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Thermographic characterization of thin liquid film
formation and evaporation in microchannels†
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The science of transport in microchannels has greatly benefited applications ranging from micro-mixing,

chemical synthesis and biological analysis to compact and efficient energy devices. One of the most critical

and intricate phenomena in this field of science is the dynamics of thin liquid film formation during the flow

of liquid and gas/vapor mixtures. These films can form in microseconds and be less than a micrometer

thick, while dominating thermal transport in phase-change processes. Here, we report the captured details

of these phenomena using a new measurement technique with unprecedented spatial and temporal reso-

lutions of 20 μm and 100 μs, respectively. Thin films with thicknesses ranging from 1 to 20 μm forming

around elongated bubbles over a capillary number range of 0.025 to 0.1 are characterized. The measure-

ments suggest that these films thermally develop and evaporate at timescales in the order of 1–10 ms, two

orders of magnitude longer than their formation timescale. The formation, reflow and evaporation of the

liquid film constitute a complex dynamic involving variations of the film thickness over the periphery of a

rectangular channel, leading to a thicker liquid film feeding (through lateral capillary wicking) a much thin-

ner rapidly evaporating film. As a result, the thinner film dictates the rate of surface heat transfer while the

thicker film determines the duration of thin film evaporation. A modified Bretherton model provides the

best fit to the experimental results.

1. Introduction

Microfluidics has greatly benefited fundamental and applied
research in different fields such as chemistry, biology, and
energy.1–5 The impact of scale on the balance of forces, re-
duced diffusion timescale, enhanced surface area to volume
ratio, and improved mixing between the phases are among
the factors that have enabled unique performance character-
istics in microfluidics.6–9 One of the most intricate phenom-
ena in this field of science is formation of thin liquid films
in multiphase microfluidics.10 Thin films can form in coax-
ial flow of low and high viscosity fluids (e.g. a gas and a liq-
uid) in a channel. Formation of these films has been stud-
ied to influence transport of microorganisms through
unsaturated porous media,11 to detach bacteria from con-
fined microgeometries,12 and to understand mucus transport
in lung airways.13 Thin liquid films play a prominent role in
two-phase microreactors14,15 and cooling surfaces using
microchannel heat sinks.16,17 For example, in electronics
cooling and advanced evaporator heat exchangers, thin films
dictate the heat transfer coefficient.18,19 However, formation

and evaporation of thin films in microchannels have not
been experimentally characterized despite nearly two de-
cades of studies.

These films can be in the order of a micrometer thick,
form in microseconds, flow, become unstable and rupture/at-
omize during transition from one flow regime to another. Hy-
drodynamics of thin film formation is a generic phenomenon
that underpins applications well beyond microfluidics, such
as thin-film coating20 and gas-assisted manufacturing in plas-
tic molding.21 Characterization of these films has garnered
significant attention for many years, since the pioneering
work of Fairbrother and Stubbs22 and Taylor.23 Theoretical
studies were later conducted to relate the liquid film profile
to the fluid and flow properties.24–27 Proposed correlations
have often been developed for a simplified case of a steady
state, fully developed and 1D liquid–vapor interface in a
channel with a round cross section, conditions that are rarely
satisfied in microfluidic devices.

Experimental measurement of liquid film thickness has
been conducted using optical techniques28–30 under adiabatic
conditions. Techniques such as laser confocal displacement
(LCDM)31 and planar laser-induced fluorescence (PLIF)30 in-
volve assumptions and correction factors to account for
variations in refractive index of materials and curvature of in-
terfaces. Considering different factors responsible for mea-
surement uncertainties, the capabilities of optical techniques
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become limited in the 1–10 μm film thickness range.29,31,32

Furthermore, complexities associated with optical access to
liquid–vapor interfaces along the periphery of non-circular,
often opaque, microchannels under highly transient condi-
tions have made experimental characterization of thin films
under realistic thermo-hydrodynamic conditions extremely
challenging.

In this work, a thermal-based technique is utilized to de-
termine the thickness of liquid films formed around micro-
bubbles during boiling in a rectangular microchannel with a
300 × 75 μm2 cross-section, and a length of 25 mm. The ap-
proach involves the implementation of a sensor array capable
of resolving temperature and heat flux at the microchannel
wall and fluid interface. While measurement of the wall tem-
perature is straightforward and has been accomplished using
microfabricated sensors,33,34 measurement of the wall heat
flux has been a challenge.

2. Experimental setup
2.1. Sensor design concept

The difficulty in measuring the surface heat flux arises from
the conjugate nature of heat transfer at the wall–fluid inter-
face, as rapid changes in wall boundary conditions (e.g. tran-
sition from flow of a liquid slug to formation of thin liquid
films) leads to rapid heat diffusion within the heated wall.
Hence, the actual heat flux crossing the wall–liquid interface
remains unknown. Two strategies implemented to limit heat
transfer within the microchannel wall are 1) microfabrication
of an extremely thin wall microchannel suspended between

the fluid inlet and outlet33 and 2) use of a glass substrate
with substantially lower thermal conductivity relative to typi-
cal boiling surfaces.34,35 However, these studies still indicated
substantial heat transfer within the wall resulting in un-
known heat flux at the wall–liquid interface.

To help describe intricacies associated with this phenome-
non and introduce the technique implemented in this study,
numerical simulations have been conducted to illustrate the
effect of substrate material properties on spatial and tempo-
ral resolutions of measurements. Fig. 1A depicts a quartz
substrate (used by Basu et al.34 and Rao et al.35) subjected to
a sudden rise in the heat transfer coefficient associated with
formation of a thin liquid film following the flow of a liquid
slug over a 300 μm-wide area at the middle of the substrate.
As the temperature contours indicate, this event results in a
temperature drop across the substrate, triggering an inflow
of an unknown amount of heat from the neighbouring re-
gions. This process not only couples the surface heat transfer
event to other neighboring events but also engages the entire
thermal mass of the impacted zone with the change occur-
ring at the surface–liquid interface, resulting in a slow re-
sponse to changes in boundary conditions (in the order of
100 ms (ref. 34 and 35)).

A composite wall utilized in this study (Fig. 1B), consisting
of a microscale (10 μm-thick) SU8 polymer layer (with a negli-
gible thermal mass) coated on a high thermal conductivity
substrate (silicon for FC-72 liquid tests), overcomes this is-
sue. With the sudden change in boundary conditions de-
scribed above, the temperature of the SU8-liquid interface 20
μm away from the region subjected to variations in boundary

Fig. 1 (A) Typical single layer sensor design on a quartz substrate and associated numerical temperature distribution. (B) Composite wall design
implemented in this study and associated numerical temperature distribution. The simulated area is 2400 × 600 μm2. The thickness of the polymer
layer (SU-8) on the composite wall is 10 μm. The main substrate (quartz or silicon) is heated using a 0.5 μm-thick heater layer installed on its top
surface. The interface is initially subjected to a convective heat transfer coefficient of 2000 W m−2 K−1 that corresponds to a single phase flow. A
300 μm-wide area at the centre of the substrate is suddenly exposed to a heat transfer coefficient of 20000 W m−2 K−1 (for a period of 8 ms) asso-
ciated with evaporation of a thin liquid film. (C) Images of the microfluidic chip (top left), sensor array (bottom left) and cross-sectional view of the
chip (right). (D) Bubbles generated at a frequency of 140 Hz and pulsed voltage amplitudes of 0.2 V (top) and 0.4 V (bottom).
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conditions exhibits a change less than the measurement ac-
curacy of the sensors. This implies that the spatial resolution
of the sensors is 20 μm. Evidently, this resolution can be fur-
ther enhanced by reducing the SU8 layer thickness. Since the
temperature variation is restricted to a small material vol-
ume, the sensors' response time is very short (∼100 μs), as
will be shown in section 3.1.

Measurement of the temperature of the two sides of the
SU-8 layer enables calculation of the local heat flux through
either using a numerical model of the SU-8 layer or q″ = kΔT/
δSU8, where ΔT is the temperature difference across the poly-
mer layer and δSU8 is the thickness of the polymer layer. The
high thermal conductivity of the substrate ensures a normal
flow of heat within the substrate, as in the case of a typical
boiling surface material.

2.2. Fabrication of the microfluidic chip

The microfluidic chip was fabricated on a 500 μm-thick sili-
con wafer through a multistep microfabrication process. A
total of 50 resistance temperature detectors (RTDs) consisting
of a 50 nm-thick titanium adhesion layer and a 100 nm-thick
platinum layer were fabricated at the Si–SU8 and SU8–fluid
interfaces. Each sensor is 50 μm wide and placed 15 μm
apart from its neighboring sensor. The chip was equipped
with a microfabricated pre-heater section made to heat the
working fluid, FC-72 (3M™ Fluorinert™), to a desired tem-
perature before entering the test section. The liquid tempera-
ture was measured after the pre-heater section using a single
RTD sensor positioned between the pre-heater and test
section.

To control the nucleation site, a 300 nm in diameter cavity
was fabricated using a focused ion beam (FIB) milling ma-
chine. The cavity was surrounded with a pulsed function
microheater fabricated on the SU8 film. To increase the tem-
perature measurement accuracy, a 4-wire configuration, also
referred to as a Kelvin connection, was utilized. The micro-
fluidic chip was wire bonded to a custom made, double-sided
printed circuit board connected to a high-speed data acquisi-
tion system. Images of the microfluidic chip, sensor array
and bubbles generated at a frequency of 140 Hz are
presented in Fig. 1C and D. The test device fabrication pro-
cess is discussed in detail in the ESI.†

2.3. Test loop and data collection

Fig. 2 depicts the experimental setup. Since each RTD sensor
has four connections (excitation ± and channel amplifier ±),
all similar connections of all sensors are directed to a sepa-
rate ribbon socket and routed to a data acquisition (DAQ) sys-
tem. The DAQ system, which consists of a current excitation
module (NI SCXI-1581), a channel amplifier module (i.e., sig-
nal 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 using an embedded
controller (NI PXI-8115). The temperature data are recorded
at a frequency of 20 kHz. The pulsed function microheater is
connected to the programmable dc power supply module. All
data collection, as well as the control for the applied dc volt-
age of the pulsed function microheater, is performed using a
LabVIEW program.

2.4. Sensor calibration and uncertainty analysis

The RTD sensors are calibrated prior to the flow boiling ex-
periments to obtain the voltage–temperature relationship of
each sensor. The calibration tests are conducted in a uniform
temperature oven in a temperature range of 40 °C to 90 °C. A
constant current excitation of 100 μA is supplied to each sen-
sor. The temperature sensors have negligible self-heating.
The obtained voltage–temperature curves show a linear trend
and the sensitivity of the RTD sensors, the slope of the V–T
curves, is 0.13 mV °C−1. The data acquisition system has a
maximum uncertainty of ±28 μV, at a gain of 100 with a mini-
mum 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 °C. 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 cm−2, respectively.

3. Results and discussion

In a typical experiment, single bubbles are generated at a de-
sired rate and size by adjusting the frequency and amplitude
of the voltage applied to the pulsed function microheater sur-
rounding the nucleation site. The bubble length and velocity
vary depending on the surface temperature and mass flux. As
a bubble moves along the microchannel (Fig. 3A–E), the sen-
sors measure the surface temperature and heat flux.
Fig. 3F and G show the surface heat flux and temperature re-
sults, respectively, recorded by sensor 35 as the bubble passes
through the microchannel (note that time zero is arbitrary).
Comprehensive discussions on mechanisms responsible for
variations of surface temperature and heat flux (thin film
evaporation, partial dry-out, transient conduction, and micro-
convection) are provided in our previous studies.36,37 Here,
the thin film evaporation process is briefly discussed to set
the stage for describing the method used to determine the
film thickness using the surface temperature and heat flux
data. The thin film evaporation mode of heat transfer startsFig. 2 Schematic of the experimental setup.
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as the leading edge of the bubble arrives at the sensor (point
A marked in Fig. 3F), triggering a sudden rise in the surface
heat flux. This abrupt change in the heat flux is due to the
rapid evaporation of the liquid film. Following an initial
spike (event A–B), the local heat flux remains relatively con-
stant for a period of time (event B–C). After this period, the
heat flux starts to decline and eventually diminishes as the
liquid film mostly evaporates, and the surface dries out
(event D–E). This process of thin film formation and evapora-
tion finally ends when the trailing edge of the bubble arrives
at the sensor, and rewets the surface. This rewetting of the
surface by a relatively cooler liquid triggers a quick rise in
the surface heat flux (point E). After this rapid quenching ef-
fect, the local heat flux declines to the level before the forma-
tion of the thin film (i.e. point A).

3.1. Thermohydraulics of the thin film evaporation process

The experimental results (Fig. 3) suggest that the thin film
evaporation process consists of the following three phases:

Phase 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 the surface temperature.

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

Phase III: as the liquid film dried out, the surface temper-
ature gradually increased until it reached its maximum value.

In the following, we utilize the experimental data recorded
in individual phases to explain different stages associated

with the formation, development and evaporation of the
liquid layer and characterize its heat & mass transport
properties.

Phase I: formation and thermal development of the thin
film. The bubble images (Fig. 3A–E) show that the tip of the
bubble moves at a velocity of ∼1 m s−1. At this speed, it takes
approximately 50 μs for it to pass over sensor 35 and form
the liquid film (with a thickness of δ0). This time period is
two orders of magnitude shorter than the evaporation time of
the liquid film (∼10 ms). Hence, the amount of heat trans-
ferred into the liquid film that could have caused change in
its thickness (due to evaporation) is considered negligible.

After the liquid film has formed, it starts to thermally de-
velop until the quasi-steady condition (i.e. point B in
Fig. 3F and G) is reached. The initial temperature of the film
can be readily determined using the surface temperature and
heat flux data. This temperature is identical to the tempera-
ture of the liquid present on the wall before the film forma-
tion. This temperature profile is assumed to be linear T(y) = Ts
− q″δ(y)/k, as correctly done by Thome et al.19 This is further
validated below. The next step in analyzing the film is to deter-
mine its initial thickness (δ0). δ0 can be calculated from δPh-II
(i.e. thickness of the liquid layer at the onset of phase II) as
follows

δ0 = δPh-II + ΔδPh-I (1)

Since the film in phase II has reached a fully developed
temperature profile, its thickness can be readily calculated
using the surface temperature and heat flux values (δPh-II =

Fig. 3 Data recorded using a high speed camera and sensor S35 (highlighted): (A) bubble's tip passing over the sensor causing thin film formation,
(B and C) steady thin film presence over the sensor, (D) partial dryout started on the sensor, (E) bubble's tail passing over the sensor, (F) local heat
flux values and heat transfer mechanisms associated with the moving bubble over sensor 35, (G) temperature values recorded as a function of
time highlighting three distinct phases associated with the thin film heat transfer mode.
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kΔT/q″, where ΔT = Ts − Tsat.). ΔδPh-I can then be estimated

using the energy balance equation     Ph-I fg
B dq h t
t

0
, with

hfg being the latent heat of vaporization. Using the heat flux
data (Fig. 3F), δPh-II and ΔδPh-I are calculated to be 1.9 μm
and 0.25 μm, respectively.

To validate the procedure discussed above, a set of numer-
ical simulations was conducted and the results were com-
pared with the experimental data in Fig. 4A. The comparison
shows a match between the experimental and numerical
data. Specifically, the experimental temperature follows the
numerical prediction with a maximum temporal deviation of
∼100 μs in the middle of phase I, representing an unprece-
dented temporal resolution of the temperature sensors. The
numerical results for temperature profile within the FC-72
and SU-8 films as a function of time are provided in Fig. 4B.
Evidently, it takes 1 ms for the temperature profile to become
fully developed. The variation of the liquid layer thickness

was also captured using this method (Fig. 4B inset) that
agreed well with the estimated value. Details of the numerical
solution are provided in the ESI.†

Phase II: quasi-steady thin film evaporation. The phase II
process started as the temperature profile in the liquid layer
reached its quasi-steady state (cf. Fig. 3G). The surface tem-
perature and heat flux leveled out for several milliseconds.
The relatively constant heat flux and surface temperature ob-
served in this phase implies that the liquid film thickness
should also remain constant (δPh-II = k(Ts − Tsat.)/q″-R-II = k(Ts
− Tsat.)/q). Therefore, the liquid must have been continuously
delivered to the heated area to compensate for the evapora-
tion caused by the applied heat flux (ṁdelivered = ṁevap. = q″/
ṁhfg). There could be only two paths for the liquid around
the bubble to feed the evaporating liquid film. Fig. 5 depicts
these paths:

ṁdelivered = ṁw,f + ṁw,s (2)

where ṁw,f and ṁw,s represent liquid wicking due to the
capillary pressure generated on the front and sides of
the bubble, respectively. In capillary driven flows, the
change in the radius of curvature at the liquid–vapor inter-
face in any direction generates a capillary pressure (Pc = σ ×
δ″/[1 + δ′2]3/2, δ denotes the liquid layer thickness), which
induces the liquid flow in that direction

 m P
x

m P
zw,f

c
w,s

cd
d

and d
d

     













 


3 3

3 3
. More details are

provided in the ESI.† To estimate the capillary-driven mass
flux in the flow direction (ṁw,f), the capillary pressure gradi-
ent was first calculated using the directional derivatives of
thin film thickness (i.e. dδ/dx & d2δ/dx2). Fig. 6A shows the

Fig. 4 Comparison between simulation results and experimental data:
the experimental values for surface temperature and heat flux as a
function of time are accurately predicted using a numerical simulation
that considers the effect of liquid evaporation and transient
conduction (A). Temperature profile in the FC-72 domain changes with
time to reach steady state conditions (Y = y/[δSU8 + δFC-72Ĳt)]), the inset
compares the numerical and experimental changes in liquid film thick-
ness (B).

Fig. 5 Liquid delivery to the heated area during phase II: (A) 3D & (B)
2D schematics illustrating different mechanisms of liquid delivery to
the heated surface.
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plots of the liquid layer thickness on the three consecutive
sensors calculated as a function of time using the experimen-
tal data. Evidently, there was no noticeable variation in the
thickness of the liquid layer in the flow direction, implying
that the slope (dδ/dx ≅ [δi − δi−1]/Δx) and curvature (d2δ/dx2 ≅
[δi+1 − 2δi + δi−1]/Δx

2) of the meniscus over the width of the
three sensors (∼350 μm) were almost zero. The contribution
of the capillary driven liquid flow from the front side of the
bubble was determined to be insignificant (ṁw,f ∼ 0).

Hence, for the liquid film thickness to remain constant,
the transversal wicking mass flux (ṁw,s) must be responsible
for replenishing the liquid film. A closer look at the bubble
images (Fig. 3A–E) clearly shows that the thickness of the
body of the liquid remaining at the sides of the bubble con-
tinuously declines indicating the flow of the liquid in the
z-direction (Fig. 6B). The mass balance equation for the evap-
orating liquid film is then reformulated as:

ṁevap. − ṁw,s ≅ 0 (3)

ṁevap. and ṁw,s are defined as ṁevap.(z) = kfΔT × W/hfg × 1/δ(z)
and ṁw,s(z) = ρ/μ × dPc/dz × W × δ(z)3, where W denotes the
sensor width. To solve this equation, a liquid film with the

general form of  z C z L A z Ln
n

n

k        


0

5

1 is assumed

over the width of the microchannel such that it satisfies the
mass balance equation (eqn (1)). The solution to this problem
provides the shape of the liquid profile in the transversal di-
rection, as depicted in Fig. 6B (details provided in the ESI†).

Phase III: termination of thin film evaporation. The final
phase in the thin film evaporation process begins as the
available liquid on the sides of the bubble diminishes and
the surface partially dries out. Under these conditions, the
capillary driven flow could no longer compensate for the
evaporating liquid (ṁs < ṁevap.) and the surface of the sensor

starts to dry out. The vapor, now directly in contact with the
surface, acts as a thermal insulator (kFC-72,vapor ≪ kFC-72,liquid),
resulting in an increase in surface temperature.

3.2. Magnitude and variations of thin film thickness

The method described in the previous section was utilized to
determine the liquid film thickness under different test con-
ditions. Fig. 6A depicts the results for film thickness along
the channel minor (δV) and major (δH) axes. The results indi-
cated that δH changes from 10 μm to 24 μm (shown in the
left y-axis) while δV changes only slightly (shown in the right
y-axis) when the capillary number (i.e. Ca = μU/σ; U: bubble
velocity) is increased from 0.025 to 0.1. Fig. 7A shows a mani-
festation of the impact of this liquid film distribution on the
surface heat flux. This figure illustrates the temporal varia-
tions of the surface heat flux under different flow conditions
(i.e. bubble velocities), Ca values of 0.0325 and 0.065, at a
constant surface temperature (Ts = 60 °C). The data show that
the maximum heat flux is almost identical for both cases.
This indicates a similar δV, since it is the film thickness over
the heated wall that dictates the heat flux (i.e. q″ ≅ kfΔT/δV).
The thicker liquid layer formed at the sides of the bubble
along the major channel axis (δH) determines the overall
evaporation time (δtevap. ∝ q″/[ρ × hfg × δH]), since it feeds the
thin liquid layer. Evidently, the longer evaporation time ob-
served in the case of the faster moving bubble (i.e. higher Ca)
corresponds to a thicker δH. This finding shows that in
microchannels with a rectangular cross-section, each of the
film thicknesses (δv and δH) plays a significant role in the
cooling performance of the device. The heat transfer coeffi-
cient is dictated by the thin liquid film thickness, δV, whereas
the overall heat transfer and dryout threshold are dictated by
the thick liquid film thickness, δH. In previous studies,18,19

since characterization of liquid films in rectangular channels
was not possible, the average film thickness or the thickness

Fig. 6 (A) Film thickness (δV) measured experimentally remains constant spatially and temporally during phase II in the flow direction. (B) Bubble
cross-section (not to scale) reconstructed using simulation results.
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obtained for circular or parallel plate channels has been used
to determine the heat transfer performance.

3.3. Comparison with the existing models

Development of models relating the liquid film thickness
around a bubble to the Ca dates back to several decades
ago;24–27,38,39 notably, to the pioneering work of Bretherton24

who related the liquid film thickness to the capillary number
as δ/R = 1.34Ca2/3 for Ca < 0.01 using the planar lubrication
equation (i.e. a balance between the viscous force and the
pressure gradient along the dynamic meniscus). The green
dashed line in Fig. 7B represents Bretherton's prediction of
the liquid film thickness. The channel hydrodynamic diame-
ter is used here to determine the film thickness since the Br-
etherton model is derived for a 2D axisymmetric (i.e. circular)

channel cross-section geometry. Bretherton's24 assumption of
a negligible liquid film thickness relative to the channel di-
ameter (δ ≪ R) limited the range of his equation. To extend
the model to high capillary number values, Aussillous and
Quere38 replaced R in the Bretherton equation with R − δ to
accurately account for the Laplace pressure, as the meniscus
radius decreases with increasing δ. Aussillous and Quere38

determined δ/R = 1.34Ca2/3/(1 + P × 1.34Ca2/3) to be in good
agreement with the experimental results of Taylor23 for Ca
values up to 2 at P = 2.5. More recently, Klaseboer et al.39 jus-
tified the use of P analytically and determined its value to be
2.79. The green line in Fig. 7B represents the results of this
modified Bretherton model.39 Evidently, the modified Br-
etherton model predicts the thickness of neither one of the
films (δV and δH); highlighting the fact that the hydraulic di-
ameter is not a suitable length scale in determining the liq-
uid film thickness in a channel with a non-circular cross-sec-
tion. Hence, Bretherton and similar models25–27,38–40 that are
developed based on the axisymmetric assumption are not
suitable for use in flow boiling in microchannels, which are
rarely made with a circular cross-section.

Intuitively, confinement in a rectangular channel squeezes
a bubble into a non-axisymmetric cross-section shape while
surface tension force acts to restore the vapor–liquid inter-
face to the axisymmetric state. Hence, increasing the channel
aspect ratio (α) results in thickening of the liquid film along
the channel long semi-axis (δH), while squeezing the liquid
film along the channel short semi-axis (δV). A body of fluid
dynamics literature concerning adiabatic propagation of air
which fingers into rectangular tubes filled with a liquid pro-
vides valuable insight into the physics of liquid film forma-
tion on the periphery of rectangular cross-section channels.
In complementary numerical simulations, Hazel and Heil41

and De Lózar et al.42 showed that as the Ca increases, the
fluid film thickens and in the near-square channels the ulti-
mate finger shape becomes axisymmetric at a sufficiently
high Ca. However, axisymmetric configurations are possible
for α < 2.04 but not for α > 2.04.41,42 Instead, the equilib-
rium finger shape consists of end regions of the constant cur-
vature connected by liquid films along the longer side of the
channel (details for Ca = 1.0 and α = 3, 7 are provided). Hazel
and Heil41 further demonstrated that at sufficiently low capil-
lary numbers changes in δV with capillary are significantly
small relative to changes in δH.

In investigating the viscous fingering flow of air into sili-
cone oil, De Lozar et al.43 determined δH in rectangular
macrochannels with different aspect ratios. Their results for
a channel with an aspect ratio of α = 4 (cf. Fig. 7B) are com-
pared with the present experimental data for δH. The curve fit
to their results renders 2δH/W = 1.45Ca2/3/(1 + 1.3 × 1.45Ca2/3)
that substantially overestimates the present experimental
data. The rate of change in the liquid film thickness in the
present data follows ∼Ca2/3, with the best fits achieved (cf.
Fig. 7B) with 2δH/W = 1.0Ca2/3/(1 + 2 × 1.0Ca2/3) & 2δV/H =
0.45Ca2/3/(1 + 4.5 × 0.45Ca2/3). Evidently, in the presented cor-
relations, each film thickness is normalized by its

Fig. 7 (A) Surface heat flux as a function of the Ca number at Ts = 60
°C. (B) Variation of the liquid film thickness underneath (δV) and around
(δH) the bubble as a function of the Ca number and surface
temperature.
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corresponding channel dimensions (i.e. δH/W and δV/H). This
implies that the interface meniscus curvature associated with
the short and long semi-axes, and consequently the capillary
forces (which dictate the balance with the viscous forces) are
independent of each other. We believe that numerical results
from the study of De Lozar et al.42 confirmed this indepen-
dence. Simulations by De Lozar et al.42 suggested that pres-
sure difference across the tip of a finger decreases with the
channel aspect ratio such that little variations occur when α

approaches 4 and the difference for α = 7 and α = 8 is almost
indistinguishable. In other words, at high enough α, the
curvature at the tip (which determines the pressure differ-
ence) is dominated by the curvature across the channel (of
order 1/H). In the literature, 2δH/W is used to characterize the
film thickness along the long-axis in high aspect ratio chan-
nels. This quantity widely appears in 2D models (i.e.
Saffman–Taylor regime) and has been easy to determine ex-
perimentally by measuring the finger width (W − 2δH).

While a clear explanation for variations of the proportion-
ality constant in δ ∼ Ca2/3 remains elusive and outside the
scope of this study, we wish to highlight a fundamental as-
sumption in Bretherton's24 and subsequent studies as a po-
tential source of discrepancies. In solving the lubrication
equation (∂p/∂x = μ ∂2u/∂r2) or balancing the viscous force
with the pressure gradient, Bretherton24 considered a shape
for the bubble. As such, the liquid–vapor interface region was
divided into three segments; a spherical cap, a flat film re-
gion and a transition region in between. In writing a balance
equation between the viscous force and the pressure gradient
in the transitional region (μu/δ2 ∼ σ/r/λ), the transition region
length (λ) is required. This unknown was estimated by requir-
ing continuity of Laplace pressure at the interface or, in other
words, the curvature of the spherical segment matches the
curvature at the end of the transition region. Bretherton's24

solution resulted in a profile between a spherical tip and the
flat thin film and led to the constant in his correlation.
Changing these assumptions results in a different constant.
For instance, Wong et al.26 presented an equation in the form
of δ ∼ (cos∅Ca)2/3 to account for the effect of the apparent
contact angle (∅) that was assumed to be zero by
Bretherton.24

4. Conclusion

The capability of a sensing technique in characterizing
thermohydraulics of thin rapidly forming/evaporating liquid
films in a multiphase flow in microchannels was demon-
strated. The composite structure of the substrate, a thick sili-
con layer with a low-conductivity overlaying polymer layer,
limited temperature variations within the substrate (i.e. im-
pacted zone) to the polymer microlayer resulting in a re-
sponse time necessary for observation of the thin film forma-
tion and evaporation process. Using the temperature and
heat flux measurements, and energy and mass conservations,
the film thickness along the short and long axes of a rectan-
gular microchannel was determined. The measurements fea-

tured inability of the existing correlations in predicting the
experimental results. This advancement in measurement ca-
pability facilitates modeling of transport in multiphase
microchannels, and particularly heat transfer in the micro-
channel flow boiling process in which the thin film evapora-
tion process plays a prominent role.
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