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a b s t r a c t 

Thin film evaporation is the dominant mechanism of heat transfer in the microchannel flow boiling pro- 

cess. Hence, its understanding is paramount to development of predictive models and more efficient mi- 

crochannel heat exchangers. Although microchannels mostly have a rectangular cross-section, the exist- 

ing models are developed for circular cross-section microchannels. The non-uniformity of the liquid film 

thickness in microchannels with a rectangular cross-section has made prediction of the onset of dry- 

out and heat transfer coefficient greatly challenging. Here, a test device capable of measuring the wall 

heat flux is utilized to fully characterize the thin film formation and evaporation process. The effects of 

flow capillary number ( Ca ) and channel aspect ratio on the liquid film thickness are determined in mi- 

crochannels with 300 μm width and 300, 150, and 75 μm heights, representing aspect ratios of 1, 2, 

and 4, respectively. It is shown that the only existing mechanistic model for the elongated bubble regime 

in microchannels fails to predict the experimental heat transfer coefficient (HTC) both quantitively, by 

a 50–120% margin, and qualitatively, due to a fundamental difference in evaporation and dryout of a 

variable versus a uniform film assumed in the model. The results presented here pave the way for devel- 

opment of a more accurate mechanistic model for the thin film evaporation heat transfer mechanism in 

microchannels with a rectangular cross-section. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Flow boiling and its associated heat transfer mechanisms in mi- 

rochannels have been the subject of numerous studies [1–10] . 

odels with fundamentally different assum ptions about the pro- 

ess physics have been proposed [11–15] . The first set of models 

re those developed based on the superimposed concept originally 

resented for macrochannels [11,12] . The fundamental assumption 

f these models is that convection (both micro- and macrocon- 

ection) is the primary mode of heat transfer in microchannels. 

he second set of models assume that direct evaporation of thin 

iquid films is the dominant mechanism of heat transfer [13–15] . 

istorically, performance of these models has been assessed by 

heir ability to predict the overall surface heat transfer coefficient, 

hich is the cumulative effect of a set of boiling heat transfer 

ub-processes. Although multiple mechanisms are responsible for 

eat transfer, recent direct measurement of all mechanisms of heat 

ransfer [16,17] have confirmed that thin film evaporation is the 

rimary mechanism of heat transfer. Thin liquid films with thick- 

esses on the order of micrometers form around elongated bubbles 
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r a vapor core. These films may be stationary at low vapor veloc- 

ties (i.e. the elongated bubble regime) but can flow and become 

nstable and rupture/atomize at high vapor velocities during tran- 

ition from one flow regime to another [18] . 

Thome et al. [15] proposed a model for heat transfer coeffi- 

ient (HTC) considering the thin film evaporation mechanism as 

he prominent mode of heat transfer. The model considers three 

ones with distinct heat transfer characteristics associated with; 

vaporation of a thin liquid film around an elongated bubble, a dry 

apor plug with negligible heat transfer, and a liquid slug with a 

elatively low (i.e. single-phase level) heat transfer. For the initial 

hickness of the liquid film, Thome et al. [15] used an empirical 

hin film thickness model experimentally determined by Moriyama 

nd Inoue [19] . Moriyama and Inoue [19] determined the thickness 

f a liquid film of R-113 formed between a vapor bubble growing 

adially in a gap between two parallel glass substrates. They mea- 

ured temperature of the bottom surface of the lower substrate 

sing radially distributed thermocouples and utilized the temper- 

ture values to numerically solve the heat conduction equation 

ithin the glass substrate. They then used equation δ= q".dt / ρh fg 

o calculate the initial thickness of the liquid film formed between 

he bubble and the glass substrate. The three-zone model has re- 

ently been updated [20] using a new empirical correlation for the 

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120474
http://www.ScienceDirect.com
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Fig. 1. Depiction of the liquid film distribution around a bubble in microchannels 

with different cross-sections: (A) Circular, (B) Square ( α= 1), (C) Rectangular with a 

low aspect ratio ( α= 2), (D) Rectangular with a high aspect ratio ( α= 4). 
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Nomenclature 

Ca Capillary number 

H channel height 

h heat transfer coefficient 

h fg latent heat of vaporization 

k thermal conductivity 

Re Reynolds number 

q” heat flux 

T temperature 

T sat saturation temperature 

T s temperature at SU8-liquid interface 

T Si −SU8 temperature at Si-SU8 interface 

�T temperature difference, T Si −SU8 − T s 
t time 

U bubble velocity 

W channel width 

Greek Symbols 

δ0 initial film thickness 

δH film thickness on the channel side wall 

δV film thickness on the channel bottom wall 

ρ liquid density 

ν liquid kinematic viscosity 

μ liquid dynamic viscosity 

σ surface tension 

α aspect ratio, W/H 

nitial film thickness proposed by Han and Shikazono [21] for adi- 

batic flow in circular cross-section microchannels. The proposed 

mpirical correlation was later updated by Han et al. [22] to ac- 

ount for bubbles acceleration, due to liquid evaporation. 

Since the surface tension and viscous forces dominate the force 

eld within the thin liquid film formed around an elongated bub- 

le, the capillary number ( Ca = μU/σ ) which represents the bal- 

nce of these forces is the key parameter dictating the liquid film 

hickness. Development of models relating the liquid film thickness 

o Ca dates back to several decades ago [23–28] ; notably, to the 

ork of Bretherton [23] who related the liquid film thickness to 

a as δ/R = 1 . 34 C a 2 / 3 (for Ca < 0.003), wherein δ is the film thick-

ess and R is the channel radius, using the planar (i.e. 1-D) lubri- 

ation equation (i.e. a balance between the viscous force and the 

ressure gradient along a dynamic meniscus). Subsequent models 

ave emanated from Bretherton’s formulation [23] with modifica- 

ions proposed to; for example, extend its range to higher Ca by 

ussillous and Quere´ [27] and account for the effect of inertia by 

an and Shikazono [21] . Others have used the Bretherton’s for- 

ula to evaluate the interfacial shear effects on evaporating liquid 

lms [29,30] . Although these models are useful for microchannels 

ith a circular cross-section ( Fig. 1 A), they cannot be used for mi-

rochannel heat sinks that are made predominantly with a rectan- 

ular cross-section channels. 

In microchannels with square and rectangular cross-sections, 

he liquid film thickness varies circumferentially due to the chan- 

el corners and the non-uniform peripheral pressure distribution 

n the liquid [25,31–35] . In a square cross-section, although the 

iquid at the corners (i.e., gutters) makes it difficult to determine 

he liquid film distribution, the bubble cross-section is still sym- 

etric across the diagonal axis and the liquid film thickness on all 

alls is the same ( Fig. 1 B). However, in a rectangular cross-section, 

he liquid film thickness is different along each channel axis 

 Fig. 1 C, D) and it also depends on the confinement degree (i.e., 

hannel aspect ratio, α). Intuitively, confinement in a rectangular 

hannel squeezes a bubble into a non-axisymmetric cross-section 

hape while surface tension force acts to restore the vapor-liquid 
2 
nterface to the axisymmetric state. Hence, increasing the α results 

n thickening of the liquid film on the side wall of the channel ( δH ),

hile squeezing the liquid film on the bottom and top walls ( δv ) 

compare Figs. 1 C and B). A body of fluid dynamics literature con- 

erning adiabatic propagation of air fingers into rectangular tubes 

lled with a liquid provides valuable insight into physics of liquid 

lms formation on periphery of rectangular cross-section channels. 

n complementary numerical simulations, Hazel and Heil [31] and 

e Lozar et al. [36] showed that as Ca increases, the fluid film 

hickens and in near-square channels the ultimate finger shape be- 

omes axisymmetric at sufficiently high Ca . However, axisymmetric 

onfigurations are possible for α < 2.04 but never occurs for α > 

.04 [31,36] . Instead, the equilibrium finger shape consists of end 

egions of constant curvature connected by liquid films along the 

onger walls of the channel (the study provides details for Ca = 1.0 

nd α = 3, 7). Hazel and Heil [31] further demonstrated that at 

ufficiently low capillary numbers changes in δv with capillary is 

ignificantly small relative to changes in δH . 

Recently, in a comprehensive experimental and numerical study 

37] , we showed that surface temperature and heat flux measure- 

ents by a microsensor array can be used to determine the liquid 

lm thickness in rectangular cross-section microchannels. In the 

resent study, we have enhanced the microsensors spatial resolu- 

ion across the microchannel width and conducted a series of stud- 

es to determine the liquid film profile and evaporation rate as well 

s progression of the surface dry-out. Also, to study the effect of 

icrochannel aspect ratio on these phenomena, three microchan- 

els with a width of 300 μm and heights of 300, 150 and 75 μm,

orresponding to aspect ratios α = 1, 2 and 4, respectively, are fab- 

icated. In the following sections, we first describe development of 

evices with the new microsensors layout. Then, spatial and tem- 

oral variations of the surface heat flux as a function of flow Ca , 

ubble length, and channel aspect ratio are discussed. It is then 

xplained how the heat flux results are utilized to determine the 

iquid film thickness, and comparisons are made with the existing 

iterature. Finally, the measured local and average heat transfer co- 

fficients are compared with predictions of the three-zone model 

20] . 

. Experimental setup 

.1. Test device 

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

afer with a 12- μm-thick SU8 polymer layer ( Fig. 2 A). A total of
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Fig. 2. (A) A 2-D schematic of the microfluidic device cross-section, (B) A detailed 

view of the microfluidic chip with the enlarged view of the test section (shwoing 

pre-heater, crosswise sensors, longitudinal sensors, nucleation cavity, and pulsed 

function microheater (PFMH)), (C) Bubbles are generated by the PFMH and flow 

through the microchannel. 
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0 resistance temperature detectors (RTDs) are microfabricated at 

he Si–SU8 and SU8–fluid interfaces ( Fig. 2 A) through deposition 

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

ongitudinal and crosswise directions ( Fig. 2 B). These longitudinal 

nd crosswise sensors are 30 μm and 60 μm wide, respectively; 

laced 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 

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. 2 A). Bubbles are generated at the beginning 

f the test section by a pulsed function microheater (PFMH) fab- 

icated on the SU8 film ( Fig. 2 B). To control the nucleation site,

 300 nm in diameter dedicated cavity ( Fig. 2 B) was fabricated 

t the middle of the microheater using a focused ion beam (FIB) 

illing machine ( Fig. 2 B). Three microchannels with cross-sections 

00 × 300 μm 

2 , 150 × 300 μm 

2 and 75 × 300 μm 

2 were made 

rom polydimethylsiloxane (PDMS) and then bonded over the sen- 

or array chips using oxygen plasma bonding. Each microfluidic 

hip was wire bonded to a custom-made, double-sided printed cir- 

uit board (PCB). Fig. 2 C shows a top view image of the 300 × 150

m 

2 channel during a test. 

.2. Test loop and data collection 

Fig. 3 depicts the experimental setup. All RTD sensors connec- 

ions are directed to a separate ribbon socket and routed to a data 
3 
cquisition (DAQ) system. The DAQ system, which consists of a cur- 

ent excitation module (NI SCXI-1581), a channel amplifier mod- 

le (i.e., signal conditioning module) (NI SCXI-1120C), a high speed 

AQ module (NI PXI-6289), and a programmable DC power sup- 

ly module (NI PXI-4110), is commanded by an embedded con- 

roller (NI PXI-8115). The PFMH is connected to the programmable 

C power supply module. The temperature data are recorded at 20 

Hz frequency. All data collection, including the control for the ap- 

lied DC voltage of the PFMH, is performed using a LabVIEW pro- 

ram. 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 

requency of 10k frames/s. The working fluid is delivered to the 

icrofluidic chip by a piezoelectric micropump (Model MP6, man- 

factured by Bartels Mikrotechnik GmbH). Then, the desired sur- 

ace temperature is adjusted and allowed about 20 min to reach 

teady state before recording the data. 

.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 current excitation of 100 μA 

s supplied to each sensor. The obtained V-T curves show a lin- 

ar trend and the sensitivity of the RTD sensors is 0.22 mV. °C 

−1 .

he data acquisition system has a maximum uncertainty of ±28 

V, at a gain of 100 with a minimum detectable voltage change 

f 1 μV. Considering the sensitivity of the sensors and the voltage 

ncertainty, the maximum error in temperature measurements is 

etermined to be ±0.15 °C. In addition, the maximum uncertainty 

n the measurement of the SU8 film thickness is ±0.01 μm. The 

emperature sensors self-heating is negligible. 

The temperature uncertainty propagates into the heat flux data, 

eat transfer coefficient, and liquid film thickness. Uncertainty in 

he 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. Maximum uncertainty in 

easurement of SU8 film thickness is ±0.01 μm. The uncertainty 

f the 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 δv is approximated using the 

ollowing expression: 

δ( δV ) 

δV 

= 

√ (
δq ′′ 
q ′′ 

)2 

+ 

(
δ( �T ) 

( �T ) 

)2 

(3) 

The maximum uncertainties in measurement of the heat flux 

nd the heat transfer coefficient are 0.7 W/cm 

2 , 3.5 kW/m 

2 K, re- 

pectively. 

. Results and discussion 

In a typical experiment, single bubbles are generated at a de- 

ired rate by adjusting the frequency and amplitude of the voltage 

pplied to the PFMH surrounding the nucleation site. The bubble 

ength and velocity are controlled by adjusting the surface temper- 

ture and mass flux. As a bubble moves along the microchannel, 

he sensors measure the Si-SU8 and SU8-fluid interface tempera- 

ures. As shown in Habibi Matin et al. [37] , the Si-SU8 interface 
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Fig. 3. (A) A schematic of the experimental setup, (B) An image of DAQ system, (C) An image of the microfluidic chip wire bonded to a custom-made double-sided printed 

circuit board (PCB). 

Fig. 4. Data recorded using a high-speed camera and sensors S22-S25 for a bubble at Ca = 0.032 flowing in the microchannel with α = 2: (A-D) Bubble passes over the 

sensor causing liquid film formation and partial dryout, (E) Temperature values recorded as a function of time, (F) Local heat flux values corresponding to the recorded 

temperatures ( t = 0 is an arbitrary time that marks passage of this particular bubble over the sensing area). 
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emperature remains uniform due to the high thermal conductiv- 

ty of Si. The heat flux is then calculated using the difference in 

emperature of the two interfaces, i.e. q ′′ = �T ( k SU8 / δSU8 ) . Fig. 4

hows images of a representative bubble along with the synchro- 

ized temperature and heat flux data for a microchannel with an 

spect ratio ( α) of 2. The reference time (i.e. t = 0) is arbitrary

arking the passage of this particular bubble over the sensors ar- 

ay, selected from among hundreds of similar events recorded dur- 

ng a few seconds. 

.1. Surface thermal field during liquid film evaporation 

Fig. 4 A shows when ( t = 1.6 ms) the bubble is about to move

ver longitudinal sensors S22–S25 (located at the SU8-fluid inter- 

ace). The bubble leading edge moves, at a velocity of 0.52 m/s, 

ver the sensors in ~0.35 ms. The bubble arrival on sensors S22- 
4 
25 triggers a set of heat transfer events, as shown in Fig. 4 E, F

S102 measures the Si-SU8 interface temperature). Temperatures of 

ensors S25 and S24 simultaneously drop (i.e. heat flux rises) at t 

 2 ms and remain low long after the leading edge of the bubble 

asses over the sensors, while the “apparent contact line” associ- 

ted with the liquid layer formed on the microchannel sidewalls 

esides on S23. This cooling event is caused by direct evaporation 

f a liquid film formed over the sensors. The lower rate of increase 

n heat flux ( dq ′′ / dt ) on S24 relative to S25 is due to the formation

f a thicker liquid film on S24 in an otherwise identical heat trans- 

er event (i.e. rise and fall of heat flux) over the two sensors. An- 

ther evidence of a thicker liquid film formed on S24 is the higher 

verall heat transfer (i.e. integral of the heat flux over time) com- 

ared to that of S25. The dq ′′ / dt on S23 is further slowed, relative

o that of S24 and S25, not only due to a thicker liquid film but
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Fig. 5. Local heat flux signatures for sensors S22-S24 at (A) Ca = 0.04 and (B) Ca = 0.07 (the insets illustrate the contact line position at an arbitrary time). 
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lso partial coverage by the thick liquid layer formed on the mi- 

rochannel sidewall. The latter reason is supported by readings of 

ensor S22 which shows no change in the heat flux during much 

f S25, S24, and S23 rapid cooling period until t = 16 ms when a

oderate rise in heat flux occurs suggesting that the apparent con- 

act line has moved near or over S22, from above S23. Therefore, 

lthough sensor S22 encounters the bubble prior to other sensors, 

t does not experience a temperature drop (i.e., heat flux increase) 

t the bubble arrival (until t = 16 ms) because there is a column of

iquid above the sensor i resulting in single-phase heat transfer to 

he bulk liquid. The presence of the apparent contact line on sen- 

or S23 produced a distinct heat flux signature, quasi-steady for 10 

s (from t = 16 ms to 26 ms), through continuous feeding of the 

vaporating liquid film by the liquid layer formed on the channel 

idewall. 

This quasi-steady cooling event is truncated when the trailing 

dge of the bubble arrives over S23 at t = 26 ms, and the heat flux

apidly descends to a value equal to that of sensors S22, S24, and 

25 at t = 28 ms. The sensors recordings of this remarkable event 

uggest that the entire surface is subjected to the same boundary 

ondition (i.e. heat transfer coefficient). Sensors S25 and S24 that 

ave almost dried out (i.e. experiencing a near zero heat transfer 

oefficient) are quenched by the liquid front. Sensor S22 that just 

tarted experiencing cooling due to the direct evaporation of the 

idewall’s liquid encounters the same transient heat transfer mech- 

nism; evidently, with a lower heat transfer coefficient. This mech- 

nism has been identified and modeled in our prior study [16] as 

he transient conduction mechanism of heat transfer, caused by a 

ismatch between the liquid and surface temperatures. This heat 

ransfer event subsided rapidly, over a 3-4 ms period, after which 

eat transfer to the liquid slug dominated the surface cooling pro- 

ess beyond t = 30 ms, until the next bubble passed over the sen-

ors. 

.2. Effect of Ca on surface thermal field 

Fig. 5 compares the surface heat flux associated with the liq- 

id film evaporation events on sensors S23 and S24 for Ca = 0.04 

 Fig. 5 A) and 0.07 ( Fig. 5 B). Comparison of the results for these two

est conditions clearly shows a longer cooling event at Ca = 0.07 

elative to that of 0.04. Given that the area under the heat flux 
5 
urve represents the overall energy removed from the surface, it 

an be readily concluded that the liquid film thickness over the mi- 

rochannel bottom wall has increased with Ca . The heat flux data 

f S22 also confirms formation of a thicker liquid film over the 

icrochannel sidewalls for a higher Ca flow condition. This con- 

lusion is reached considering that the continuous evaporation of 

 thinner sidewall liquid at Ca = 0.04 has ultimately led to the 

ecession of the apparent contact line to near or over the S22 sen- 

or, leading to a rise in heat flux beginning at t = 16 ms ( Fig. 5 A).

n contrast, S22 does not experience any variation in heat flux in 

he case of Ca = 0.07 ( Fig. 5 B) indicating the presence of a thicker

iquid film over the sidewall that has yet to sufficiently evaporate 

uch that the apparent contact line could recede over the S22 sen- 

or. 

.3. Effect of bubble length on liquid film evaporation and dryout 

The thin film evaporation events discussed in the previous sec- 

ions do not apply to all bubbles – fundamentally different thin 

lm evaporation events can ensue when elongated bubbles with 

ifferent sizes flow through the microchannel. The previously dis- 

ussed bubbles were long enough to allow full evaporation of the 

iquid film followed by a period of dryout. However, the liquid 

lm does not fully evaporate when bubbles are too short. To high- 

ight this phenomenon, we compare the thin film evaporation pro- 

ess associated with a long, a short, and a medium size bubble. It 

hould be noted that this classification intends to provide a quali- 

ative assessment of the effect of bubbles’ lenght on evaporation of 

he liquid films , and it is merely an attempt to show that contrary 

o the assumptions of the three-zone model, bubbles of various 

izes dictate the extent of liquid film evaporation and whether the 

urface experiences dryout. Fig. 6 provides the temperature and 

eat flux values on sensor S23 in α = 2 channel as different size 

ubbles pass over the sensor. The experiment was conducted in a 

ay that Ca number for all bubbles is the same ( i.e. Ca = 0 . 03 ). 

As the results suggest, in the case of a short bubble, the thin 

lm evaporation process is terminated prematurely resulting in re- 

overy of the surface temperature ( Fig. 6 A) and a decline in heat 

ux ( Fig. 6 B) shortly after the process starts, at t = 6 ms. The ar-

ival of a liquid slug over S23 established a constant surface heat 

ux, associated with heat transfer to the bulk liquid flow. Also, 
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Fig. 6. (A) Temperature signature recorded by sensors S23 and S102, and (B) Local heat flux values obtained using temperature data for bubbles with different sizes passing 

over the sensor (the insets illustrate the contact line position at an arbitrary time for each bubble). 

Fig. 7. (A) Temperature and (B) heat flux distributions versus time for three different microchannels with aspect ratios α= 1, 2, 4. 
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ince the surface did not experience dryout, i.e. its temperature 

id not increase, hence a quenching effect and consequently the 

ransient conduction heat transfer mechanism did not occur. For a 

edium size bubble, the liquid slug moves over sensor S23 after 

ost of the liquid film has evaporated but a complete dryout has 

ot occurred and the drop in the surface temperature (i.e., a rise in 

urface heat flux) is caused by the bulk liquid arriving on the sen- 

or. Similar to the case of a short bubble, because the surface has 

ot dried out, its temperature has not risen to cause the transient 

onduction heat transfer mechanism. In the case of a long bubble, 

he liquid film fully evaporates and surface experiences complete 

ryout, followed by the transient conduction heat transfer mecha- 

ism caused by the quenching effect of the cooler bulk liquid. 

.4. Effect of aspect ratio on thin film evaporation mechanism 

Fig. 7 presents temperature and heat flux results as a long 

ubble passes over a crosswise sensor for channels with cross- 
6 
ectional dimensions 300 × 75 μm 

2 , 300 × 150 μm 

2 , and 

00 × 300 μm 

2 , corresponding to α = 4, 2 and 1, respectively. The 

ests are conducted such that the Si-SU8 interface temperature for 

he three channels are identical ( T S = 61.6 °C), to allow for an ac-

urate assessment of the effect of channel cross-section geometry 

n the surface thermal field. The results clearly show a sharper de- 

line in the surface temperature, commensurate with a rise in the 

urface heat flux, as α is increased, suggesting that the heat trans- 

er coefficient has increased due to the thinning of the liquid film. 

educing the α, results in thickening of the liquid film and a longer 

vaporation time. For example, it took about 35 ms for the liquid 

lm to evaporate in an α = 1 channel (i.e. the square cross-section 

hannel) whereas 11 ms for that of the α = 4 channel. 

.5. Initial liquid film thickness 

After the liquid film is formed, its temperature rapidly changes 

eaching a quasi-steady state. The initial temperature of the film 
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Fig. 8. Variations of the liquid film thickness on (A) the side wall ( δH ) and (B) the bottom wall ( δV ) of the microchannel as a function of Ca number and α. 
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s that of the liquid present on the wall before the film forma- 

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

ated by Habibi Matin et al. [37] . The initial thickness of the liq-

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

emperature and heat flux data; δV = k FC −72 (T s _ QS − T sat ) /q ’ ’ 
QS 

+ 

t init ∫ 
0 

(q ’ ’ (t) /ρh fg ) dt , where q ′′ T D and T s −QS represent the local heat 

ux and quasi-steady surface temperature, respectively, and �t init 

s the time associated with the initial film reaching a quasi-steady 

emperature (details are discussed in Habibi Matin et al. [37] ). In 

ssence, the first term in the expression for δV corresponds to the 

hickness of the liquid film after reaching a quasi-steady tempera- 

ure, while the second term accounts for the portion of the liquid 

lm evaporated before reaching a quasi-steady temperature. 

The liquid thickness on the side walls of the channel ( δH ) is 

ptically measured using the high-resolution images from the mi- 

rochannel top view. The thickness of both films is a function of 

a number and α, as can be seen in Fig. 8 . Evidently, thicknesses

f both films grow with Ca for the three α. However, there is a 

ubstantial difference between the thickness of the films and their 

rowth rate with Ca , clearly illustrating the fundamental differ- 

nce between the film thickness in rectangular and circular cross- 

ection channels. The experimental results for δH are in a good 

greement with the experimetnal results of de Lozar et al. [38] per- 

ormed for air bubbles fingering into silicone oil and a channel 

ith α = 4. The numerical results of Magnini and Matar [39] for 

he minimum film thickness in square cross-section microchannels 

an predict the present experimental results for δV at Ca > 0.045 

ith less than 15% error; however, at lower Ca , their results un- 

erestimates the film thickness. Also, optical measurements of the 

iquid film thickness on the middle of a square channel wall by 

an and Shikazono [35] shows a good agreement with the present 

xperiments at Ca > 0.045 but there is a great diagreement at Ca 

 0.025 where the film becomes as thin as 5 μm. Further compar- 

sons suggest that neither the modified Bretherton model [28] nor 

xperimental thicknesses obtained for circular cross-section micro- 

ubes [22] are able to predict the film thickness in square cross- 

ection microchannels ( α = 1). The numerical results of Ferrari 

t al. [40] for the film thickness at 10 × W distance from the 

ubble’s tip are in a reasonable agreement with the present ex- 

i

7 
erimental results at Ca ≤ 0.025 while they overestimate the film 

hickness at higher Ca . 

Increasing α from 1 to 4, results in an increase in δH and a 

eduction in δV . This is due to the fact that bubble confinement 

n a rectangular microchannel squeezes the bubble into a non- 

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

tore the vapor–liquid interface to an axisymmetric shape. When 

approaches 1, δV approaches δH . 

.6. Heat transfer coefficient 

The heat transfer coefficient associated with the thin film evap- 

ration process can be calculated based on the surface tempera- 

ure and heat flux data using equation h ( x, t ) = q ′′ / ( T s − T sat ) . The

hree-zone heat transfer model of Magnini and Thome [20] uses 

quation h (t) = k/δ(t) = k/ ( δ0 − q ′′ t/ρh f g ) for estimating the heat 

ransfer coefficient. We used our experimental Ca = 0 . 026 , and hy- 

raulic diameters of 120, 200, and 300 μm for channels with α
 4, 2 and 1, respectively, to calculate the initial film thickness 

 δ0 ) using Han et al.’s correlation [22] , utilized by Magnini and 

home [20] . Fig. 9 compares the measured heat transfer coeffi- 

ient on sensor S26 with the three-zone model’s predictions. We 

sed average heat fluxes of 3.9, 4.4 and 5.2 W/cm 

2 for channels 

ith α = 1, 2 and 4, respectively (determined based on the overall 

eat transfer at the sensor divided by their corresponding evapora- 

ion times), in Magnini and Thome’s model [20] to calculate h . Ev- 

dently, the value of h approaches infinity as the liquid film thick- 

ess (i.e. δ0 − q ′′ t/ρh f g ) approaches zero. To deal with this singu- 

arity, Magnini and Thome [20] assumed that a minimum liquid 

ayer remains on the heater surface (i.e. does not evaporate) – with 

n amount equal to the surface roughness. The roughness of our 

urface is on the order of nanometers leading to extremely high h . 

ence, for the sake of this comparison, we limited the minimum 

iquid thickness to 5% of its initial value. 

As it can be seen, the three-zone model fails to predict the 

eat transfer coefficient both qualitatively and quantitatively and 

he discrepancy between the experimental results and the model 

rediction becomes more pronounced as α increases. The under- 

ying assumption of the three-zone model is that the liquid film 

ormed around the bubble has a uniform initial thickness ( δ0 ), and 

ts continuous evaporation results in its thinning and consequently 



M. Habibi Matin and S. Moghaddam International Journal of Heat and Mass Transfer 163 (2020) 120474 

Fig. 9. Comparison between experimental data of sensor S26 and results obtained from the three-zone model [20] : (A) Heat transfer coefficient versus time and (B) Average 

heat transfer coefficient versus Ca number. 
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 rapid rise in h . However, a non-uniform liquid film thickness 

n our rectangular cross-section microchannel has a fundamentally 

ifferent dryout process, as illustrated in Fig. 9 A insets – show- 

ng a set of wedge shape thin liquid films depicting the likely dry- 

ut progression process. We believe that h peaks when the liquid 

lm is the thinnest while covering the entire surface area of S26. 

hereafter, partial dryout results in continuous decline in h until it 

iminishes. The average heat transfer coefficients predicted by the 

odel is also compared with the experimental data ( Fig. 9 B). The 

lm thicknesses implemented in the model are those proposed by 

an et al. [22] for circular cross-section microchannels (using the 

ydraulic diameter). The model’s prediction overestimates the ex- 

erimental data by 50-120% margin depending on the aspect ratio. 

. Conclusion 

The heat transfer mechanism associated with the thin film 

vaporation process in microchannel flow boiling of FC-72 was 

tudied. The local temperature and heat flux variations across the 

hannel width were resolved with unprecedented spatial and tem- 

oral resolutions. Since the film thickness around the bubble is 

ot uniform in the rectangular cross-section microchannels, char- 

cterization of the thermal field was more complicated than that 

f the circular cross-section microchannels. Therefore, three mi- 

rochannels with different α were microfabricated and tested. Dur- 

ng the film evaporation process, the non-uniformity of the liq- 

id film led to a gradual dryout starting from the middle of the 

hannel wall, where the liquid film is thinnest. It was shown that 

he surface heat flux and the initial thickness of the liquid films 

trongly depend on α. At low α, the liquid film is thicker and 

t takes longer for it to evaporate. The results also indicate that 

ncreasing α, thickens δH while δV decreases. The results clearly 

howed that the three-zone model does not apply to all elongated 

ubbles, and the thin film evaporation process is terminated early 

n the case of shorter bubbles, as the trailing edge of the bubble 

dvances over the liquid film. Comparison of the present experi- 

ental results with the existing model developed by Magnini and 

home [20] suggests that the model fails to predict the heat trans- 

er coefficient for the rectangular cross-section microchannels, both 

ualitatively and quantitatively. This model assumes that the liq- 
8 
id film formed around the bubble has a uniform initial thickness 

hat evaporates until the entire surface abruptly dries out. There- 

ore, the model considers dry-out process a sudden event while 

n the actual experiments it happens gradually. The results of this 

tudy paves the way for development of a more accurate mecha- 

istic model for the thin film evaporation heat transfer mechanism 

n the microchannel flow boiling process. 
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