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Abstract

Using microfabrication techniques, a microscale platinum heater was fabricated on a Pyrex glass wafer and located
in a shallow, but nearly trapezoidal microchannel with a hydraulic diameter of Dy, = 56 microns fabricated on another
glass wafer. Using a high-speed digital CCD video camera and microscope, the boiling nucleation temperature and two-
phase flow patterns were observed and examined at different mass flow rates. The nucleation temperature was found to
be reasonably close to the theoretical values as predicted by a 3D numerical heat transfer simulation with the measured
bulk temperature of the microheater. The stability of the developed flow indicated three clearly distinguishable two-
phase flow regimes: bubbly, wavy and annular. To avoid problems observed in the past, care was taken to ensure that
the results were not influenced by the entrance and/or exit regions of the test section. The observed variations in the
two-phase flow patterns were compared with the results of a model developed using a stability analysis of the liquid

film.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Phase change heat transfer presents an optimal mech-
anism for the removal of excess heat from electronic de-
vices and microelectronic systems. The high latent heat
occurring in this phase change phenomenon results in a
small increase in temperature and presents a number of
other independent advantages. Most important among
these is that the flow boiling produces only a modest in-
crease in the device temperature, even at extremely high
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heat fluxes, which directly corresponds to a large increase
in the amount of heat removed from the system. While
determination of the two-phase liquid/vapor flow pat-
tern is critical for the design of microchannel two-phase
flow heat sinks, there exists significant differences in the
observations and results as measured by various
investigators.

Peng and Wang [1] suggested that it was extremely
difficult to generate bubbles, even at a very high heat flux
in a microchannel. They hypothesized that in a micro-
channel, small bubble embryos could form, but since
they cannot grow to the critical bubble radius, r., formu-
lated by conventional nucleation theory, the nucleated
bubbles will eventually collapse [2]. In Wu and Cheng’s
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experimental studies [3], bubbly flow, slug flow, churn
flow and annular flow were all observed in trapezoidal
microchannels with hydraulic diameters of 186, 158.8
and 82.8 um. These studies, also found that once boiling
heat transfer in the microchannel was established, two-
phase flow and single-phase liquid flow appeared alter-
natively within the channel, with large-scale variations
in the temperature of the substrate and fluid, and differ-
ences in the pressure and mass flow rate of the fluid [4].
Lee et al. [5], fabricated an integrated rectangular micro-
channel heat sink, and observed that annular flow in
rectangular microchannels is unstable and the dominant
flow pattern in an unsteady transition region connecting
the upstream vapor zone to the downstream liquid zone
varies with the average location and the input power.
They also hypothesized that based upon previous stud-
ies, annular flow was established at a relatively low
power input and suppressed the development of bubbly
flow [6]. Hetsroni et al. [7] performed air-water and
steam-water flow in parallel triangular microchannels.
In the resulting steam-water flow, instability in uni-
formly heated microchannels was observed.

Only two studies have been found in which system-
atic investigations of the two-phase flow patterns in
microchannel flow have been investigated. Chung et al.
[8] conducted an adiabatic experiment to investigate
the effect of channel geometry on gas-liquid two-phase
flow characteristics in horizontal 96 um square micro-
channels and 100 pm circular channels. However, in
these gas-liquid two-phase flow experiments, only slug
flow was observed. Bubbly and annular flow along with
other possible flow regimes were not observed for the
flow conditions tested. Qu et al. [9] also conducted tests
using gas/liquid two-phase flow in microchannels. In
this investigation, the dominant flow patterns observed
were slug and annular, with bubbly flow occurring only
occasionally; stratified and wavy flows were never
observed.

To summarize the above literature, to date, no
systematic investigations of the various vapor-liquid
two-phase flow regimes have been found in the litera-
ture. Because the shape and size of the inlet and outlet
plenums of the microchannels have been shown to influ-
ence the stability of the two-phase flow [3-7,10-12], it is
entirely plausible that the observed flow patterns in the
previously discussed investigations are the result of the
design of the test facility, in which the vapor phase or
the vapor/liquid two-phase is significantly influenced by
the entrance or exit region, rather than the inherent
nature of the microchannel two-phase flow. In an effort
to resolve some of the questions surrounding the two-
phase flow regimes in microchannels and the influence
of the various parameters on these flow regimes, a unique
experimental approach was designed to explore the
phase change mechanisms and how they affect the flow
regimes in microchannels. Using MEMS based technol-

ogy, a microscale platinum heater was fabricated on a
Pyrex glass wafer and a shallow but nearly trapezoidal
microchannel fabricated on another wafer with hydrau-
lic diameter of 56 um were bonded together. Then, using
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Fig. 2. The fabricated microheater test article. (a) Photomicro-
graph of the microheater and the electrical pad, (b) surface
roughness of the microheater.
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a high-speed digital video camera, the two-phase flow
patterns as a function of the local vapor generation
could be explored and recorded with a microscope and
a high-speed CCD digital camera. The impact of the size
of the microchannel and the flow rate on the incipience of
the vapor generation and the two-phase flow patterns
were then analyzed. Through a series of experiments, it
was found that the instability associated with the phase
change is not obvious and the different two-phase flow
patterns are distinguished from each other and stable
under certain power input and mass flow rates. By com-
paring the experimental observations with the results of
a 3D numerical heat transfer simulation, the boiling
incipience temperature was found to be quite close to
the theoretically predicted value obtained from the clas-
sical kinetics of boiling. In the following, a mechanism
based on the stability analysis of liquid film is proposed,
and used to reveal the shape and resulting flow regimes
of the vapor column under different flow conditions.

2. Device design and microfabrication

The test section is illustrated in Fig. 1. The test sec-
tion includes a plexiglass support, into which a pressure

transmitter and thermocouple are attached, along with
the experimental test article, constructed from two Pyrex
wafers onto which a microchannel and a small micro
heater have been fabricated separately and bonded to-
gether by epoxy glue after alignment and fixing. In this
design of the test section, a very long single microchan-
nel with a well designed, smooth entrance region and an
outlet that is open to the environment in order to avoid
any influence from the plenum or chamber connected to
the outlet of the microchannel as used previously are
adapted.

The microheater used in the current investigations is
illustrated in Fig. 2(a) and was fabricated using MEMS
based technology and a typical lift-off metallization
application. A 200 A TiW film (for adhesion) and
1500 A platinum film are sputtered onto a Pyrex glass
wafer coated with photoresist after the photolithogra-
phy process. After lift-off in acetone, a similar process
is repeated for a gold pad with a thickness of 3000 A
and 200 A for TiW. The width and length of the plati-
num microheater are both 100 pm. The length and width
of the gold pad are 10 and 2 mm, respectively, on each
side.

The surface roughness of the microheater was mea-
sured using a scanning profilometer and is described in

45pm

Fig. 3. The fabricated microchannel and the test article configuration. (a) Cross-section of the microchannel (the dark line at the
bottom of the channel is the platinum microheater and the white line is the gold electrical pad) and (b) geometry of the channel and

position of the microheater (the arrow indicates the flow direction).
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Fig. 2(b). The average roughness of the microheater was
approximately 50 A (5nm). This roughness is in the
range of the critical bubble size for homogeneous bubble
nucleation and thus can help to avoid the influence of
cavity size on bubble nucleation.

The microchannel and flow guide channels were fab-
ricated using a wet etching technique. The fabricated
microchannel is illustrated in Fig. 3(a). To accomplish
this, the sides of the glass wafer were covered with a
200 A thick layer of TiW and a 2000 A thick layer of
Au using a metal sputtering technique. After applying
the pattern with a photoresist coating and the photo-
lithography process, the wafer was immersed into a
KI:1,:H,O solution for gold etching and a hydrogen per-
oxide solution for TiW etching. Then using the metal
pattern as the mask, the channels were fabricated by dip-
ping the wafer into a diluted HF solution (Concentrated
HF(49%):Water = 1:1). Finally, the metal coating was
removed to expose the glass wafer.

As shown in Fig. 3, the width of the fabricated micro-
channel is approximately 120 um (top) and 470 (bot-
tom), and the microchannel height is 45 pum. The
configuration of the test specimen is shown in Fig. 3(b).

(a) Data Acquisition

Digital Oscilloscope and Control

3. Experimental test facility and procedures

The experimental test facility is illustrated in Fig. 4,
and includes a water circulating unit, a heating unit, a
data acquisition unit, and the test section. Deionized,
distilled water is pumped from a tank by a micropump
and flows successively through a valve, a 2 um filter, a
flow rate sensor, a Plexiglas support in which a pressure
transducer and a thermocouple have been inserted and
finally to the test specimen. The heating unit utilizes a
DC power supply and an electronic control circuit, with
which the total voltage input supplied to the microheater
can be adjusted and controlled, and through which the
trigger signal can be produced. This trigger signal acti-
vates the data acquisition unit, which is comprised of a
digital oscilloscope to monitor and record the inlet pres-
sure from the pressure transmitter, a flow sensor to
determine the flow rate, and a voltage input transducer
to control the microheater. A microscope with the max-
imum magnification of 500x and a high-speed digital
CCD camera with a maximum recording rate of 2000
fps were used to observe and record the flow patterns
occurring in the microchannels. The test section
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Fig. 4. The experimental system. (a) Experimental test facility and (b) resistance measurement circuit.
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included a Plexiglas support, to hold the chip and to
monitor the pressure and temperature; a Petri-dish catch
vessel, to measure the mass flow rate; and the fabricated
test specimen. The uncertainties of the flow sensor, the
pressure transmitter, and the balance used to determine
the flow rate, have been determined to be + 1%, £ 0.2%
and + 0.01%, respectively.

The temperature of the microheater was obtained
from the relationship between the temperature and the
resistance. The resistance measurement of the micro-
heater during the experimental tests are shown in
Fig. 4(b). By placing the microheater in the thermal bath
and/or on a hot plate, and isolating it with a cover to re-
duce the oscillation of the temperature, the relationship
between the resistance and the temperature of the micro-
heater can be determined and calibrated. The result of
this calibration procedure is shown in Fig. 5. A linear
fit was applied to the calibration data and the gradient
of the curve fit was 0.00379 Q/°C, as shown in Fig. 5.
The temperature difference between the two thermocou-
ples attached to the microheater specimen used for cali-
bration was limited to less than 0.1 °C difference and the
accuracy of the digital multimeters was maintained at
four significant digits during the microheater sensor cal-
ibration. The calibration results indicated a relationship
between the bulk temperature and the resistance of the
microheater given as

Rt (Toui) =Ro - f[Rpt(Touik)]
—1.6361 x [1+0.002316 - (Toux —273.15)] (1)

As discussed in the introduction, the vapor nucle-
ation temperature and the two-phase flow patterns
under different liquid flow rates are the principal topic
of interest in this investigation. An approximate temper-
ature rise rate of 10 K/s in the microheater was estab-
lished to heat the liquid with a prefixed constant flow

2.4
—=— Sample
Linear Fit of Calibration

£ 224
£
e
O
c
& 2.0+
2]
‘B
[0}
14
=
L 1.8
@
7}
e

1 oﬁ T ¥ T

20 40 60 80 100 120 140 160 18O
Temperature (°C)

Fig. 5. Calibration of the microheater test article.

rate. Once the boiling had been initiated, the total volt-
age input was kept constant in order to explore the
vapor stem behavior and two-phase flow pattern.

4. Experimental results
4.1. Low mass flow rate and bubbly flow

Fig. 6 illustrates the variation of the power consumed
and the bulk temperature of the microheater as a
function of time for a flow rate of 35g/mm’min
(Rep =37.1), and a power input of approximately
0.43 W. At these conditions, a stable bubbly flow was
observed in the microchannel and the boiling incipience
temperature was found to be 210 °C for this relatively
low mass flow rate. As shown, once the boiling incipi-
ence temperature had been reached, the temperature of
the microheater decreased slightly due to the enhanced
heat transfer resulting form the phase change. As the
size of the vapor bubble increased, the temperature of
the microheater increased, until the heat power input
and vapor generation rate had reached equilibrium. As
the temperature of the microheater increased, the resis-
tance also increased, and thus the voltage drop across
the microheater increased (refer to Fig. 4(b)). This
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Fig. 6. Variation of the power consumed and the bulk
temperature of the microheater as a function of time for a flow
rate of 35 g/mm’min.
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resulted in a concomitant increase in the power
consumed by the microheater.

Fig. 7 presents photomicrographs of the vapor gener-
ation and bubble dynamics recorded using the high-
speed digital imaging system. As illustrated in
Fig. 7(a), immediately following the onset of boiling,
i.e., at a time of 0.004 s the rate of bubble growth accel-
erated rapidly. This can be attributed to the vapor explo-
sion occurring on the smooth surface of the heater. As a
result of the non-equilibrium that exists between the
internal vapor pressure and the surrounding liquid, the
vapor bubble (or vapor column) grows steadily from a
dynamics governing stage (< 0.048 s) to a heat transfer
governing stage (>0.048 s). When the surface tension is
no longer sufficient to withstand the stresses exerted by
the flowing liquid on the bubble interface, the main
vapor column detaches from the microheater and is swept
away by the liquid flow. The remaining vapor on the
microheater then serves as the origin for the next bubble,
as shown in Fig. 7(b). Prior to detachment, the bubble is

/

0.004s

0.028s 0.048s

0.136s
(a)

0.164s

stretched into a long tear-like shape and then ultimately
progresses to a gourd shape due to the surface tension.
This cycle of bubble growth and detachment continues
at regular intervals and appears to be quite stable.

4.2. Moderate mass flow rate and wavy flow

If the mass flow rate of the liquid is increased to a
moderate flow rate or approximately 112 g/mm’min
(Rep = 117.6) and the input power is incremented to a
value of 0.6 W, a stable wavy vapor column is formed
in the microchannel. Fig. 8 illustrates the variation of
the power consumed in the microheater and the bulk
temperature of the microheater as a function of time.
For these conditions, the boiling incipience temperature
was 190 °C. Following boiling incipience, the tempera-
ture of the microheater again decreased slightly, due to
the enhanced heat transfer resulting from the phase
change. As discussed previously, as the size of the vapor
bubble increased, the temperature of the microheater

0.012s 0.02s

0.112s

0.196s 0.204s

Fig. 7. High speed observation of the transient nucleation phenomena on the microheater and developing bubbly flow in the
microchannel for a mass flow rate of 35 g/mm?min. (a) Cycle I—bubble nucleation, growth and detachment from the microheater and

(b) cycle II—developing bubbly flow.
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Fig. 7 (continued)

increased, until the heat power input and vapor genera-
tion rate had reached equilibrium resulting in an in-
crease in the temperature of the microheater, which
resulted in an increase in the resistance of the micro-
heater and the concomitant increase in the power con-
sumed by the microheater. Fig. 9 presents a series of
photo micrographs of the transient vapor nucleation
phenomena occurring on the microheater at this moder-
ate flow rate and the resulting developing wavy flow in
the microchannel. The deformation of vapor column
resulting from the stresses induced by the forced liquid
flow is apparent, particularly when compared with
Fig. 7 for the low liquid flow rate. The wavy vapor col-
umn observed in Fig. 9 is formed and shaped by a com-
bination of the surface tension and the stresses exerted
by liquid flow surrounding the vapor column. The
resulting shape, which appears to be similar to a pearl
necklace with intermittent bulges and narrow regions,
is apparent in Fig. 9(a). As shown in Fig. 9(b), when
the drag on the wavy vapor column exceeds the surface

tension forces, the bulge farthest from the heater breaks
away from the main column and is carried downstream
by the surrounding liquid and another similar cycle
starts over again. Again, the fully developed wavy flow
in the microchannel is very stable and is dominated by
the surface tension. This is believed to be the first time
that this type of flow pattern in microchannel two-phase
flow has been reported in the literature.

4.3. High mass flow rate and annular flow

Continued increases in the mass flow rate up to
584 g/mm”min (Rep = 610.6) with a power input of
0.7 W to the microheater, results in a stable annular flow
pattern in the microchannel. Fig. 10 illustrates the varia-
tion of the power consumed in the microheater and the
bulk temperature as a function of time. The measured
boiling incipience temperature was 145 °C for this high
mass flow rate. It should be noted that because the up-
stream liquid is subcooled and the measured temperature
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Fig. 8. Variation of the power consumed and the bulk
temperature of microheater as a function of time for a flow
rate of 112 g/mm2 min.

is the bulk temperature of the microheater, the measured
value does not represent the true boiling incipience
temperature. The true incipience temperature is the tem-
perature that occurs within the hottest region of the
microheater surface. This value can best be determined
by a verified 3D heat transfer numerical simulation
under the same mass flow rate and the input power
conditions.

As was discussed in the previous cases, the tempera-
ture of the microheater decreased slightly following the
onset of boiling and then increased until steady state
was reached. The flow pattern or regime is illustrated
in Fig. 11, which illustrates the transient vapor nucle-
ation phenomena on the microheater and the developing
annular flow in the microchannel. This annular vapor
column is initiated by a bubble-shaped vapor column
and grows quickly to form a stable annular vapor col-
umn, stretched to an elongated shape by the liquid flow-
ing around the column. When the annular vapor column
becomes sufficiently long, the drag force of the sur-
rounding liquid exceeds the surface tension and a vapor
bubble detaches from the main vapor column and flows
downstream. An interesting phenomenon was observed
when this annular flow occurred: although the down-
stream surface or interface of the vapor column was
somewhat obscure, it appears to remain open, due to
the rapidity with which the detaching vapor bubbles
are being swept away.

Additional visual observation indicated that some of
the vapor might be condensing at the downstream end of
the annular vapor column, allowing vapor and conden-
sate to flow downstream from the main vapor column
together. This is even more apparent under higher mass
flow rates. Again, however, the flow pattern was very
stable.

5. Analysis and discussion
5.1. Vapor nucleation temperature
The incipience temperature for water can be com-

puted from the classical kinetics of nucleation for differ-
ent cases [13,14]:

Homogeneous
Jhom = No (%) exp { %} (2)
Heterogeneous
CR S e B

Using Eq. (2), the superheat limit for pure water was
determined to be 265.8 °C (539 K for J=1) [13]. The
heterogeneous nucleation temperature with dissolved
gases can be obtained as described by Li and Cheng
[14], and the heterogeneous nucleation temperature on
a smooth surface with saturated, dissolved air is approx-
imately 231 °C with a contact angle of 20° for water on a
platinum surface [15].

The vapor nucleation in this study should be attrib-
uted to the vapor explosion mechanism on a smooth sur-
face and the boiling incipience temperature can be
determined from the kinetics of nucleation. However,
with the exception of the low mass flow rate case, where
the measured temperature was 210 °C, the other investi-
gated were well below the heterogeneous nucleation tem-
perature for a smooth surface with saturated dissolved
air of 231 °C.

One explanation for the difference between the theo-
retical value and the experimental results, especially for
high flow rates, is the non-uniformity of the temperature
distribution of the microheater under subcooled liquid
forced flow convection. Using a 3D heat transfer numer-
ical simulation, the temperature distribution on the
microheater surface can be explored and compared to
the theoretical value.

Previous investigations have demonstrated that the
length required for the formation of fully developed
laminar flow in channels, L, can be estimated as [LTi =
0.057Rep [16]. In the current experimental investigation,
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Fig. 9. High speed observation of the transient nucleation phenomena on the microheater and wavy flow developing in the
microchannel for a mass flow rate of 112 g/mm?min. (a) Phase I—vapor nucleation and developing wavy flow. (b) Phase 11—

developed wavy flow.

the upstream length was more than sufficient to
ensure that the flow was fully developed, well before it
reached the microheater. Fig. 12 illustrates the cross-
sectional temperature distribution at z=0 for three
different flow rates and power inputs (note, the heater
is located between 2.05 and 2.15 mm at the bottom of
the channel as shown in Fig. 3(b)). Fig. 13 shows the
local temperature distribution on the bottom surface

of the channel and the microheater when the bulk tem-
perature of the microheater agreed with the measured
result. It is apparent here that the highest temperature
on the microheater surface for different mass flow rates
and input powers is somewhat higher than the average
bulk temperature with the level of temperature nonuni-
formity dependent upon the mass flow rate of the liquid
and the highest temperature is approximately 240 °C for
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Fig. 10. Variation of the power consumed and the bulk
temperature of microheater as a function of time for a flow
rate of 584 g/mm*min.

the low mass flow case and 250 °C for the high mass flow
case, which is very close to the theoretical value of
231 °C. From this comparison, it is apparent that for a
transient heating process, the vapor nucleation tempera-
ture will be close to or perhaps higher than the theoret-
ically predicted value based upon the kinetics of
nucleation.

5.2. Mechanism of two-phase flow patterns in
microchannels

As previously discussed, the liquid—vapor two-phase
flow patterns existing in small tubes and microchannels
is an area of considerable controversy. Several different
two-phase flow pattern maps in tubes have been pro-
posed or developed by different investigators [17-21].
The underlying mechanism that governs this behavior,
however, is still not well understood even in conven-
tional tubes. As depicted in the previous sections, most
of the currently available literature indicates that the
flow boiling or flow condensation in microchannels is
a highly unstable phenomenon that fluctuates signifi-
cantly under initial constant conditions. The current
investigation however indicates that the flow patterns,
while significantly different are each individually stable.

After carefully examining the high-speed images and
the time related temperature data a 3D vapor column

shape analysis was developed as depicted in Fig. 14. It
is well understood that the shape of a liquid—vapor inter-
face is determined by the associated forces acting upon
it. Principal among these is the surface Young-Laplace
equation,

1 1
PV—Pl—G(R—O-i‘]Ti)[:LZ (4)

where P, and P, are the local vapor pressure and liquid
pressure, respectively; and Ry is the principal curvature
of the vapor column, which depends on P, and P
The secondary radii of curvature, R; and R,, represent
the curvature of the interface at different locations and
is less sensitive to the pressure than Ry by comparison.
These values, R; and R,, however, are closely related
to the velocity of liquid and the rate of vapor generation.
Conditions must also be such that R; and R, satisfy the
stability of the thin evaporating liquid film, assuming
that the surrounding liquid is a moving liquid film on
the order of tens to hundreds of microns thick. If the
fluid is a charge-neutral dielectric liquid [22], the govern-
ing equation for the liquid film is,

p(V+V-VV) = —VP — V¢ + uV?v (5)

where v is the liquid velocity vector; P denotes the pres-
sure in the liquid; A¢ is an extra body force that models
the van der Waals attractions; and ¢ is the potential
function, which represents the van der Waals forces
and depends on the shape of the film layer,

¢ = ¢(h) = ¢h(R:),_, ] (6)

The shape of the film can be expressed as a function
of the second curvature of the interface R;. Combining
Eq. (5) and the continuity and energy equations will re-
sult in the long-wave theory, which can be used to derive
the profile of the liquid film under different situations
(heating or cooling) [23]. A more detailed analysis is be-
yond the scope of this work. Summarizing and referring
to Figs. 7, 9 and 11, respectively,

o if Ri=R,=o00 and Ry # 0, and P, is large (R is
small), the flow is annular flow,

e if Ry~ R, # 0and Ry # 0, and P, is moderate (R is
moderate) the flow is wavy flow,

o if R| # Ry (R, > Ry) and Ry # 0, and P, is small (Rg
is large), the flow is bubbly flow.

Furthermore, for bubbly flow, the detachment diam-
eter of the bubble and the detachment frequency are
connected to the bubble dynamics and the bubble shape
evolution in a flow [24]. In addition, P, is the vapor
pressure and is connected to the speed of vapor gener-
ation and the speed of vapor detachment from the main
vapor column: the higher the vapor pressure P,, the
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Fig. 11. High speed observation of the transient nucleation phenomena on the microheater and annular flow developing in the
microchannel for a mass flow rate of 584 g/mm?>min.
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Fig. 12. 3D numerical results of the cross-sectional temperature distribution at z = 0 for different flow mass rates and input powers.

(a) Low mass flow rate: 35 g/mm”min, (b) moderate mass flow rate: 112 g/mm>min, (c) high mass flow rate: 584 g/mm’min.
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Fig. 13. 3D numerical results indicating the local temperature
distribution on the top surface of the microheater for different
mass flow rates with an averaged bulk temperature of (a) 210 °C
for 35 g/mm*min, (b) 190 °C for 112 g/mm*min, (c) 145 °C for
584 g/mm”min, respectively.

faster the movement of the vapor. The vapor pressure,
P,, is also connected to the temperature of the micro-
heater, where the higher the temperature of the micro-
heater, the higher the vapor pressure. From the
different principal curvatures, R,, of the vapor column
as shown in Figs. 7, 9 and 11 and Eq. (4), it can be de-
duced that the highest temperature of the microheater
for case 3 is slightly higher than for cases 1 and 2. This
conclusion is consistent with the 3D heat transfer
numerical simulation and the high-speed images of
the vapor detaching, for different flow mass rates and
the input power.

The principal difference between the microchannel
flow patterns observed here, and the well-accepted pat-
terns observed in macro-tubes [19-21] is that no strati-
fied flow appears to exist in the microchannels. This is
the result of the combined effects of the gravitational
body force, which is of relatively smaller significance
and the surface tension, which plays a much more
important role in the determination of the flow regime
in microchannels. These two factors, coupled with the
influence of the shape of the interface make the flow pat-
terns and flow regimes different for these two different
situations.

6. Conclusions

A new and promising experimental method is pro-
posed, developed and utilized to investigate the liquid/
vapor two-phase flow patterns in microchannels. This
new method has several distinct advantages over previ-
ously used methodologies: (i) a single channel is fabri-
cated and tested, eliminating any problems associated
with the maldistribution of the flow; (ii) the stability of
the flow is not influenced by the entrance and exit
regions of the test section, thus the nature of the two-
phase flow can be more clearly revealed; and (iii) the pre-
cise time dependent, geometric shape of the resulting
two-phase flow is clearly revealed through high-speed

Fig. 14. Two-phase flow model in the microchannel based on the stability of the thin liquid film with evaporation or condensation.
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synchronized photomicrography and temperature
measurements.

A number of conclusions result: First, the character-
istics of the heating surface can significantly affect the
boiling incipience temperature. For a very smooth sur-
face under forced flow situation, the temperature for
vapor explosion is very close to or even higher than
the theoretical value as predicted from the kinetics of
nucleation. The nucleation temperature associated with
the subcooled liquid flow rates should be studied further
to explore whether and how the flow can influence the
nucleation temperature. While adequate, the present
experimental method to measure the temperature of
the heater is not well suited for high flow rates, due to
the nonuniformity of the temperature distribution under
subcooled, forced convective flow.

The second and perhaps more important result is that
the liquid/vapor two-phase pattern in microchannels can
be identified from the present study using a local vapor
generation method. It is clear that under low mass flow
rates and low vapor generation rates, the flow will be
bubbly flow; for moderate flow rates and moderate
vapor generation rates, the flow will be wavy flow; and
for large flow rates and vapor generation, the flow is
annular flow. In all cases the various flow regimes were
stable for long periods of time.

These results are in basic agreement with the liquid-
vapor pattern maps in tubes proposed by Soliman
[19,20] and Taitel-Dukler [21], except that for the ab-
sence of stratified flow, which was not be observed in
the microchannels evaluated here. From the film stabil-
ity analysis, it is clear that increasing the liquid flow
rates can stabilize the vapor-liquid interface, which
agrees with the present experimental observations.

While providing considerable clarification and in-
sight to the behavior of these flows, considerable work
remains, to further explore the transition regions and
generate more detailed pattern maps for microchannel
two-phase flow.
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