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ABSTRACT 
Thin film evaporation is a prominent mechanism of heat 

transfer in the microchannel flow boiling process, and 
numerous studies have attempted to predict its contribution to 
the overall surface heat transfer. In this study, a novel 
experimental platform capable of producing microscale data 
with unprecedented spatial and temporal resolutions is utilized 
to determine the liquid film thickness formed around an 
elongated bubble. A model is developed to accurately predict 
surface heat transfer during the thin film evaporation process. 
First, it is shown that thin film formation and evaporation can 
be represented in two stages: 1) adiabatic formation of the 
liquid layer followed by 2) thermal development and 
evaporation of the liquid film. It is then explained how the 
liquid layer thickness is affected by the flow parameters.  

KEY WORDS: Thin film formation, Two-phase flow, 
Microchannels, Thin film evaporation 

NOMENCLATURE 
P          Pressure, kPa 
T          Temperature, °C 
!           Mass flux, kg/m2.s  
k          Thermal conductivity, W/m.K 

Greek symbols 
d          Liquid thickness (mm) 

Subscripts 
s          Surface 
evap.   Evaporation 

 

INTRODUCTION 
The ever-increasing generation of waste heat has become 

an impediment to advancements and efficient operation of 
many electronics and energy applications, such as power and 
RF electronics, high performance computers, and solid-state 
lasers. Significant research over the past couple of decades has 
focused on improving efficacy of two-phase cooling systems 
considered as a potential solution for thermal management of 
the mentioned applications [1]–[5]. 

Advancement of the two-phase cooling technology 
requires fundamental understanding of the two-phase flow 
heat transfer at microscale which includes interfacial 
interactions between the phases that govern the flow thermal 
and hydrodynamic characteristics. Historically, the flow 
within a microfluidic multiphase system has been considered 
dominated by viscous forces, while the inertial effects are 

considered negligible. This definition supposedly simplifies 
the transport phenomena and facilitates its analysis in 
microchannels. However, despite many years of research [6]–
[9], a detailed explanation of physics of heat and mass transfer 
and interactions between phases in microchannels has yet to 
be presented. A key challenge in deciphering this process is 
the lack of understanding of formation and evaporation 
mechanism of thin liquid layers on the channel walls.  

The common approach in studying the liquid layer 
thickness (and profile) and evaluating its associated 
hydrodynamic and thermal behavior is analytical and 
numerical. Following the pioneering work by Bretherton [10], 
researchers attempted to characterize the liquid layer formed 
around a moving bubble in microchannels by solving a 
simplified form of Navier-Stokes equations for multiphase 
flow in microchannels [11]–[13]. The results of these 
comprehensive studies shed light on effects of various 
parameters such as vapor/gas velocity, surface tension and 
viscosity on the liquid film thickness. A major drawback 
associated with these studies is assuming a simplified case of 
fully developed, one dimensional liquid-vapor interface within 
the channel. This model disregards effects of lateral and 
longitudinal mass transfer within the liquid layer and does not 
capture transient characteristics of the process.  

In this work, we utilize a thermal-based measurement 
technique to characterize liquid films formed around elongated 
bubbles in microchannels. The new approach allows resolving 
surface thermal events with unparalleled spatial and temporal 
resolutions. The experimental data coupled with numerical 
and analytical studies have enabled deciphering the physics of 
liquid films formation and evaporation. 

 
EXPERIMENTAL SETUP 

A detailed view of an experimental setup and a 
microfluidic chip used in this study are presented in Figure 1. 
The device consists of a single rectangular microchannel with 
inlet and outlet ports for fluid entry and exit. The 
microchannel wall is made of a 75 µm-thick SU8 film and is 
sealed by a Polydimethylsiloxane (PDMS) transparent cap. 
The microchannel width is 300 µm. After the inlet port, there 
is a pre-heater section in which the working fluid is heated up 
to the desired temperature before entering the test section.  

The bottom surface of the channel is made of a thick high 
thermal conductivity material (a 500-mm thick silicon 
substrate) coated with a low thermal conductivity film (a 9.8-
mm thick layer of SU8). At the Su8-liquid interface, the test 
section is covered with 51 resistance temperature detectors 
(RTDs), while 3 RTDs are sputter deposited at the Si-Su8 
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interface to measure the temperature distribution during the 
boiling process. Several thin film heaters are also embedded at 
the SU8-silicon interface that provide heat to the flow. 

 The microfluidic chip is wire-bonded to a custom made 
printed circuit board (PCB) to transfer the temperature data to 
the data acquisition (DAQ) system. The DAQ system consists 
of a current excitation, a channel amplifier module and a high 
speed DAQ module and can record temperature data at a 
frequency of 20 kHz. A high-speed camera (FASTCAM SA4-
Photron) is synchronized with the DAQ to visualize the 
boiling process at a frequency of 20k frames per second.  
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Fig. 1 (a) detailed view of the microfluidic chip (test section, 

pre-heater, artificial cavity and pulsed function 
microheater), (b) schematic of experimental loop (inset 
figure shows the wire bonded device to PCB)  

 
The working fluid is delivered to the microfluidic chip by a 

piezoelectric micropump (Model MP6, manufactured by 
Bartels Mikrotechnik GmbH). Two PX-26 pressure 
transducers with ±1% reading error are used to measure the 
pressure drop along the microchannel. The working fluid is 
degassed by vigorous boiling for several hours before each 
experiment. Then, the desired surface temperature is adjusted 
and allowed about 15 minutes to reach a steady state before 
recording the data. 

EXPERIMENTAL RESULTS 
Using the experimental setup discussed in the previous 

section, single bubbles are generated at a desired frequency at 
an artificial nucleation site. Bubbles grow and pass over the 
sensor array (cf. Fig. 2). 

The sensor array captures thermal events with sub-
millisecond timescale, a task that has been impossible to 
accomplish using experimental techniques utilized in prior 
multiphase studies [14]–[17]. A typical set of experimental 
data recorded as an elongated bubble passes over the sensor 
array in presented in Fig. 3.  

  

 
Fig. 2 High speed imaging of a moving bubble as it passes 

over the surface (Sensor 35 is highlighted on the 
surface). i.1) bubble tip reaches the sensor (point A in 
Fig. 3), i.2-3) bubble is covering most of channel width 
and liquid layer on the side is thinning, i.4) bubble end 
passes over the sensor (point E in Fig. 3) 

 

 
Fig. 3 Experimental results as a function of time measured at 

S35. (a) Local heat flux values help identify the 
respective heat transfer mechanisms associated with a 
moving bubble over a sensor, (b) Temperature values 
recorded as a function of time show three distinct 
regions during thin film evaporation mode of heat 
transfer  

(a) 

 
 
 
 
 

 
 
 

(b) 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
(b) 
 
 

Authorized licensed use limited to: University of Florida. Downloaded on July 01,2021 at 17:39:36 UTC from IEEE Xplore.  Restrictions apply. 



 

Three distinct thermal events are identified as the bubble 
moves over the sensor array [18], [19]: thin film evaporation, 
surface dry-out (partially or fully), and transient heat 
conduction (cf. Fig 3a). The thin film evaporation mode of 
heat transfer initiates as the front side of the bubble reaches 
the sensor. This stage is identified as point A on Fig. 3b, 
corresponding to a sudden increase in surface heat flux. This 
abrupt change in heat flux is due to evaporation of a thin 
liquid film formed underneath the bubble. Following the initial 
spike, the local heat flux remains relatively constant for 5-10 
milliseconds, depending on different flow conditions. The 
onset of this event is marked as point B. After this period, heat 
flux declines and surface eventually experiences partial dry-
out. The onset of partial dry-out is marked as point D. Finally, 
as the rear end of the bubble draws closer and the liquid slug 
trailing the bubble rewets the sensor, the local heat flux 
rapidly inclines (point E). This process known as “transient 
heat conduction” has been discussed in our prior publications 
[18], [20], [21]. The local heat flux then gradually declines 
and reaches a steady state condition corresponding to the 
single phase heat transfer regime. The single-phase heat 
transfer coefficient is experimentally calculated to be 
hexperimental ~3900 W/m2 K, which is  less than 15% different 
from the analytical value of hanalytical ~3300 W/m2 K 
(corresponding to a Nusselt number of 6.2 [18]). 

The focus of this work is to evaluate the thin film 
evaporation period (cf. Fig. 3a), that involves significant 
interfacial heat and mass transfer, and explain the thermal and 
hydrodynamic interactions between the liquid layer and the 
vapor core.  

Analysis of thin film evaporation process 
The results suggest that during the thin film evaporation 

process three separate regions (cf. Fig. 3) can be identified: 
1.   Region I: the bubble front has reached the sensor and 

caused a significant increase in the surface heat flux 
as well as a sudden drop in surface temperature.  

2.   Region II: the surface temperature reached its 
minimum value, a quasi-steady condition started 
during which temperature and heat flux remained 
constant for a short period of time.  

3.   Region III: as the liquid film dried out, the surface 
temperature gradually increased until it reached its 
maximum value.  

In the following, we utilize the experimental data recorded 
in individual regions to explain different stages associated 
with formation, thermal development and evaporation of the 
liquid layer. 

Region I: Formation and development of thin films 
As the bubble’s front reached the sensor, the surface 

temperature suddenly dropped and the recorded heat flux 
increased (within a time period of ~ 1ms as shown in Fig. 3). 
This trend is indicative of transition from single phase to thin 
film evaporation mode of heat transfer due to the formation of 
the liquid layer [18]. The focus of this section is to present a 
detailed description of the transient behavior of liquid layer 
forming around the bubble.  

The bubble images (cf. Fig. 2) show that the front side of 
the bubble moves at a velocity of ~1 m/s. At this speed, it 

takes approximately 50 µs for it to pass over Sensor 35 and 
form the liquid film (with a thickness of d0). This time period 
is two orders of magnitude shorter than the evaporation time 
of the liquid film (~10 ms) and its associated input heat flux is 
calculated to be approximately 0.3% of the evaporation 
period. Hence, the amount of heat transferred into the liquid 
film and change in its thickness (due to evaporation) is 
considered negligible.  

After the liquid film has formed on the surface, it starts to 
thermally develop until reaching the quasi-steady condition 
(i.e. point B in Fig. 3a). The initial temperature of the film can 
be readily determined using the surface temperature and heat 
flux data. The temperature profile within the film is that of a 
few microns thick layer of liquid carved from the liquid slug 
present on the surface before the film formation. This 
temperature profile is assumed to be linear 
! " = !$- &"( " )  , as correctly done by Thome et al. [22]. 

The next step in analyzing the film is to determine the 
transient thickness of formed liquid layer (denoted by R Id - ) 
and its associated initial temperature profile. Using this 
description, ( )tR Id -  was back-calculated from R IId -  (i.e. 
the thickness of liquid layer of region II, which reached a 
quasi-steady temperature profile, and is equal to 

/ "k T qR IId D- = ), such that: 

!"-$ % = !"-$$ + - (! (% )%
*+
*               (1) 

Where "q
ht fg

d
r

¶ = -¶  is calculated numerically by 

using the experimental heat flux data presented in Fig. 3a. The 
difference between dR-I and dR-II  was then measured as a 
function of time and is shown in Fig. 4. 

 
Fig. 4 The change in liquid layer thickness and its slope as a 

function of time 
To validate the procedure discussed above, a set of 

numerical simulations was conducted and the resulted were 
compared with the experimental data in Fig. 5. The 
comparison shows a reasonable match between the 
experimental and numerical data. 
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Fig. 5 Comparison between simulation results & experimental 

values for surface temperature and heat flux as a 
function of time 

Region II: Quasi-steady thin films 
The Region II process initiated as the temperature profile 

in the liquid layer reached its quasi-steady state (cf. Fig. 3b). 
The surface temperature and heat flux leveled out for several 
milliseconds. The relatively constant heat flux and surface 
temperature observed in this region implies that the liquid film 
thickness should also remain constant (cf. 
!"-$$ = &(()-()*+) -")  . Therefore, liquid must have been 
continuously delivered to the heated area to compensate for 
the evaporation caused by the applied heat flux 
(!"#$%&#'#" = !#&)*+'),#" = -"/ℎ12  ). To determine the liquid 
source, it was hypothesized that there could be only three 
paths for the liquid around the bubble to feed the evaporating 
liquid film. Fig. 6 depicts these paths: 
!"#$%&#'#" = !) +!+,) + !+,-              (2) 

!"   represents the liquid film flowing along with the 
bubble due to pressure gradient along the channel and shear 
forces applied by vapor phase. !",$	  and !",$	  represent liquid 
wicking due to the capillary pressure generated on front and 
sides of the bubble, respectively. 

 
Fig. 6 Liquid delivery mechanisms to the liquid film beneath 

the bubble  
The analysis presented below suggests that !",$   is almost 

entirely responsible for continuous feeding of the thin film 
over the sensor area. !"   was estimated by solving the Navier-
Stokes equation and finding an approximate solution for the 
velocity profiles of liquid and vapor phases. The results 
suggested that for a ~2-!"  -thick liquid film formed 
underneath the bubble, !"   is negligible. 

!(#)

!
"

 
Fig. 7 bubble cross-sectional interface reconstructed using 

numerical simulations results (the cross-sectional view 
is not to scale)  

It is then concluded that capillary action should be the 
main mechanism responsible for much of liquid delivery in 
Region II. In a capillary driven flow, the change in radius of 
curvature at liquid-vapor interface generates a capillary 
pressure (!" = $×&"/ 1 + &', -/,	  , !	  denotes the liquid layer 
thickness), which induces the liquid flow 
(!"#$% = ' ( ×*+$ *, ×-

.
3  ). To estimate the wicking 

mass flux in the flow direction ( , fmw ), the capillary pressure 

gradient was first experimentally calculated using the 
directional derivatives of thin film thickness. Evidently, there 
was no noticeable variation in thickness of the liquid layer in 
the flow direction, implying that the slope and curvature of the 
meniscus over the width of three sensors (~350µm) were 
almost zero. The capillary pressure and the liquid flow in the 
streamwise direction were thus insignificant (Pc & , fmw ~0). 

Consequently, for the liquid film thickness to remain 
constant, the transversal wicking mass flux (!",$  ) was 
determined to be responsible for replenishing the liquid film. 
A closer look at the bubble images (compare Figs. 2.2 and 2.4) 
clearly shows that the thickness of a body of liquid left at the 
sides of the bubble continuously declines indicating the flow 
of liquid in the z-direction. The mass balance equation for the 
evaporating liquid film was then reformulated as: 

0. ,evapm smw- @ . The solution to this set of equations 
enabled determining the shape of the liquid-vapor interface 
(cf. Fig. 7). 

Liquid thickness measurement around the bubble.  
The thickness of liquid layer underneath (!"  ) and on the 

sides (!"  ) of bubble is calculated using the experimental data 
for different flow conditions and surface temperatures (cf. Fig. 
8).The results suggest that, because the channel geometry is 
rectangular, !"   is different than !"  . But, the more important 
result is that !"   increased with capillary number (Ca) while !"   
remained almost independent of Ca. The Bretherton’s model 
[10], on which Thome et al. [22] have based their model, and 
similar models [23]–[27] are unable to predict a film thickness 
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independent of Ca. Bretherton [10] developed his model based 
on simple fluid dynamics concepts; the lubrication theory in 
an axisymmetric 2D (i.e. circular) channel. The correlation he 
proposed relates the film thickness to the capillary number as 
! " = 1.34()* +  .  

 
Fig. 8 Variation of liquid layer thickness underneath (!"  ) and 

around (!"  ) the bubble as a function of capillary 
number at different surface temperatures 

Region III: Thin film termination  
The final region in the thin film evaporation process 

initiates as the available liquid on the side of the bubble 
diminishes. At this condition, the capillary mass flux could no 
longer compensate for the evaporating mass flux and surface 
of the sensor starts to dry out. The vapor, now directly in 
contact the surface, acts as a thermal insulator (kFC-72,vapor << 
kFC-72,liquid), causing significant increase in surface temperature.  

CONCLUSIONS 
In this study, a unique thermographic technique was 

utilized to study the formation and evaporation mechanisms of 
thin liquid films beneath a moving bubble in a microchannel. 
Details of the process were captured with unprecedented 
spatial and temporal resolutions. The data clearly shows that 
thin film formation timescale is an order of magnitude shorter 
than its evaporation timescale. Three individual regimes were 
identified and studied during the formation and evaporation 
process. These regimes include formation, thermal 
development and evaporation of the liquid film.  

A fascinating outcome of the experimental measurements 
and analysis was to determine the role of channel geometry 
and capillary number on the thickness of liquid layer and thus 
thermal characteristics of the two-phase flow. We have shown 
that, contrary to common opinion [10], [23]–[27], liquid layer 
thickness around the bubbles can be independent of capillary 
number in rectangular microchannels.  
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