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ABSTRACT 
Transition from elongated bubble (EB) to semi-annular 

(SA) or annular regime is one of the most complicated 
phenomena in two phase flow in microchannels. 
Visualizations have shown that this transition is associated 
with variations in the shape of liquid films surrounding a fast-
moving vapor core. Hence, capturing the thin films 
hydrodynamic characteristics and onset of their instability is 
key to identifying transition criteria. Previous studies had to 
introduce the transition criteria based on the flow superficial 
velocity. However, this parameter by no means represents the 
actual velocity of the liquid film. Here, using a novel 
measurement technique, thickness and actual velocity of liquid 
films as thin as a few microns are measured, and flow 
characteristics can subsequently be calculated. Measurements 
show that during the transition, a drastic change in 
hydrodynamics of the liquid film occurs that makes the liquid-
vapor interface unstable. To define a criterion for the onset of 
this instability, a linear stability analysis is utilized by solving 
the Orr-Sommerfeld equations for the liquid and vapor phases 
using the perturbation theory. Experimentally measured film 
thickness and velocity are used in the stability formulations. 
Comparison with the experimental results suggest that the 
stability analysis is able to predict transition from elongated 
bubbles to semi-annular regime. 
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NOMENCLATURE 
x,y      coordinates, m 
T         temperature, K  
U,V    velocity, m/s 
k         thermal conductivity  
K        dimensionless wavenumber 
P         pressure 
q         heat flux  
Re      Reynolds number  
We     Weber number  

Greek symbols 
ρ         density (kg/m3) 
δ         thickness  

Subscripts 
sat      saturation  
i         interface  

Superscripts 
s         surface 
l, g       liquid, gas 

INTRODUCTION 
Flow regimes in microchannels have been the subject of 

numerous studies over the past two decades [1-17]. It is 
commonly accepted that the thermal performance of a two-
phase microchannel heat sink is governed by its prevailing 
flow regime [18-24]. In a microchannel, bubbles rapidly grow 
and occupy most of the microchannel cross-section. This 
process leaves a thin liquid layer trapped between the bubble 
and microchannel walls. At relatively low vapor velocities, 
strong shear forces generated due to thinness of the liquid 
layer prevent the liquid layer from moving with the vapor flow 
along the microchannel. However, high vapor velocities 
subject the liquid layer to strong shear forces resulting in its 
motion, and hence transition to semi-annular and annular flow 
regimes. Finding a mechanistic criterion for this transition has 
proven to be extremely difficult.  

The flow regime map proposed by Revellin and Thome 
[20] suggests that transition from the elongated bubble regime 
to annular regime occurs in a broad range of vapor quality and 
mass flux. However, the literature lacks a consensus on 
identity of the transitional regimes. For example, a nearly 
identical flow pattern is called churn regime by Tibirica [25] 
and semi-annular regime by Chang et al. [26]. In another study 
by Triplett et al. [27], no criteria are introduced for transition 
from elongated bubbles to annular flow regime. This lack of 
consensus on identity of the transitional regime stems from the 
absence of an explanation for the physics of transition process. 
In addition to flow properties, the channel size in known to 
impact transition. The two major works that investigated the 
effect of channel size on transition from elongated to annular 
regime are those conducted by Ong and Thome [22] and 
Revellin and Thome [18]. Revellin and Thome [18] predicted 
that as the channel size increases the transition occurs earlier, 
i.e., at lower vapor qualities and mass fluxes. 

Undoubtedly, transition from a smooth liquid-vapor 
interface observed in the elongated bubble regime to a 
complex pattern of rippling liquid layers in a semi-annular 
regime is triggered by specific hydrodynamic conditions. 
These conditions, however, have remined elusive due to 
measurement challenges. A new measurement technique 
recently developed in our group [28, 29] has enabled 
measurement of the necessary parameters with a high degree 
of accuracy. Here, based on the measurements, we 
hypothesize that the transition is associated with the drastic 
change in hydrodynamics of the liquid film (or interface) 
resulting in a substantial increase in the interfacial shear stress 
leading to the interface instability and then regime transition. 
We elucidate this hypothesis by employing a linear stability 
analysis. 
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EXPERIMENTAL SETUP AND MEASUREMENT  
A schematic of the experimental device and a detailed 

view of the microfluidic chip are shown in Fig. 1a. The device 
consists of a single rectangular microchannel with a cross-
section height and width of 75 μm and 300 μm, respectively, 
made within a microfluidic chip fabricated on a silicon wafer 
through a multi-step microfabrication process. The 
microchannel is sealed by a Polydimethylsiloxane (PDMS) 
transparent cap. The microfluidic chip is fabricated on a 
silicon wafer through a multistep microfabrication process. 
Using a piezoelectric micropump (Model MP6, manufactured 
by Bartels Mikrotechnik GmbH), FC-72 as the working fluid 
is delivered to the test channel.  

As shown in Fig. 1a, the bottom surface of the test channel 
is a composite wall made of a thick high thermal conductivity 
material (a 500 μm thick silicon substrate) coated with a low-
conductivity (low-k) film (a 9.8 μm thick SU8 layer). A total 
of 53 platinum resistance temperature detectors (RTDs) are 
sputter-deposited at the fluid-SU8 and SU8-silicon interfaces 
to measure the temperature distribution during the boiling 
process. The thickness of the sputtered platinum layer is 120 
nm. Several thin film heaters are also embedded at the SU8-
silicon interface. The sensors and the heaters have a 50-nm-
thick titanium adhesion layer and gold bond pads. The RTD 
sensors are 50 μm wide and are placed 15 μm apart in the flow 
direction (cf. Fig. 1b). The microfluidic chip is then wire 
bonded to a custom-made double-sided printed circuit board 
(PCB) before connecting to a high-speed data acquisition 
(DAQ) system (cf. Fig. 1c).  

The DAQ system which consists of a current excitation 
module (NI SCXI-1581), a channel amplifier module (i.e., 
signal conditioning module) (NI SCXI-1120C), a high-speed 
DAQ module (NI PXI-6289), and a programmable DC power 
supply module (NI PXI-4110) is commanded by an embedded 
controller (NI PXI-8115). The temperature data and the 
synchronized bubble images captured by a high-speed camera 
(FASTCAM SA4-Photron) are recorded at a rate of 20 kHz. In 
addition, the pulsed function microheater is connected to the 
programmable DC power supply module. Data collections as 
well as controlling the applied DC voltage to the pulsed 

function microheater are performed using a LABVIEW 
program. The thin film heaters are also powered by the NI 
PXI-4110 DC power supply. The RTD sensors are calibrated 
prior to the flow boiling experiments to obtain the voltage-
temperature relationship of each sensor. The calibration tests 
are conducted in a uniform temperature oven over a 
temperature range of 40 ºC to 90 ºC. A constant current 
excitation of 100 µA is supplied to each sensor. The 
temperature sensors have a negligible self-heating. The 
recorded voltage-temperature curves show a linear relation 
and the sensitivity of the RTD sensors, the slope of the V-T 
curves, is 0.13 mV/ºC. The data acquisition system has a 
maximum uncertainty of ±28 μV, at a gain of 100 with a 
minimum detectable voltage change of 1 μV. Considering the 
sensitivity of the sensors and the voltage uncertainty, the 
maximum error in temperature measurements is determined to 
be ±0.25 ºC. In addition, the maximum uncertainty in the 
measurement of the SU8 film thickness and the local heat flux 
data are ±0.01 µm and ±1 W/cm2, respectively [28].  

RESULTS AND DISCUSSION 
To generate different flow regimes under more controlled 

conditions, the device is equipped with a single cavity at the 
center of a pulsed function micro heater (cf. Fig. 1b). The 
cavity provides the vapor embryo for heterogeneous bubble 
nucleation and the micro heater converts the liquid 
surrounding the cavity to different metastable conditions. The 
applied voltage to the micro heater is a periodic square pulse 
and its intensity determines the initial bubble size. Since the 
total surface covered by the micro heater is quite small 
(~0.004 mm2), the heater supplies a negligible amount of heat 
transfer to the liquid.  

The experimental data are recorded over a mass flux range 
of 90-350 kg/m2s. The high-speed camera is synchronized 
with the DAQ to visualize the boiling process at a frequency 
of 20k frame per second. The two-phase flow regimes are 
identified based on flow visualization and the distinct wall 
temperature signatures recorded by temperature sensors. 
Details of these recordings and analysis are provided below. 

 

 
Fig. 1. (a) Schematic of the device and a detailed view of the microfluidic chip (b) Generated bubbles at different frequencies (c) 

schematic of the experimental loop. 
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Regime identification 
Fig. 2 provides images of different flow regimes 

(elongated bubbles, coalescing bubbles and semi-annular) 
along with their respective schematics. Evidently, in the semi-
annular regime, unlike the other regimes, the film thickness is 
not uniform along the channel and the vapor slugs are 
continuous with highly unstable interface especially at their 
juncture.  

 

 
Fig. 2. Images and schematics of different flow regimes: (A) 
elongated bubbles, (B) coalescing bubbles, and (C) semi-
annular. 

The wall temperature signatures, associated with a specific 
sensor, corresponding to the regimes shown in Fig. 2 are 
provided in Fig. 3. In the elongated bubbles regime, two major 
modes of heat transfer can be readily recognized as a bubble 
moves over the sensor, namely: thin film evaporation and 
transient heat conduction (cf. Fig 3a). A detailed discussion 
about these modes of heat transfer is available in our prior 
studies [28, 29]; thin film evaporation process is responsible 
for the first drop in surface temperature. The second 
temperature drop is due to the transient conduction process 
associated with the arrival of a liquid slug on the dried surface. 
Fazeli et al. [30] provide a comprehensive analysis of the thin 
film formation and evaporation process using the surface 
temperature data. 

The double-dip temperature data shown in Fig. 3b is 
associated with the coalescing bubble regime, representing 
temperature drop associated with evaporation of the liquid 
film around each bubble. As can be seen in Fig. 2b, in this 
regime, the merger of the elongated bubbles eliminates the 
liquid slug and its associated transient conduction heat transfer 
effect.    

The corrugated temperature pattern associated with semi-
annular regime (cf. Fig. 3c) suggests a periodic variation in the 
film thickness over the sensor. The first temperature drop is 
due to the first liquid layer forming over the sensor when the 
surface has been dried for some milliseconds. The minimum 
temperature after the first drop corresponds to the thinnest 
liquid film and then a fresh thick liquid layer arrives over the 
sensor resulting in a sudden temperature jump. This 
phenomenon occurs intermittently until a chain of fast vapor 
slugs passes and the sensor experiences complete dryout.  

 

 

 

 
Fig. 3. Surface temperature for different flow regimes: (a) 
elongated bubbles, (b) coalescing bubbles, (c) semi-annular. 
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Film thickness measurement  
The temperature signatures introduced in the previous 

section can be used to determine the thin film thickness. At 
less than a millisecond during the first drop in the surface 
temperature, the liquid film is forming underneath the bubble 
(vapor core) and then starts to thermally develop until 
reaching the quasi-steady condition at approximately its 
minimum [30]. Since in this condition the film has reached a 
fully developed temperature profile, its thickness can be 
readily calculated using the surface temperature and heat flux 
values ( , where ).   

The thin film thickness for both the elongated bubble 
regime and semi-annular is provided in Fig. 4. For the 
coalescing regime, the film thickness is similar to that of 
elongated bubble while there is a liquid bulb at the junction of 
the consecutive bubbles. In the elongated bubble regime, since 
the liquid film is almost stationary [30]. In the semi-annular 
regime, the liquid thickness varies with time; sensors 
experience liquids with different thicknesses at various times. 
The red dashed lines drawn for the thickness of semi-annular 
regime have a similar slope, which is equal to the evaporation 
rate and the maximum and minimum points on the graph, 
respectively, correspond to the thickest and thinnest films for 
each vapor slug, as shown in Fig. 2c.  
 

 
Fig. 4. Liquid film thickness for two different regimes. 

Velocity measurement  
For the elongated bubble regime, the bubble velocity is 

determined using the high-speed images. As the bubble moves 
along the channel, the consecutive images of the bubble’s tip 
are recorded at sequential times and then the average velocity 
is obtained using the linear approximation of the spatial 
derivative. Velocity of the liquid film is determined using 
neighboring sensors thermal signatures. Fig. 5 shows 
temperature signatures of two neighboring sensors, spaced 60 
μm apart. Evidently, there is a time lag between the 
temperature profiles of neighboring sensors in the semi-
annular regime. Since the temperature drop is due to rewetting 
of the sensors, the time lag between temperature drops of the 

neighboring sensors suggests that the thin film moves from 
one sensor to another. As shown in Fig. 6 inset, before the 
chain of vapor slugs with liquid film around them arrive at the 
sensor, the surface of the sensor is almost dry, showing the 
highest temperature. Once the liquid arrives at the sensor, the 
temperature drops abruptly. Then, if the temperature drop for a 
sensor occurs at time t1 and the next sensor records the 
temperature drop at t2, the time that is required for the liquid 
film to move between the two sensors is t2-t1. Therefore, the 
velocity of the liquid film is V=Δx/Δt, where Δx is the 
distance between the two neighboring sensors. This approach 
allows to determine velocity of the liquid film in the semi-
annular regime. The vapor velocity in this regime is obtained 
from conservation of mass. The  mass  flow  rate  at the inlet is 

 

 
Fig. 5. Delay in temperature drop for two consecutive sensors: 
in semi-annular regime. 

Fig. 6. Experimental liquid film thickness versus vapor 
velocity for different flow regimes. 

qTk ′′Δ=δ sats TTT −=Δ
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equal to sum of the mass flow rates of vapor and liquid at any 
cross section. Since the velocity of liquid and the thicknesses 
of liquid and vapor layers are known at any cross section, the 
velocity of vapor can be determined. 

Figure 6 provides the values of actual velocities of bubble 
(vapor) along with the liquid film thickness for both elongated 
bubble (EB) and semi-annular (SA) regimes. A simple 
comparison between the velocities implies that in the semi-
annular regime, the velocity of bubble is 1-2 orders of 
magnitude higher than that of elongated bubbles. This brings 
us to the conclusion that the transition from elongated bubble 
to semi-annular can be attributed to the drastic variation in the 
interfacial velocity. Hence, high interfacial stress makes the 
interface unstable and this instability produces the waves on 
the interface. Transition from elongated to the annular flow is 
the consequence of the interface instability. 

Stability analysis  
As the velocity of vapor core dramatically increases, the 

interface experiences an increase in the interfacial shear stress. 
Depending on the properties of the liquid and gas, there is a 
critical interfacial condition at which small or long waves 
appear at the interface. These waves make the interface 
unstable and this instability might be associated with viscosity 
and/or density stratification [31,32]. Such instability is viewed 
as a result of interaction between the flows in the two layers, 
which are connected through the velocity and viscous stress 
boundary conditions at the interface [33]. Viscosity 
stratification produces a discontinuity (jump) across the 
interface leading to energy transfer from the smooth interface 
to the disturbed interface causing a “viscosity induced” 
instability. According to Hooper and Boyd [34] and 
Boomkamp and Miesen [35], this is the dominant mechanism 
for the so-called “interfacial instability”. We believe that this 
instability is the cause of transition from the elongated bubble, 
with a smooth interface, to the semi-annular regime with a 
wavy interface.  

Assuming a steady, 2D flow, we analyze a half of the 
channel since the flow is symmetric. The flow before 
imposing a disturbance which is called ‘base flow’ is assumed 
to be two dimensional, laminar and steady with velocity of the 
phases varying only across the channel. Simplifying Navier-
Stokes equations, the following dimensionless velocities are 
obtained for liquid and vapor phases, respectively: 

 

 (1) 

 (2) 

 
Where 

 (3) 

 (4) 

 
Here q1 and q2 are the flow rates of liquid and vapor phases, 
respectively, and stands for the corresponding 
superficial pressure drop based on vapor phase flow in the 
channel. Other non-dimensional parameters are defined as: 

 (5) 

With δ1 and δ2 being the liquid film thickness and half height 
of the vapor phase, respectively. The holdup, , determines 
the flow rate ratio meaning that for a certain holdup only one 
value for the velocity ratio is feasible. For the linear stability 
analysis, infinitesimal disturbances are introduced to the basic 
velocity and pressure fields at the liquid-vapor interface as , 

,  and . We then use the concept of stream function 
( ) and assume an exponential growth for the perturbations 
as  ,  and .  
In these relations ϕj, Πj and H are the amplitudes of the 
perturbations. Implementing the above perturbations for liquid 
and vapor phases in the Navier-Stokes equations leads to the 
Orr-Sommerfeld equations that govern the stability analysis of 
the interface [36]: 

 (6) 

where j=1 and 2 represent the liquid and vapor phases, 
respectively, and Re=uih2/υ2 stands for the Reynolds number 
of the vapor based on the velocity of the interface. The lower 
boundary of the liquid film in contact with the wall has no-slip 
and impermeability conditions and the upper boundary of the 
vapor is placed on the symmetry line. Boundary conditions at 
the interface require continuity of the velocity components and 
the tangential stresses and also jump of the normal stresses 
due to surface tension [37]. Upon substitution of perturbations 
in the boundary conditions one gets: 

 

 

   

 

 

 

(7) 

The disturbances are characterized by K as the 
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wavelength) and the complex dimensionless wave speed, 
c=cR+icI. The quantity cR is then the phase speed of the 
disturbance, while KcI is the growth rate. We assume that the 
elongated bubble meets the conditions of the base flow. The 
stability of the base flow is determined by the sign of cI. 
Positive values of the growth rate correspond to an unstable 
interface and negative values imply that the interface is stable. 
The third order perturbation solution as  

for each phase and 

 for the wave speed is sought. The 
average length of the long bubbles is considered as the 
wavelength for this flow which is 5 mm that corresponds to 
the wave numbers 0.001<K<0.04 depending on the height of 
the vapor core (δ2). This range of wavenumber guarantees the 
accuracy of the third order perturbation method.  

 

 
Fig. 7. Stability graph as a function of actual velocities of 

liquid and vapor. 
 
Fig. 7 depicts the stable and unstable regions as a function 

of actual velocities of the liquid and vapor phases for a 
channel with 75 microns height and the fluids (liquid-vapor) 
with density and viscosity ratios of and m = 25 
which represents properties of FC-72. Based on the 
perturbation solution, the neutral stability curves (cI) divide 
the entire zone to three different regions. Regions colored in 
violet represent the flow conditions for the stable interface and 
region in white acts for the unstable interface while the other 
regions (colored in green) are not applicable for the 
thicknesses measured in this study. Since the neutral curves 
are drawn for many different values of holdup, , while each 
of the elongated bubble and semi-annular regimes corresponds 
to a certain holdup, the two separate lines are drawn for the 
two regimes using the experimentally measured holdups. 
Actual velocities obtained from the experiments are drawn for 
each regime. The elongated bubble regime resides in the stable 
region while the semi-annular regime is located in the unstable 

region. The neutral stability curve can represent the 
transmutation from a regime with a stable interface (elongated 
bubble) to a regime with a wavily unstable interface semi-
annular. Therefore, the instability of the interface results in the 
transition from one to another regime. This is due to the fact 
that the higher vapor velocity is, the higher interfacial shear 
stress is. High interfacial stress makes the interface unstable 
and this instability produces the waves on the interface. It is 
worth mentioning that the semi-annular regime is on the verge 
of stability meaning that a raise in the velocity of each of the 
phases (especially the vapor) transfers it to the stable region 
which is probably annular flow with smooth interface. The 
results for the coalescing bubbles are incorporated with the 
results of single bubbles since there is a negligible difference 
between the velocities and thicknesses.   

CONCLUSIONS 
Measurements show that during the transition, a drastic 

change occurs in hydrodynamics of the liquid thin film which 
makes the liquid-vapor interface unstable. To define a 
criterion for the onset of this instability, a linear stability 
analysis is utilized by solving the Orr-Sommerfeld equations 
for the liquid and vapor phases using a third order perturbation 
method. Experimentally measured film thickness and velocity 
are employed in the stability formulations. The results of 
stability analysis are plotted in the form of stable and unstable 
regions on a graph where the axes are actual velocities of the 
phases. These regions are separated by neutral stability curves. 
The neutral stability curves represent the boundaries of 
transmutation from a regime with a stable interface to a 
regime with a wavily unstable interface. The experimental 
velocities corresponding to the elongated bubble regime reside
in the stable region, while the velocities of semi-annular 
regime are located in the unstable region. Therefore, it can be 
deduced that the instability of the interface is the cause of 
transition from elongated regime to semi-annular.  
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