Until now, no model would
accurately predict the regime map for the entire range of
used channels. It is necessary to investigate the applicability
of models used in the literature for slit microchannels and
to develop a model describing the transition to film flow
regimes, that is important for practical applications.

Thus, in this introduction, three main problems of
investigating two-phase flows in microchannels can be
distinguished:

1. Measurement techniques in most studies are based
on simple visualization of the two-phase flow (video
recording). As a result, it is impossible to obtain quan-
titative information for the determination of regime
boundaries.

2. In most works, qualitative criteria are used to determine
the boundaries between two-phase flow regimes in chan-
nels, and this reduces the accuracy of determining these
boundaries.

3. Models describing regime boundaries, constructed for
large circular channels, are often used, successfully, to
describe the flow regimes in small rectangular channels.
These models cannot be universal, but the limit of their
use (in terms of channel width and height) is not defined.

The objectives of this study are as follows:

e to conduct a comprehensive study of a two-phase flow in
small horizontal slit channels using modern experimental
techniques,

e to analyze data obtained in channels with a height range
of 50 pm to 1 mm,

e to clarify the boundaries between the regimes based on
quantitative characteristics,

e to create regime maps with more accurate boundaries,

e to perform the comparison of the obtained models with
the known ones,

e to determine the applicability limits of these models,

e to provide recommendations for determining the bounda-
ries between the regimes in slit microchannels.

2 Experimental setup and measurement
technique

The experiments were carried out in two working sections:

In the first section, experiments were carried out in micro-
channels with a height from 100 pm to 1 mm. The working
section 135 mm long and 60 mm wide was made of stainless
steel mounted on textolite, Fig. 1. Flat spacers were aligned
in the flow direction so that a channel of variable height and
width can be created. The channel width was varied from
9 to 40 mm. The length of the channel was 80 mm. The
working section was covered with glass from above. The
setup included a liquid circulation circuit, controlled by a
computer. Gas was fed from a cylinder through flow meters
into a channel, and then it was separated from the liquid and
discharged into the atmosphere. The gas was saturated with
water vapors before entering the working section. The liquid
was supplied with a high-precision peristaltic pump through
a flat nozzle into the studied channel. The nozzle was located
in a stainless steel plate at the bottom of the working section.

gas inlet

Fig.1 Working section 1
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Gas was supplied to the central part of the channel through
the inlet, located at a distance of 40 mm from the liquid
input, where the gas flow was stabilized.

For channels less than 100 um in height, another work-
ing section was developed. The outline of working Sect. 2
is shown in Fig. 2. It consists of two parallel plates 160 mm
long and 55 mm wide (glass top, stainless steel bottom), the
distance between which is set by two constantan spacers
with a thickness from 50 to 150 um. A nozzle is made in
the bottom plate at an angle of 11°; through this nozzle, the
liquid is fed to the space between the plates using a high-
precision syringe pump. Microchannel dimensions: length
of 160 mm, width from 10 to 40 mm, and height from 50 to
150 um. The wettability and roughness of the channel walls
were measured. Wettability was measured by a KRUSS DSA
100 setup using the sessile drop method. On the upper plate
(glass with antireflection coating), the advancing contact
angle was 63 + 1°, and the receding contact angle was 28 +
1°. On the stainless steel plate, the advancing contact angle
was 90 + 1°, and the receding contact angle was 16 + 2°.
Surface roughness was measured using a TR200 instrument
(resolution 0.001 pm). The roughness of the stainless steel
plate was Ra = 0.47 pm. The roughness of the upper channel
wall of the quartz glass was Ra = 1 nm. Before the experi-
ment, the liquid was circulating in the microchannel, wetting
all the walls. Thus, during the formation of the flow regime,
the contact angle was close to the receding one.

The setup is shown in Fig. 3. To visualize the two-phase
flow, a FASTCAM-500M high-speed camera and a Nikon
D7000 digital camera were used in the mode of Schlieren pho-
tography. The Schlieren method is used to register and visual-
ize surface deformations of a thin liquid film. Light from the
source enters the microchannel with a gas—liquid flow through
a diffuser (7), a lens (8), a semitransparent mirror (9), and an
optical glass (10). Light reflected from the gas—liquid inter-
face is transmitted through a semitransparent mirror (9), a lens
(11), and a camera lens filter (12). A sheet (13) moved by a
microscrew cuts out the central part of the light. As a result,

microchannel
Gas input

Liquid input

Fig.2 Working section 2
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the camera captures the image in grayscale, where a certain
angle of liquid—gas interface inclination corresponds to each
level of gray. A detailed description of the methodology and
calibration is presented by Ron’shin et al. (2016). Further,
the images are processed using the developed algorithm to
obtain quantitative characteristics of two-phase flow regimes.
A detailed description of the technique is presented by Ronshin
and Chinnov (2019).

The method of laser-induced fluorescence is based on
absorbed light re-emission by fluorophore with a spectral
composition different from exciting radiation. Distilled water
with the addition of fluorophore Rhodamine 6G was used as
a liquid, and nitrogen or air was used as gas. To excite refer-
ence radiation, a 50 mW laser (14) with a wavelength of 532
nm was used. Using a cylindrical lens (15), the laser beam
was turned into a line, directed across the gas—liquid flow at
a distance of 52 mm from the place where liquid was intro-
duced into the channel. The re-emitted fluorescent light was
fixed by a digital camera (17) equipped with a stepped low-
frequency filter (16), which transmitted the light re-emitted by
a fluorophore and cut off laser radiation. The camera allows
for digitizing the received signal, used to determine the dis-
tribution of liquid in the channel, with a high sampling rate
(up to 2.1 kHz). The measuring system was calibrated under
the experimental conditions by the local glow intensity of
plane-parallel layers of the working liquid in a completely
filled channel. The LIF method allows registration structures
in the flow with good accuracy (uncertainty <3%) with good
spatial (80 pm/pix) and temporal resolutions (2 kHz) when the
thickness of the liquid layer changes significantly. However, it
does not allow resolving structures on liquid films with good
accuracy. The fluorescence method was used for channels with
a height of 200 pm to 1 mm because, in smaller channels,
its accuracy is insufficient to characterize the flow regime. In
channels less than 200 pm in height, the accuracy of the LIF
method decreases and is insufficient to determine accurately
the characteristics of the two-phase flow. Calibration of the
method is also a difficult task since the typical film thicknesses
can be less than 1 pm. Only the Schlieren method, which can
detect liquid films less than 1 um thick, was used in channels
with a height of 50 pm—150 um.

3 Flow regimes

The two-phase flow in short horizontal rectangular chan-
nels with a height from 1 mm to 50 pm was experimen-
tally investigated (the list of channels studied is given
in Table 1). Instant Schlieren and LIF images of two-
phase flow patterns were obtained in the initial part of
the channel at a distance of up to 40 mm from the liquid
input. Based on Schlieren images, thin liquid films on the
channel walls were registered. In this modified Schlieren
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Fig.3 Scheme of the experimental setup

method, each shade corresponds to a value (dry area, film
on the upper microchannel wall, film on the lower micro-
channel wall, liquid-filled area). Post-processing of the
obtained images allowed accurate fixing of the two-phase
flow structure in the channels. Based on the information
obtained during the post-processing of images, as well
as from the analysis of video records, LIF and Schlieren
visualization, the main regimes of a two-phase flow were
determined and regime maps of the flow process were con-
structed for various channels.

The regime map for a channel with a cross-section of 0.05
% 20 mm? is shown in Fig. 4. Typical Schlieren photographs
are shown for the main two-phase flow regimes. We used

the superficial velocities of gas Uy and liquid Ug;, defined
as the volumetric flow rate of gas or liquid divided by the
channel cross-sectional area, as the coordinates in the figure.
The boundaries of the flow regimes for a channel with a
cross-section of 0.05 x 20 mm? are indicated by solid lines.
The following flow regimes have been identified: bubble, jet,
stratified, churn, and annular.

At low superficial velocities of gas and liquid, a stratified
flow is observed, when liquid moves along the side walls of
the channel, and the gas jet moves along the center. Waves
are observed along the side walls. With an increase in the
superficial velocity of the liquid, the wetted region increases,
the waves of liquid along the side walls begin to interact,

Table 1 Channel dimensions

. M Channel cross-sections, mm? Working Investigation method
and methods of investigation section
0.05x 10 0.05%20 - 0.05x40 2 Schlieren
0.1x20 0.1x30 - 2 Schlieren

0.15x 10 0.15%20 - - 2 Schlieren
- - 0.2x34 - 1 Schlieren, LIF
0.3x10 0.3%x20 0.3%x30 0.3x40 1 Schlieren
0.42x9 0.49 %20 0.44 %30 - 1 LIF, Video recording
1x10 1x19 1x29 1x40 1 LIF, Schlieren, Video recording
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Fig.4 Regime map of the two-
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forming horizontal liquid bridges, and a transition to the
bubble flow occurs. In the bubble flow regime, many small
gas bubbles move along the channel, while the character-
istic longitudinal dimensions of bubbles are less than the
channel width. The frequency of bubble formation depends
significantly on the superficial velocities of gas and liquid.
A more detailed study of the frequency of bubble formation
and their sizes is presented in Ronshin and Chinnov (2019).
With an increase in the superficial velocity of the gas, the
size of bubbles increases and coalescence begins. A churn
flow regime develops when both filled and destroyed hori-
zontal liquid bridges are observed in the flow. This regime
is typical of the vertical channels, but it is also observed in
the horizontal minichannels and microchannels, where its
formation is caused by capillary forces. At low superficial
velocities of liquid and high superficial velocities of gas,
a stratified regime is observed, when a liquid film moves
along the lower wall of the channel, entrained by the gas
flow. The formation of waves is observed on the liquid film
surface. With an increase in the superficial velocity of the
liquid, a film is also formed on the upper wall, and a transi-
tion to the annular flow occurs. In this flow regime, liquid
films move along all channel walls, and a gas core with liq-
uid droplets moves along the channel center. Quantitative
criteria for transitions between flow regimes are presented
by Ronshin et al. (2019). The developed modified Schlieren
method allows us to obtain information about the structure
of a flat flow, such as the size and velocity of bubbles, film
regions on the upper and lower walls of the channel, local
void fraction, etc. This information is sufficient for determin-
ing the transitions between flow regimes. However, it is not
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possible to obtain information on the three-dimensional flow
pattern using the Schlieren method.

Figure 5 shows the regime map for a microchannel with
a height of 440 pm and a width of 30 mm. The LIF method
is well suited for characterizing the three-dimensional flow.
In addition to the already considered flow regimes, which
were observed in a microchannel with a height of 50 pm,
the slug flow regime is also distinguished, when bubbles,
whose longitudinal size exceeds the microchannel width,
move along this microchannel.

The time dependences of liquid distribution in the channel
cross-section were obtained using the fluorescence method.
Figure 6 shows three-dimensional flow patterns, recon-
structed from the brightness of fluorophore luminescence,

° Bubble Anullar
E g 8 3
3
0.1 A
Stratified
* * * & o
001 . * * * o 0
* * * o o0
0.001 T T T

0.01 0.1 1 10 100

Usgmis

Fig.5 Regime map of the two-phase flow in the channel with cross-
section of 0.44 X 30 mm?
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characteristic of different flow regimes over time. The time
scales are shown in the images. The width of the image cor-
responds to the width of the channel. Figure 6a shows the
typical bubble flow at Ug; =0.42 m/s, Ug;=0.28 m/s. Gas
bubbles, whose longitudinal size does not exceed the micro-
channel width, move along this microchannel. As the super-
ficial gas velocity increases, the bubble formation frequency
increases. In the transition to the churn flow with an increase
in the superficial gas velocity, the bubbles coalesce occurs,
due to which the frequency of their formation decreases.

(a)

()
£ 04
£ 02
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=

1500 30

1000
t, ms b, mm

Figure 6b shows the churn flow regime at Ug; =0.42 m/s,
Uy;=1.3 m/s. Bubble coalescence is characterized by the
appearance of ruptures in the horizontal liquid bridges; thus,
the churn flow is characterized by the presence of both con-
tinuous and broken horizontal liquid bridges. At low super-
ficial velocities of liquid, a jet flow regime is observed, when
a gas jet moves along the channel center and liquid moves
along the side walls of the channel. In a jet flow, an increase
in the superficial liquid velocity leads to a loss of stability of
the two-phase flow. Increasing pulsations of the gas jet are

(b)

h, mm
oo
[=1 BN

30
150

Fig.6 Flow regimes in a horizontal channel with a width of 30 mm,
a length of 80 mm, and a height of 0.44 mm: (a) bubble flow
regime at Ug; =0.42 m/s, Ug;=0.28 m/s; (b) churn flow regime at
Ug; =042 m/s, Ugg=1.3 m/s; (c) jet flow regime at Ug; =0.17 m/s,

Ug;=0.76 m/s; (d) stratified flow regime at Ug =0.042 m/s,
Ugs=64 m/s; (e) annular flow regime at Ug=0.17 m/s,
Ugs=8.9 m/s
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observed. At the initial stage of disturbance development,
after a long waiting period from 5 to 10 s, the jet collapsed
(the liquid was connected from the sides of the channel),
Fig. 6¢. Then the jet expanded sharply, with a period of
0.4 s, and narrowed several times until the oscillations were
completely damped. In the area of stratified flow, the first
disturbances also occurred after a significant waiting period.

Figure 6d shows the reconstructed change in the thickness
of liquid % in the channel over time based on the reduced
change in the fluorophore brightness for a stratified flow
at Ug; =0.042 m/s, Ug;=6.4 m/s. Before the onset of the
disturbance, the liquid layer increased on one of the lateral
sides of the channel. The average development time of dis-
turbance is 0.7 s, the waiting time is 5.3 s, and the period
between decaying liquid ejections is 91 ms. On the opposite
side of the channel, changes, associated apparently with the
development of a disturbance, appeared at the boundary of
the liquid completely filling the channel. The maximum dis-
turbance amplitude was 11.7 mm and it almost reached the
middle of the channel. Figure 7 shows the changes in the lig-
uid height over time along the lines shown in Fig. 6d. It can
be seen that for the section (indicated by a solid line) located
closer to the lateral side of the channel (distance from the
left wall X=5 mm), the passing disturbances completely
fill the channel height of 0.44 mm. In the region where the
phase boundary passes, the reconstructed values of liquid
thickness can exceed the channel thickness, which is caused
by optical distortions. The magnitude of the possible error
in determining the liquid layer thickness does not exceed
40 pm, which is less than 10% of the channel thickness. In
the section (indicated by a solid line located at a distance
of 6.4 mm from the left channel wall, Fig. 7), not four, but
three disturbances were recorded. After the passage of dis-
turbances, an increase in the residual thickness of the liquid
film is seen. It follows from the video recording of the pro-
cess that a thin liquid film appears on the upper wall of the
channel because of disturbance passage. With an increase
in the superficial liquid velocity, the stratified flow regime

0.5

0471

0371
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021

omJ L“LW»JL/'\\

500 600 700 800 900 1000
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Fig.7 The liquid thickness distribution in the section shown in Fig. 6d

@ Springer

is transformed into an annular one due to an increase in the
frequency of pulsations and ejection of liquid onto the upper
wall from the side walls of the channel. Figure 6e shows the
average thickness of the liquid film on the upper and bottom
microchannel walls in the annular regime at Ug; =0.17 m/s,
Ug;=8.9 m/s. The annular regime at the measurement point
occurs at a liquid pulsation frequency in the lateral part of
the channel of 20-30 Hz, and the maximum values of pul-
sation frequency in the annular regime in the investigated
parameter range reach 300-400 Hz.

4 Comparison of experimental data
with Taitel and Dukler model

An algorithm in MATLAB® that calculates the main regimes
of two-phase flow according to the Taitel and Dukler model
(Taitel 1990) for the specified properties of liquid, gas, and
channel size, has been derived. The program works as fol-
lows: during the cycle, the superficial velocities of gas and
liquid change in a given range. Equations 14, obtained from
the balance of liquid and gas momentum, are used to find the
equilibrium level of liquid (%;/D) for a steady stratified flow
when pressure gradients of liquid and gas are equal to each
other. Since the value of function /,;/D is given implicitly in
these equations, they were solved by the Newton—Raphson
method (Fig. 8).
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Fig.8 The equilibrium level of liquid in the stratified regime
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C, =C;=0.046, n = m = 0.2 for a turbulent flow;

C, =C;=16,n=m = 1for a laminar flow.

For a laminar flow in rectangular channels, constants C;
and C;; represent the aspect ratio function (Shah and Lon-
don, 1978):

Cg = C, =24(1 — 1.3553AR + 1.9467AR* — 1.7012AR’
+0.9564AR* — 0.2537AR)
AR=b/h
®)

Here 7;, 7,, 7, are interface/gas/liquid shear stresses and S,
,Sg, S, are interface, dry, and wetted perimeters, respectively.
A,, A, are gas/liquid cross-section areas, p,, p; are gas/liq-
uid densities, g is acceleration of gravity, f is the angle of

inclination, f is the friction factor. The solution to Eq. 1 is
shown in Fig. 5 via Martinelli parameter defined as follows:

4Cp < Us D >—n LU, (£ )
D v, 2 dx
2 L SL
= = = ©
4C ( UggD P6Usq <£ )
D VL 2 dx SG

At the next step, it is checked whether the regime is the
bubble one. The regime is the bubble one when Ug; > Uy L
where gas content € =0.52 and characteristic bubble diameter
d-<dp are found from Egs. 11 and 12; d-<dp is found from
Egs. 11 and 13. If the regime is not the bubble one, then it is
checked whether it is stratified.

o 0.6 2f
de=(0.725 + 4.1550-5)<—> k™ k=20 U, = Ug + Ugg

143 D
(10
0.5
040
dep = 2| —22 )
@ [(pL—pc)g]
Ui
o= 3L (12)
PL— PG 8Os

where « is energy dissipation per unit mass.

The stratified regime is observed when it is stable from the
point of view of the Kelvin—Helmholtz analysis when inequal-
ity 8 is satisfied and inequality 9 is not satisfied. If the regime
is not the bubble and not the stratified, a check whether the
regime is annular is required. For horizontal tubes, this is the
condition when X < 1.6 (Taitel and Dukler 1976). If the regime
is not the bubble, not the stratified, and not the annular, then
it is intermittent. Two types of the intermittent regime were
distinguished: the churn and the slug ones. The slug regime is
observed when ag > 0.52 in Eq. 16.

2| 1 We/ Use)*D - (dA, [ dhy)
F lcz » <1 (13)
F= PG Usg
- _ (14)
PL = PG \/D-gcosp
U§L S gd(1 —h;/d)cosp 15)
I
2 0\ PL 2
s =0.058 ldC<FUM> (%) —0.725] (16)

The experimental study of a two-phase flow in a tube of a
5.1-cm diameter performed by Shoham (1982) is compared
with the calculation by the Taitel (1990) model in Fig. 9.
Good qualitative and quantitative agreement is observed; the
data agree with an accuracy of more than 94%.
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Experimental data obtained for the channels with cross-
sections of 1 X 29 mm?, 0.05 X 10 mm?, 0.05 X 20 mm?, and
0.05 x 10 mm?, are compared in Fig. 10, where hydraulic
diameter D,, is equivalent to the diameter of the round chan-
nels. In the above microchannels, the slug regime was not
observed, but instead, the bubble regime was observed. This
is since in wide minichannels (aspect ratio greater than 10)

Taitel & Dukler
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Fig.9 Comparison of experimental data of Shoham (1982) (solid
lines) with Taitel model (1990)
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in the bubble flow, the characteristic bubble sizes are almost
always greater than the channel height, but much less than
its width. In channels with a small aspect ratio (about 1),
the bubble size in the bubble regime is always less than the
channel height. Thus, the slug regime in round tubes corre-
sponds to the bubble regime in slit microchannels, since in
slit microchannels, the characteristic longitudinal and trans-
verse dimensions of the bubble are greater than the channel
height but less than its width.

Thus, according to the Taitel and Dukler model, the slug
regime in wide channels can be the bubble regime in experi-
ments. It can be seen in Fig. 10a that qualitatively the region
of the slug regime, according to the Taitel and Dukler model,
corresponds to the region of the bubble regime in the experi-
ment with a microchannel of the 1 x29 mm? cross-section.
The accuracy of bubble regime prediction by the Taitel and
Dukler model was over 37%. The qualitative and quantitative
prediction of the churn regime by the model also satisfac-
torily corresponds to the experimental data; the accuracy is
more than 49%. In the experimental work, the jet regime,
when the lower wall of the channel is not wetted and liquid
moves along the sides of the channel, was also distinguished.
This regime is a feature of wide minichannels and micro-
channels. It can also be seen that the model predicts rather

(b) 10°

© Bubble
Stratified
Annular

¢ Churn

o Slug

0.05%10 mm?
dh:‘),‘)Sc—OS m

I/L:9.220»07 m%/s
v;=1.55¢-05 m?/s
0=7.20e-02 N/m

-1 0 1 2
10 10 10 10
bm, m/s

O Bubble
Stratified
Annular

¢ Churn

o0 Slug

0.05 %40 mm>
dh:‘).‘)‘)c-oi m

2
uL:‘)J_Z e-07 m™/s

u(;=1.55c-05 m%/s

0=7.20e-02 N/m

107! 10° 10' 10°

56

Fig. 10 Comparison of experimental data (solid lines) with the Taitel and Dukler model. Channel cross-section: a 1x29 mm?; b 0.05x 10 mm?;

¢ 0.05x20 mm?%; d 0.05 x40 mm?
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poorly the boundary of transition from the stratified regime
to the annular one.

The calculation by the Taitel and Dukler model for a
channel with a cross-section of 0.05 x 10 mm? is shown in
Fig. 10b. It is seen that the model does not predict transi-
tions between two-phase flow regimes for the specified chan-
nel. It should be noted that the microchannel width of the
studied channel exceeds its height by more than two orders
of magnitude. At that, changing the channel width has a
negligible effect on the hydraulic diameter. It can be seen
in Figs. 10b—d that when the channel width changes by a
factor of 2 or even 4, the hydraulic diameter changes insig-
nificantly; as a result, the difference between the calculated
maps of Taitel and Dukler is not visible, whereas the differ-
ences between the experimental maps are significant.

The Taitel and Dukler model was also adapted for rec-
tangular channels: in this case, the microchannel height and
width were directly used for calculations. A comparison of the
calculated regime maps of the original model and the model
modified for rectangular channels is shown in Fig. 11. It can
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be seen that for a channel with a cross-section of 1x29 mm?,
the modified model predicts the transition to the churn flow
better, while for microchannels with a height of 50 um, there
are almost no differences.

Thus, we can conclude that the Taitel and Dukler model has
been developed for tubes; it predicts the boundaries of regimes
in large channels well and does not describe experimental data
in wide microchannels.

5 Comparison of experimental data
with the Ullmann and Brauner model

An algorithm that calculates the boundaries between the
regimes by the Ullmann and Brauner model (2007) has been
developed. A comparison of the boundaries calculated by
the Ullmann and Brauner (2007) model with the experimen-
tal data of Triplett et al. (1999) in a channel with diameter
D=1.097 mm is shown in Fig. 12. Boundary 1 is calculated
using Eq. 11 where the value (¢;),,;, = 0.151s used. Boundary
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2 was calculated from condition 12, where the following
expressions for the bubble size were used:

1- (5G)crit

U, = — %<ty

SL o SG (17)
dmax = max{(dmax)o’ (dmax)s} S dcrit = min{de,dLb,O'SD}

(18)
7 dmax —-1p,02
gy = =5~ = 30We ' Re) (19)
~ dmax -1 0.2 &G
(@max)e = 7 - 174C¢We, "Re; T= e (20)
G

In Eq. 14, the values of Ug; and Uy are set implic-
itly; therefore, the Newton—Raphson method was used for
the solution. Equation 15, including value ei’” = 0.4, was
used to plot Boundary 3. Boundary 4 was calculated from

Eq. 16. Equation 17 was used to calculate Boundary 5.

1-— £crit
~|-H ~
USGZe[e—L+2] Ug ;€ = T”L 21

Hg L

05
AU, =Uy;—U, >49 LD] F(On):Reg > 2100 (22)
e
055
o

(UM)Crit = (USG + USL)criz = 9, 72 lWl (23)
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Fig. 12 Comparison of experimental data of Triplett et al. (1999)
(markers in the figure) with the Ullmann and Brauner model (2007)
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When plotting Boundary 6, Eq. 18 was applied. Bound-
aries 7 and 8 are taken from the Ullmann and Brauner
model (2007) for the slug flow of Brauner and Ullmann
(2004).

According to Fig. 12, the calculations by the Ullmann
and Brauner model (2007) are in good agreement with the
experimental data of Triplett et al. (1999) in a round chan-
nel with a diameter D = 1.097 mm. The accuracy of bub-
ble regime prediction is higher than 93%. The slug regime
is calculated by the model with the addition of Brauner
and Ullmann (2004) with an accuracy of more than 92%.
The boundary between the annular and slug regimes is
calculated with an accuracy of more than 90%. It can be
seen from the figure that the Ullmann and Brauner model
(2007) predicts the transition from the annular to the churn
regime worse; it can be seen that the boundaries in calcu-
lations and experimental data are qualitatively different,
whereas the transition from the slug regime to the churn
one is predicted by the model with the addition of Brauner
and Ullmann (2004) with high accuracy (over 94%).

Calculations of regime maps by the Ullmann and
Brauner model (2007) are compared with experimental
results in Fig. 13. Figure 13a shows a comparison of data
for a channel with a cross-section of 1 X 29 mm?. Instead
of the slug regime, according to the Ullmann and Brauner
model (2007), the jet regime was observed, which is
explained by the difference in the channel geometry. Very
good qualitative and quantitative calculation accuracy of
the transition from the jet regime to the bubble one is
observed: more than 60%. The model also predicts the
transition from the jet regime to the stratified and annular
regimes with high accuracy: higher than 80% and 90%,
respectively. However, the model does not predict transi-
tions to the churn regime and from the stratified regime
to the annular one.

According to Fig. 13b, for a channel with a cross-sec-
tion of 0.05 x 10 mm?, the Ullmann and Brauner model
(2007) does not predict transitions between the regimes.
Whereas for the channels with a height of 50 pm and
width of 20 and 40 mm, Fig. 13c, d, the Ullmann and
Brauner model (2007) predicts very well the transition
from the jet regime to the stratified one (in a channel of
0.05 x 20 mm? with an accuracy of more than 85%; and a
channel of 0.05 x 40 mm? with an accuracy of about 60%)
and from the churn regime to the annular one (in both
channels, all experimental points coincide with calcula-
tions by the Ullmann and Brauner model (2007)).
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6 Transition to the annular regime

In the considered models, the transition from the stratified
to the annular regime is determined by the channel diam-
eter. However, as it was found experimentally, this transi-
tion depends only on the width of a flat microchannel. This
occurs because of the film formation on the upper wall
of the channel caused by the pulsation of jets moving in
the central part of the microchannel, Fig. 14. The number
of jets N is proportional to the microchannel width b. In
this case, the transition to the annular regime depends on
the liquid velocity, when it is sufficient for the formation
of a film, and on the microchannel width. Moreover, the
wider the microchannel, the more liquid jets are formed
and the transition to the annular regime occurs at a lower
liquid velocity. Thus, it is possible to introduce the critical
dimensionless numbers We,, and Re,,, for the transition to
the annular regime:

bUg

Re,, = ;We

prU?L
an = T

73 o

(25)

Then the transition from the stratified flow to the annu-
lar one is determined by the following equation, derived

Fig. 14 Formation of the annular flow
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The dependence of criterion Re,,, Wea_n1 /*=23.10%0on
dimensionless parameter b//, for the developed model and
experimental results for the minichannels and microchan-
nels with a height of 0.05—-1 mm and width of 10-40 mm
is presented in Fig. 15. It can be seen in the diagram that
all transition boundaries for the given channels are in good
agreements with the developed model.

The developed model of transition to the annular regime
(Eq. 20, shown in the figure by dashed line 1) and transi-
tion to the annular regime by the Ullmann and Brauner
model (2007) (Eq. 18, shown in the figure by solid line 2)
are compared in Fig. 16. It can be seen that both models
determine the transition to the annular regime with good
accuracy.
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Fig. 16 Comparison of experimental data (markers) with the Ullmann and Brauner model. Channel cross-section: a 0.05x 20 mm?; b 0.05 x 40
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7 Conclusion

A two-phase flow in flat minichannels and microchannels
with a height range of 50 pm-1 mm and a width range of
10—40 mm is experimentally investigated in this work. The
flow regimes have been determined. For the quantitative
analysis of the transitions between the flow regimes, two
different approaches were used: the LIF technique and the
Schlieren one with automated image post-processing. The
Schlieren technique allows one to characterize the liquid
distribution over the channel cross-sections and to measure
the thin liquid films. Nevertheless, with a decrease in the
channel height, the resolution of this technique is insuffi-
cient for characterizing thin liquid films. In this regard, for a
channel height of less than 300 pm, the Schlieren technique
was applied. The automated post-processing algorithm that
calculates local void fraction, bubble size, bubble formation
frequency, and liquid film areas was developed to analyze
Schlieren images. Using these quantitative characteris-
tics, the maps of two-phase flow regimes were created for
the wide range of channel cross-sections. Comparison of
experimental regimes of the two-phase flow in wide micro-
channels with theoretical models demonstrates that the pro-
posed models describe well only a narrow range of channels
(mainly round channels). In wide microchannels, the picture
is significantly different. In addition, the models do not take
into account many factors (for example, wettability of the
channel surface), which begin to play an important role with
a decrease in the size of microchannels. Despite this, it is
worth noting that the Ullmann and Brauner model (2007)
predicts quite well the transition to the stratified and the
annular flow regimes in channels with cross-sections of 0.05
x 20 mm? and 0.05 X 40 mm®. Regularities of the channel
width influence on the transition to the annular regime have
been revealed. A criterion for the transition from the strati-
fied to the annular regime, based on the discovered fact of
liquid jet structuring along the channel, is proposed.
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