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a b s t r a c t 

Transition from elongated bubbles to annular flow regime is one of the most intricate phenomena in 

flow boiling in microchannels. To identify this transition, flow regime maps have been introduced pri- 

marily based on visualizations and characterized using average flow properties. However, understanding 

the mechanism responsible for this transition demands accurate determination of the hydrodynamic char- 

acteristics of liquid films around the vapor core. But, the challenges associated with measurements of the 

thickness and velocity of the liquid films have made it difficult to determine the flow hydrodynamics. 

Here, we utilize a measurement technique to determine the liquid film thickness along with velocities 

of the two phases. These measurements have enabled accurate calculation of the cross-sectional void 

fraction, vapor quality, interfacial shear stress and superficial velocities, which form the coordinates of 

the existing flow regime maps. The results show that upon transition to the annular flow regime, a re- 

markable increase in the liquid film thickness occurs due to a substantial increase in the liquid-vapor 

interfacial shear stress. This shear stress, which is a function of the liquid film thickness, vapor veloc- 

ity, and channel aspect ratio, is introduced as a criterion for transition from elongated bubbles (EB) to 

wavy-annular (WA) flow regime. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Bubble ebullition during flow boiling in microchannels is often 

haracterized by nucleation followed by evolution and occupation 

f most of the channel cross-section [1] . This process leaves behind 

 thin liquid film trapped between the bubble and the microchan- 

el walls. Depending on the input heat and mass flux, the confined 

apor bubbles may become elongated and coalesce into large va- 

or slugs or other complex flow regimes might ensue. These flow 

egimes dictate thermal performance of microchannel heat sinks 

ence their characterization is paramount to development of pre- 

ictive two-phase flow boiling models. Prior studies [ 2 , 3 , 12–17 , 4–

1 ] have identified flow regimes solely based on visualizations and 

roadly categorized as bubbly, slug (i.e. elongated bubbles), co- 

lescing bubbles, semi-annular, and annular flow regimes [ 3 , 18 ]. 

owever, complexity of the flow field, has encouraged additional 

ifferentiation of the flow regimes, particularly at high velocities. 

or example, Coleman and Garimella [19] differentiated the annu- 

ar flow regime into annular mist, annular ring, wave ring, wave 

acket, and annular film. Thome et al. [20] suggested bubbly, dis- 

ersed bubbles, bubbly/slug, slug, annular, and mist flow as promi- 
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ent flow regimes in microchannels. In high flux heat sinks, which 

re of great interest in thermal management of emerging electron- 

cs and power technologies, use of smaller microchannels (i.e. a 

igh degree of confinement) and pursuit of high vapor qualities 

ften result in the elongated bubbles and annular flow regimes 

 2 , 9 , 21–23 ]. Hence, enhancing the physical insight on the transition

etween these two regimes is key to proper design and improve- 

ent of high flux heat sinks. 

Flow regime maps and transition criteria are introduced primar- 

ly in terms of vapor and liquid superficial velocities [ 3 , 5 , 6 , 8 , 12 ]

r mass flux and vapor quality [ 4 , 9 , 10 , 13–16 ]. These characteriza-

ion approaches have resulted in inconsistencies or even contradic- 

ions in identifying the transition. For example, some studies [ 5–

 , 9 , 24 ] have reported that by reducing the channel hydraulic diam-

ter transition to the annular flow regime occurs at a higher vapor 

uality (or a higher superficial vapor velocity), while other studies 

 8 , 10 ] have suggested the opposite. Ong and Thome [13] suggested

hat both cases could occur in different channel size ranges. Evi- 

ently, a mechanistic criterion that can efficaciously determine the 

ransition phenomenon on the basis of the liquid and vapor flow 

ydrodynamics, as oppose to visualization and non-physical super- 

cial velocities or mass flux/vapor quality, can resolve the current 

hortcomings. Addressing this requires measurement of the actual 

iquid and vapor velocities and the cross-section occupied by each 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121464
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Fig. 1. (A) A 2D schematic of the microfluidic device cross-section, (B) A detailed 

view of the microfluidic chip along with the enlarged view of the test section 

(pre-heater, crosswise sensor, longitudinal sensor, cavity, and pulsed function mi- 

croheater are labeled), (C) Image of bubbles generated by the pulsed function mi- 

croheater while flowing through the microchannel. 
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Nomenclature 

A area 

Ca Capillary number 

D diameter 

H channel height 

h heat transfer coefficient 

h lv latent heat of vaporization 

k thermal conductivity 

˙ m 

′′ inlet mass flux 

q ′′ heat flux 

Re Reynolds number 

T temperature 

T sat saturation temperature 

T s temperature of Su8-liquid interface 

�T wall superheat 

�t time difference 

t time 

U velocity 

W channel width 

x vapor quality 

�y thickness of SU8 layer 

Greek Symbols 

ρ density 

μ dynamic viscosity 

σ surface tension 

ε cross-sectional void fraction 

δ liquid film thickness 

α aspect ratio, W/H 

τ shear stress 

Subscript 

GS superficial gas 

LS superficial liquid 

QS quasi-steady state 

T.Ph. two phase 

i interface 

init initial 

L liquid 

s surface 

sub subcooling 

v vapor 

hase. Such information enables characterization of the fluid dy- 

amic phenomena responsible for transition from one regime to 

nother. 

Theoretical studies [ 25 , 26 ] have also been conducted to develop 

ow regime maps based on dimensionless parameters (determined 

ased on superficial velocities), attributing the transition to a com- 

etition between the surface tension and inertia forces. These stud- 

es suggest that transition from elongated bubbles to annular flow 

egime occurs when the inertia forces overcome the surface ten- 

ion forces, which tend to maintain a smooth liquid-vapor inter- 

ace. Taitel and Dukler [27] developed a theoretical model for flow 

egime transition in macrochannels. Their model was constructed 

n the basis of Kelvin-Helmholtz instability theory [28] , suggesting 

hat instabilities on the liquid-vapor interface grow into sweeping 

atterns resulting in transition to the annular flow regime. A set 

f correlations between superficial velocities of the liquid and gas 

hases were introduced as a criterion for flow regime transition. 

heir model included the effect of channel size and fluid properties 

n the transition boundaries between different regimes. Ullman 

t al. [29] extended the model of Taitel and Dukler [27] to flow in

inichannels. They attributed the transition from elongated bub- 
2 
les to annular flow regime to Kelvin-Helmholtz instability, drop 

ntrainment, wave bridging and wave-induced secondary flows. 

In this study, we utilize a recently developed measurement 

echnique [30] to map out the flow thermohydraulics at the solid- 

uid interface to determine conditions at which transition occurs. 

e performed experiments for flow boiling of FC-72 in single 

nstrumented microchannels with the cross-sectional dimensions 

00 × 75 μm 

2 , 300 × 150 μm 

2 , and 300 × 300 μm 

2 . In the

ollowing sections, we first describe the microchannels fabrication 

rocedure and experimental apparatus. Thereafter, the flow regime 

dentification based on the wall thermal field is presented. The ac- 

ual velocities of the liquid and vapor phases are then determined 

nd compared for microchannels with different aspect ratios. Fi- 

ally, the results are compared with the previously developed flow 

egime maps and a new transition criterion based on the liquid- 

apor interfacial shear stress and liquid film thickness is presented. 

. Experimental setup 

.1. Test device 

The devices are microfabricated on a 500- μm-thick silicon (Si) 

afer with a 10- μm-thick SU8 polymer layer ( Fig. 1 A). A total of

0 resistance temperature detectors (RTDs) are microfabricated at 

he Si–SU8 and SU8–fluid interfaces ( Fig. 1 A) through deposition of 

 100-nm-thick platinum film. The RTDs are oriented in the longi- 

udinal and crosswise directions ( Fig. 1 B). These longitudinal and 

rosswise sensors are 30 μm and 60 μm wide, respectively, and 

re placed 15 μm apart from their neighboring sensors. To increase 

he temperature measurement accuracy, the 4-wire configuration 

s utilized, i.e. each sensor has four connections (excitation ± and 
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Fig. 2. (A) A schematic of the experimental setup, (B) An image of DAQ system, (C) Microfluidic chip wire bonded to a custom-made double-sided PCB (components are not 

to scale). 
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eadout ±). Microheaters fabricated on the Si surface maintain the 

hannel wall at desired temperatures. The chip is equipped with a 

icrofabricated pre-heater section to heat the working fluid (FC- 

2, 3M 

TM Fluorinert TM ) to a desired temperature before arriving at 

he test section ( Fig. 1 B). 

Bubbles are generated at the beginning of the test section by 

 pulsed function microheater (PFMH) fabricated on the SU8 film 

 Fig. 1 B). To control the nucleation site, a 300 nm diameter dedi-

ated cavity ( Fig. 1 B) is fabricated at the middle of the microheater

sing a focused ion beam (FIB) milling machine. Three microchan- 

els with cross-sections 300 × 300 μm 

2 , 150 × 300 μm 

2 , and 

5 × 300 μm 

2 , corresponding to aspect ratios of α = 1, 2, and 

, respectively, are fabricated within a transparent polydimethyl- 

iloxane (PDMS) block and then bonded over the sensor array sub- 

trate (i.e., the microchannel bottom wall). Each microfluidic chip 

as wire bonded to a custom-made, double-sided printed circuit 

oard (PCB). Fig. 1 C shows a top view image of the 300 × 150

m 

2 channel during a test. Further details about the test section 

ould be found in our earlier studies [ 30 , 31 ]. 

.2. Test loop and data collection 

The experimental setup used for two phase flow visualizations 

nd measurements is depicted in Fig. 2 . All RTD sensors connec- 

ions are directed to a separate ribbon socket and routed to a data 

cquisition (DAQ) system [31] . The temperature data are recorded 

t 20 kHz frequency. All data collection, including the control for 

he applied DC voltage of the PFMH, is performed using a LabVIEW 

rogram. The thin film heaters are also powered by the NI PXI-4110 

C power supply. A high-speed camera (FASTCAM SA4-Photron) is 

ynchronized with the DAQ to visualize the boiling process at a fre- 

uency of 10k frames/s. FC-72 is delivered to the microfluidic chip 

y a piezoelectric micropump (Model MP6, manufactured by Bar- 

els Mikrotechnik GmbH). Then, the desired surface temperature 

nd mass flux are adjusted to generate different flow regimes in 

arious channel aspect ratios. The system is then allowed to reach 

teady state (in approximately 20 min) before data are recorded for 

ach test run. The sensors measure the Si-SU8 and SU8-fluid inter- 

ace temperatures. The temperature of the Si-SU8 interface remains 

niform due to the high thermal conductivity of Si. The local heat 

ux on the wall is then calculated using the difference in temper- 

ture of the two interfaces, i.e. q ′′ = �T ( k SU8 / δSU8 ) . 

.3. Sensor calibration and uncertainty analysis 

The RTD sensors are calibrated to obtain the voltage–

emperature (V-T) relationship of each sensor. The calibration tests 

re conducted in a uniform temperature oven at a temperature 

ange of 40 °C to 90 °C. A constant excitation current of 100 μA is
3 
upplied to each sensor. The obtained V-T curves indicate a linear 

ariation and the sensitivity of the RTD sensors are found to be 

.22 mV. °C 

−1 . The data acquisition system has a maximum uncer- 

ainty of ±28 μV, at a gain of 100 with a resolution of 1 μV. Con-

idering the sensitivity of the sensors and the voltage uncertainty, 

he maximum error in temperature measurements is determined 

o be ±0.15 °C. In addition, the maximum uncertainty in the mea- 

urement of the SU8 film thickness is ±0.01 μm. Self-heating of 

he RTDs is determined to be negligible. 

The temperature uncertainty propagates into the heat flux data, 

eat transfer coefficient, and liquid film thickness calculations. Un- 

ertainty in the local heat flux data can be calculated as follows: 

δq ′′ 
q ′′ = 

√ (
δT 

T 

)2 

+ 

(
δ( �y ) 

�y 

)2 

(1) 

here �y is thickness of the SU8 layer. Similarly, the uncertainty 

n two-phase heat transfer coefficient is estimated as: 

δh T.Ph. 

h T.Ph. 

= 

√ (
δq ′′ 
q ′′ 

)2 

+ 

(
δ( �T ) 

( �T ) 

)2 

(2) 

here �T = T − T sat . Uncertainty in the liquid film thickness, δL is 

pproximated using the following equation: 

δ( δL ) 

δL 

= 

√ (
δq ′′ 
q ′′ 

)2 

+ 

(
δ( �T ) 

( �T ) 

)2 

(3) 

The maximum uncertainties in measurement of the heat flux is 

ound to be ± 0.7 W/cm 

2 and uncertainty associated with the inlet 

ass flow rate is less than 1%. 

. Results and discussion 

Tests were conducted on the three devices (with aspect ratios 

= 1, 2, and 4) over the mass flux range of 70-300 kg/m 

2 s. Test

esults and their analysis are provided below. 

.1. Regime identification 

Fig. 3 provides images/illustrations of elongated bubbles (EB) 

 Fig. 3 A), coalescing bubbles (CB) ( Fig. 3 B) and wavy-annular (WA) 

 Fig. 3 C) flow regimes, for α = 2 microchnanel. The coalescing bub- 

le regime represents the merger of consecutive accelerating elon- 

ated bubbles as a result of increasing the wall heat flux beyond 

hat of the elongated bubble regime. Further increase in the wall 

eat flux often in conjunction with a rise in the mass flux re- 

ults in the wavy-annular flow regime ( Fig. 3 C). Evidently, in the 



M. Habibi Matin and S. Moghaddam International Journal of Heat and Mass Transfer 176 (2021) 121464 

Fig. 3. Images and schematics of different flow regimes for the channel with aspect ratio α = 2: (A) elongated bubbles, (B) coalescing bubbles, and (C) wavy-annular. 
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avy-annular flow regime, skewed waves appear at the liquid- 

apor interface differentiating it from the annular flow regime with 

 smooth liquid-vapor interface [14-19] . 

We further identify the flow regimes by their distinctly differ- 

nt thermal signature on the microchannel wall. For this purpose, 

or each flow regime, the flow pattern images are synchronized 

ith their corresponding temperature data. The wall temperature 

ata recorded by sensor S35 (marked by a yellow arrow), corre- 

ponding to different flow regimes (as shown in Fig. 3 ) are pro- 

ided in Fig. 4 . In the elongated bubble regime, the bubble arrival 

n the sensor triggers a drop in temperature due to the evapora- 

ion of a thin liquid film over several milliseconds (a detailed dis- 

ussion about these heat transfer events is available in our prior 

tudy [30] ). With due course of time, as the liquid film underneath 

he bubble is evaporated, the wall temperature starts rising and 

eaks when the surface experiences dryout, i.e. a near zero heat 

ransfer coefficient. Shortly after this event, the trailing edge of the 

ubble arrives over the sensor triggering a quenching process, i.e. 

 sudden cooling of a hot surface by a cooler liquid. This transient 

vent is associated with a drop in the surface temperature and rise 

n heat flux (details of this event are discussed in our prior studies 

 32 , 33 ]). 

The coalescing bubbles regime causes a surface temperature 

ariation as shown in Fig. 4 B. In this regime, merger of the elon-

ated bubbles eliminates the liquid slug and its associated tran- 

ient conduction heat transfer effect. However, the overall surface 

emperature change associated with each bubble remains similar 

o that of the elongated bubble regime. The images of this flow 

egime, as shown in Fig. 3 B, also suggest that both coalescing and 

longated bubbles have an identical liquid-vapor interface shape. 

urther increase of mass and heat flux results in a major transfor- 

ation of the flow regime, as it is evident from the flow images 

 Fig. 3 C) and surface temperature variations ( Fig. 4 C). The surface

emperature data indicates that the liquid film is moving along the 

hannel. The corrugated temperature pattern (cf. Fig. 4 C) suggests 

 periodic variation in the film thickness over the sensor. The first 

emperature drop (at t = 4 ms) marks the onset of thin liquid film

vaporation over the sensor. The minimum wall temperature that 

ccurs after this abrupt drop corresponds to the thinnest liquid 

lm and the subsequent arrival of a thicker liquid film results in 

 drop in heat transfer coefficient and a rise in temperature. This 

rocess repeats itself in a sequence until the vapor slug with the 

r

4 
iquid film surrounding it passes over the sensor and the surface 

ries out. 

To better understand the difference in the wall thermal signa- 

ure of the elongated bubble and annular flow regimes, the local 

eat flux for these regimes are determined. For each flow regime, 

he test conditions are selected such that the temperature at the 

i-SU8 interface is almost the same for all channels. The results 

 Fig. 5 ) indicate that the maximum heat flux for the wavy-annular 

egime ( Fig. 5 B) is greater than that of the elongated bubbles 

egime ( Fig. 5 A). This high heat flux is associated with a higher

iquid film evaporation rate and increased vapor velocity. The com- 

arison shows a significant difference between the heat flux pat- 

erns in channels with different α: 

1. The maximum surface heat flux increases with increasing the 

α, meaning that the liquid film is the thinnest in α = 4 channel. 

2. The duration of this event is shortest among all channels be- 

cause a thin liquid film evaporates in a shorter period of time. 

In order to analyze the fluid dynamics of the transition process, 

e discuss measurement of the liquid films thickness and velocity 

n the following section. 

.2. Liquid film thickness measurement 

After the liquid film is formed, its temperature rapidly changes 

eaching a quasi-steady state. The initial temperature of the film 

s that of the liquid present on the wall before the liquid film for- 

ation, and is assumed to be linear T ( y ) = T s − q ′ ′ δ( y )/ k , as vali-

ated by Habibi Matin et al. [30] . The initial thickness of the liq-

id film on the bottom wall can be determined using the surface 

emperature and heat flux data; δL = k F C−72 ( T s _ QS − T sat ) / q 
′′ 
QS + 

 �t init 
0 

( q ′′ ( t) /ρh f g ) dt , where q ′′ QS and T s _ QS represent the quasi- 

teady local heat flux and quasi-steady surface temperature, re- 

pectively, and �t init is the time associated with the initial film 

eaching a quasi-steady temperature (details are discussed in 

abibi Matin et al. [30] ). In essence, the first term in the expres- 

ion for δ corresponds to the thickness of the liquid film after 

eaching a quasi-steady temperature, while the second term ac- 

ounts for the portion of the liquid film evaporated before reaching 

 quasi-steady temperature. 

Comparison of the liquid film thickness for different flow 

egimes with the temperature profiles represented in Fig. 4 , are 
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Fig. 4. Surface temperature for different flow regimes in α = 2 channel: (A) elon- 

gated bubbles ( ̇ m 

′′ = 70 kg/ m 

2 s ), (B) coalescing bubbles ( ̇ m 

′′ = 70 kg/ m 

2 s ), and (C) 

wavy-annular ( ̇ m 

′′ = 250 kg/ m 

2 s ). 
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5 
hown in Fig. 6 . For the elongated bubbles, an initial liquid film 

orms on the wall and its thickness starts shrinking as it evaporates 

o reach a minimum value. For the wavy-annular flow, the film is 

hicker than that of the elongated bubble regime. The corrugated 

attern of the film thickness confirms that the sensor experiences 

iquids of varying thicknesses with time such that the maximum 

nd minimum points on the graph correspond to the thickest and 

hinnest films around each vapor slug, as shown in Fig. 3 C. 

.3. Liquid film velocity measurement 

In this section, we first describe the approach used to ob- 

ain the velocities in the wavy-annular regime and then explain 

ow they were determined for the elongated bubble regime. 

ig. 7 shows temperature signatures of two neighboring sensors, 

paced 60 μm apart, in a wavy-annular flow regime. Evidently, 

here is a time lag between the temperature drops of the neigh- 

oring sensors in this regime. Since the temperature drop is due 

o rewetting of the sensors, the time lag between the temperature 

rops of the neighboring sensors suggests movement of the thin 

lm along the wall. As shown in the inset of Fig. 7 , before the va-

or slugs and the liquid film around them arrive at the sensor, the 

urface of the sensor is almost dry, showing the highest tempera- 

ure. Once the liquid arrives at the sensor, the temperature drops 

bruptly. If the temperature drop at S1 occurs at time t 1 and S2 

ecords the temperature drop at t 2 , the time required for the liq- 

id film to move between the two sensors is �t = t 2 -t 1 . Therefore,

he velocity of the liquid film is U L =�x / �t , with �x being the dis-

ance between the two neighboring sensors. This approach allows 

o determine the velocity of the liquid film in the wavy-annular 

egime. Since the film is very thin, the velocity distribution within 

he liquid phase is assumed to be linear. The velocity in the vapor 

hase is assumed to be parabolic. No slip boundary condition is as- 

umed at the liquid-vapor interface, i.e. velocity of the two phases 

s the same. Since the thicknesses and velocity of the liquid film 

re known at any cross section, the vapor velocity can be related 

o the velocity of the interface as: 

 V, max = 

(
1 + 

μL ( H − 2 δL ) 

4 μV δL 

)
U i (4) 

H, δ, μL and μV are the channel height, liquid film thickness, 

iquid viscosity, and vapor viscosity, respectively. It should be men- 

ioned that since the velocity in the liquid film is assumed to be 

inear, the liquid film velocity is half of the interfacial velocity. 

In the elongated bubble regime, the bubble velocity is deter- 

ined initially using the high-speed images. As the bubble moves, 

onsecutive images of the bubble’s tip are recorded at sequential 

ime intervals. The average tip velocity is then obtained using the 

inear approximation of the spatial derivative. The velocity profile 

n the thin liquid film (shown in the inset of Fig. 8 ), similar to the

nnular flow, is calculated assuming a parabolic vapor velocity pro- 

le and a linear velocity profile in the liquid film. 

Results obtained for the mean velocities of the liquid and va- 

or phases in the wavy-annular regime are provided in Fig. 8 at 

ifferent aspect ratios. The mass flux used in the experiments are 

50, 250 and 155 kg/m 

2 s for channels with aspect ratio 4, 2 and 1,

espectively. As can be seen, by increasing the aspect ratio of the 

hannel (i.e., decreasing channel height), velocities of both liquid 

nd vapor phases increase. For example, consider the case where 

wo channels of α = 2 and α = 4 have the same vapor mean veloc- 

ty of U V = 12 m/s. As we increase the aspect ratio, the flow cross

ectional area and thus the vapor thickness reduces. But, since the 

ean velocity is fixed, the velocity gradient across the vapor phase 

ncreases. This causes the liquid film to move faster in the channel 

ith aspect ratio of α = 4 as compared to that of α = 2. 
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Fig. 5. Local heat flux distributions versus time for (A) elongated bubble regime and (B) annular flow regime in three different microchannels with aspect ratios α = 1, 2, 4. 

Fig. 6. Liquid film thickness for elongated bubbles and wavy-annular regimes for 

α = 2 microchannel. 
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Fig. 7. Temperature data for two consecutive sensors for liquid film velocity mea- 

surement ( α = 4 at ˙ m 

′′ = 250 kg/ m 

2 s ). 
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Fig. 9 presents the liquid film thickness as a function of the va- 

or velocity for both elongated bubble and wavy-annular regimes. 

s can be seen, the liquid film in the elongated bubble regime in- 

reases with increasing vapor velocity. This is consistent with the 

xisting Bretherton theory which states that the film thickness is 

roportional to Ca 2/3 where Ca = μU V / σ [34] . 

The film thickness is also a function of α. Increasing α from 

 to 4 results in a decrease in the film thickness along the wider

all of the channel. This is due to the fact that confinement ef- 

ect in a rectangular channel squeezes the bubble into a non- 

xisymmetric cross-section shape while surface tension acts to re- 

tore the vapor–liquid interface into an axisymmetric shape. This 

henomena manifests in thinning and thickening of the liquid 
6 
lms on the wider and narrower walls of the channel, respec- 

ively. A body of fluid dynamics literature concerning adiabatic 

ropagation of air in rectangular channels filled with a liquid pro- 

ides valuable insight into the physics of the elongated bubble flow 

egime. Notably, in complementary numerical simulations, Hazel 

nd Heil [35] and De Lózar et al. [36] provide an in-depth analysis 

f liquid film thickness variations on different walls of rectangular 

ross-section channels as a function of Ca . 

A comparison between the liquid film thickness in elongated 

ubbles and annular regimes shows a remarkable increase in the 

iquid film thickness with substantial increase in the vapor velocity 

nd a different variation trend as a function of vapor velocity. Op- 

osite to that of the elongated bubble regime, in the wavy-annular 

egime, the film thickness decreases with increasing the vapor ve- 

ocity. These suggest a fundamentally different hydrodynamics and 
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Fig. 8. Experimental liquid film velocity versus vapor velocity in wavy-annular flow 

regime for different channel aspect ratios and mass fluxes 155 kg/m 

2 s ( α = 1), 250 

kg/m 

2 s ( α = 2) and 250 kg/m 

2 s ( α = 4). 
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Fig. 9. Experimental liquid film thickness versus vapor velocity for different flow 

regimes and different channel aspect ratio. 
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orce balance within the film. While the film thickness in the elon- 

ated bubble regime is dictated by a balance between the viscous 

nd surface tension forces (i.e. Ca ), it is the inertia forces that com- 

ete with the viscous forces in the wavy-annular flow regime. We 

ater calculate the shear stress on the liquid-vapor interface in both 

egimes showing that it is an order of magnitude higher in the 

ase of the wavy-annular flow regime, enhancing interfacial insta- 

ility while thinning the liquid film thickness. The velocities at 

hich the transition occurs are 6.8, 8.25, and 9.1 m/s for α = 1, 

, and 4, respectively. Evidently, as the channel height increases 

i.e., α decreases), the transition occurs at lower vapor velocities, 

onsistent with Revellin and Thome [12] visualizations. 

.4. Flow regime maps 

Before representing the new transition criterion, we compare 

he present experimental results for wavy-annular regime with the 

xisting flow regime maps based on superficial liquid and vapor 

i.e. gas) velocities. For this purpose, we translate the actual veloc- 

ties obtained experimentally to the superficial velocities using the 

ollowing equations: 

 GS = U V 
A G 

A 

, U LS = U L 
A L 

A 

(5) 

here U GS , U LS , A G , and A L represent superficial velocities of gas

nd liquid phases and cross-sectional areas of the two phases, re- 

pectively. The cross-sectional areas of the phases are determined 

sing the liquid film thickness. 

Figs. 10 A and B show the regime maps introduced by Revellin 

nd Thome [10] and Harirchian and Garimella [9] , respectively, for 

ow boiling through microchannels. The working fluid in Revellin 

nd Thome’s study is R-134a and tests are conducted in a 0.5 mm 

iameter circular cross-section microchannel with 5 °C inlet sub- 

ooling. The present experimental data for wavy-annular regime, 

or all channel sizes, reside mostly on the semi-annular region and 

ts border with the annular regime on the regime map generated 

y Revellin and Thome [10] , and mostly on the churn/annular re- 

ion and its transition boundary with slug flow on Harirchian and 

arimella [9] regime map developed for flow boiling of FC-77 in 

ectangular cross-section microchannels. 
7 
Fig. 11 further compares the experimental findings with the 

xisting maps introduced for air-liquid adiabatic flows by Hassan 

t al. [37] ( Fig. 11 A), Triplett et al. [3] ( Fig. 11 B) and Ullman and

rauner [29] (Figs. C and D), respectively. Hassan et al. [37] map is 

enerated using the flow of air-water in a channel with diameters 

ess than 1 mm. The intermittent flow regime in this map refers 

o the flow of elongated bubbles. Triplett et al. [3] map is gener- 

ted for the air-water adiabatic flow in a circular channel (D = 1.08 

m). Ullman and Brauner [29] maps are generated for the hy- 

raulic diameters D H = 120 μm ( Fig. 11 C) and 300 μm ( Fig. 11 D).

ur results mostly reside within the intermittent and semi-annular 

egions and almost at the boundary of the annular flow in regimes 

aps shown in Figs. 11 A and D. 

Transition maps are also presented based on the vapor quality 

nd mass flux [ 4 , 9 , 10 , 13–16 ]. To find the vapor quality, we needed

o determine the void fraction, ε, which is the ratio of the cross 

ection occupied by the vapor phase to the channel cross section 

i.e. A v /A). Here the void fraction is calculated using the thick- 

esses of the liquid films on the microchannel walls. Fig. 12 pro- 

ides the values of ε versus vapor velocity for channels with dif- 

erent α in the wavy-annular flow regime. The results suggest that 

rises slightly with increase in vapor quality and is significantly 

igher in channels with lower α at a given vapor velocity. Substi- 

uting the void fraction in the equation x = ˙ m V / ˙ m = ρV U V ε/ ˙ m 

′′ , the

apor quality could be determined. 

The assessment of experimental data relative to the boundaries 

ntroduced in the literature between different regimes, from slug 

elongated bubble) to churn/annular flow regime, is presented in 

ig. 13 . The experimental results for α = 1 reside near the transi- 

ion boundary proposed by Harirchian and Garimella [9] for a 400 

m × 400 μm cross-section channel. For α = 2 and 4, the re- 

ults are located at the transition boundaries introduced by Ong 

nd Thome [13] and Harirchian and Garimella [9] . 

Beyond the comparisons made with regime maps, based on the 

uperficial velocities or mass flux and vapor quality as coordinates, 

he data in hand enable further insights in terms of a mechanism- 

ased transition criterion. As such, the interfacial shear stress and 

iquid film thickness are utilized as the abscissa and ordinate to 

learly demarcate the flow patterns/regimes. Using these coordi- 

ates, a novel mechanism-based transition criterion to annular 

ow is presented in Fig. 14 . Assuming linear velocity distribution 
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Fig. 10. Present experimental data superimposed on the regime maps generated by: (A) Revellin and Thome [10] for R-134a in a microchannel with diameter D = 0.5 mm 

and (B) Harirchian and Garimella [9] for FC-77 and two rectangular microchannels with dimensions 100 × 400 μm 

2 and 250 × 400 μm 

2 . 

Fig. 11. Present experimental data on regime transition map generated by: (A) Hassan et al. [37] , (B) Triplett et al. [3] for air-water flow in a circular microchannel with 

diameter D = 1.079 mm, (C) Ullman and Brauner [29] for FC-72 and D H = 120 μm and (D) Ullman and Brauner [29] for FC-72 and D H = 300 μm. 

8 
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Fig. 12. Void fraction versus the mean vapor velocity in different aspect ratio chan- 

nels in wavy-annular flow regime. 

Fig. 13. Present experimental data on slug-annular regime transition generated by: 

Harirchian & Garimella [9] , and Ong & Thome [13] . 
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Fig. 14. Interfacial shear stress versus liquid film thickness for elongated bubbles 

and wavy-annular regimes at different channel aspect ratios. 
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n the liquid film, shear stress at the liquid vapor interface is de- 

ermined as τi = μU i / δL and presented as a function of liquid film 

hickness for various α. The results suggest that by increasing α or 

ecreasing the liquid film thickness, larger shear stress at the inter- 

ace is required for transition to the wavy-annular regime. This im- 

lies that the elongated bubble regime in channels with lower as- 

ect ratios experiences early transition as compared to highly con- 

ned channels. The above discussions clearly indicate the potential 

f interfacial shear stress as a coordinate in flow regime mapping 

or microchannels. 
9 
. Conclusions 

Transition from elongated bubbles to wavy-annular regime dur- 

ng flow boiling of FC-72 in rectangular microchannels with dif- 

erent aspect ratios is studied. A recently developed measurement 

echnique [30] is utilized to distinguish three distinct flow regimes 

amely elongated bubble, coalescing bubbles and wavy-annular. 

he transient wall temperature and heat flux as well as the syn- 

hronized flow images allowed us to determine the actual ve- 

ocities and thicknesses of the liquid film and vapor core. These 

arameters are then utilized to calculate the cross-sectional void 

raction, vapor quality and superficial velocities to compare the 

resent experimental results with existing flow regime maps. Ow- 

ng to the accurate determination of interfacial hydrodynamics, 

he existing flow regime maps based on superficial coordinates 

howed consistency with the present results. Further, it was ob- 

erved that the transition to the wavy-annular flow is associated 

ith the thickening of the liquid film (by up to 300%) commen- 

urate with a drastic increase in the vapor velocity. This drastic 

hange in the vapor velocity and consequently the interfacial shear 

tress makes the interface unstable (wavy) leading to the transi- 

ion from elongated bubble to wavy-annular regime. Transition to 

nnular flow was observed at lower vapor velocities as the chan- 

el height was increased (i.e. aspect ratio decreased) , in agree- 

ent with the findings of Revellin and Thome [ 10 ]. A critical shear

tress at the vapor-liquid interface is proposed as a new criterion 

or transition from elongated bubbles to wavy annular flow regime. 
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