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Abstract: In this study, flow boiling of methanol/water mixtures in a microchannel was investigated under the
conditions of constant heat flux and constant wall temperature at low Reynolds number. The heating condition had a
profound effect on regime maps of flow boiling in a microchannel. Under isothermal conditions, nucleation occurred
when the wall was slightly superheated and annular flow was quickly established. The composition of the mixture
played a minor role under isothermal conditions. On the other hand, bubbles could possibly emerge at subcooled
temperatures under the constant heat flux condition, and the rupture of the liquid film in the annular flow lead to a
unique phenomenon — sheet breakup. Because of the large deviation between the bubble point and dew point, sheet
breakup spanned a very high superheat for mixtures with mole fractions of 0.07 and 0.3. As a result, the superheat
associated with the transition to mist flow was elevated, and the critical heat flux (CHF) was increased. In contrast,
annular flow barely persisted for mixtures with a mole fraction larger than 0.7. The low surface tension made it difficult
to maintain the vapor-liquid interface and nucleation directly burst into sheet breakup or mist flow.
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Introduction

Technologies for semiconductor microfabrication
were used to reduce the size of the devices in order to
develop MEMS (MicroElectroMechanical Systems) The
miniaturization provided several benefits, such as better
portability, minimum volume, lower power consumption,
and faster response time. Recent research had shown that
the boiling process in microstructures could be used in ink
ejection for printhead [1], micropump actuation [2], fuel
processing in a uDMFC (Micro Direct Methanol Fuel Cell)
[3], and electronic cooling [4, 5].

The characteristics of two-phase forced convective
in micro devices have attracted considerable
attention in the past decade. Zhang et al. [6] successfully
fabricated microchannels on silicon wafer with
implanted resistors to conduct flow boiling experiments.
In their study, deionized water was used as the working

flow
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fluid and the hydraulic diameters of microchannels were
31 um and 58 pm. The results showed that pressure
increased dramatically after the onset of boiling, and
boiling occurred without excessive superheating. Later,
Zhang et al. [7] broadened the hydraulic diameter range
of the tested microchannels (27 um to 171 um), and
purposely varied the surface roughness of the
microchannels to examine its effects on the boiling
mechanism. Two bubble formation mechanisms were
identified: typical nucleation and eruption boiling. For
diameters larger than 100 um, typical nucleation was
observed. As the diameter fell below 50 pum, a fast
oscillating interface erupted and extended in the
longitudinal direction to produce a two-phase mist
downstream. Jiang et al. [8] presented experimental
results of forced convective boiling in triangular
microchannels with hydraulic diameters of 26 um and 53
pm. One distinct characteristic they observed was that
there was no boiling plateau in the boiling curves,
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indicating the temperature slope decreased with
increasing input power. Qu and Mudawar [4] further
explored the heat transfer characteristics of flow boiling in
two-phase microchannel heat sinks and found a similar
trend. As vapor content increased, the heat transfer
coefficient decreased. Qu and Mudawar [4] pointed out
that the deterioration of heat transfer was ascribed to the
droplet entrainment and deposition within the annular
flow region. To address the discrepancy of flow boiling
heat transfer in microchannels and macrochannels,
various investigations had proposed new correlations and
good agreement was achieved [4, 9-11]. Yet no report was
found to validate their applicability to flow boiling in
microchannels with hydraulic diameters smaller than 300
pm at a Reynolds number lower than 12.

At the macroscale, mixtures such as ethylene
glycol/water or refrigerants are commonly used as
working fluids in phase-change processes. Despite their
broad applications in industry, few studies have explored
the role of the composition in microscale convective
boiling heat transfer. Because the more volatile
component prefers to evaporate at the vapor-liquid
interface, properties varied in the streamwise direction
and nucleation was suppressed. As a result, the flow
boiling characteristics of binary mixtures could be very
different from those of pure fluids. The pioneering work
by Peng et al. [12] investigated the flow boiling heat
transfer characteristics of methanol/water mixtures in
microchannels. Machined from stainless steel substrates,
microchannels with hydraulic diameters varying from 133
pum to 343 um were used to explore the effects of channel
configuration, flow velocity, and concentration on
microscale flow boiling. Peng et al. [12] found that there
is an optimum concentration to achieve maximum heat
transfer. Moreover, concentration showed stronger
influences on heat transfer coefficients during the initial
stage of flow boiling, but became less important when
fully nucleate boiling regime was reached. Adding small
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quantities of surfactant into water, Zhang et al. [7]
examined the impact of surface tension on flow boiling in
microchannels. Their results found no apparent reduction
of wall superheat when surface tension was decreased,
and eruption boiling was still observed in the 44 um
diameter channel. Taking a different heating strategy,
Haendler et al. [13] observed the flow boiling phenomena
of methanol/water mixtures in silicon serpentine
microchannels. By immersing the device into a mineral oil
bath and placing it on a hot plate, phase change occurred
under isothermal heating conditions. Haendler et al. [13]
found no eruption meniscus for the binary system. Rather,
the liquid-vapor interface extended along the
microchannel, and better interface stability was observed
at high superheats for methanol/water mixtures. These
results suggest that the heating condition also plays a very
important role in flow boiling characteristics.

The present study focused on comparing convective
boiling of methanol/water mixtures in a microchannel at
a low Reynolds number under different heating conditions:
constant heat flux and constant wall temperature. Four
different designs of the straight microchannels were used:
the widths were 100 um and 150 um, and artificial cavities
with a diameter of 12 pm were added to the bottom of
the microchannels by DRIE (Deep Reactive lon Etching).
The tested mole fraction of methanol in water were 0
(pure water), 0.07, 0.3, 0.5, 0.7, 0.9, and 1 (pure
methanol). The flow rate of the working fluid was set to
0.02 ml/min so that the corresponding Reynolds numbers
were smaller than 12.

Experimental Setup

This study conducted flow boiling in a microchannel
with widths of 100 um and 150 um. Two different types of
microchannels were used: with and without cavities. For
microchannels with artificial cavities, the bottom surfaces
were treated to produce cavities with a depth of 30 um, a
radius of 12 pum and a pitch of 48 um. For all
microchannels, the length between the centers of the two
fluidic ports was fixed at 16 mm, and the channel depth
was 150 um. The microchannel devices were fabricated
from a 525 um thick double-sided polished silicon wafer
using micromachining techniques. Initially, a 1.3 um thick
layer of silicon oxide was deposited on the topside of the
wafer by PECVD (Plasma Enhanced Chemical Vapor
Deposition). The wafer was then turned over to perform
the initial photolithography on the wafer’s backside. This
8.7 um thick photoresist (AZ P4620, Clariant) defined the
fluidic ports and served as the etch mask for the first DRIE
(Deep Reactive lon Etching) step. After the completion of
the first DRIE step, the remaining photoresist was
removed and the wafer was flipped again for the topside
processes. To open up the windows defined by the
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artificial cavities, the silicon oxide layer was patterned by
the second photolithography step and etched by the first
RIE (Reactive lon Etching) step. After removing the
remaining photoresist, another 8.7 um thick photoresist
was spun on and patterned by the third lithography step
which defined the microchannels. By exploiting the oxide
layer as the etching mask, the second DRIE step etched
down 30 um to produce the artificial cavities. The exposed
oxide was then removed by the second RIE step, leaving
the remaining photoresist as the only etch protection
mask. The third DRIE step was performed to define the
150 um deep microchannels and complete the through-
wafer ports. After cleaning up the photoresist and the
oxide layers, the silicon wafer was anodically bonded to a
Pyrex glass substrate to allow flow boiling visualization.
Figure 1 shows the detailed dimensions and the SEM
(Scanning  Electron  Microscopy) images of the
microchannels after the microfabrication processes. The
20 um wide slits along the left side of the microchannel
were arranged 50 um apart to gauge the length scale
during the experiments.

(b)
Figure 1. (a) CAD sketch with detailed dimensions and (b) SEM images of
the microchannels.

Figure 2 shows the schematics of the experimental
setup for different heating conditions, along with the
configuration and typical readings of the temperature
measurements. The apparatus was composed of the
microchannel device, the heating system, the fluidic
circuits and the data acquisition system. To realize
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isothermal  microchannel wall conditions, the
microchannel was immersed in a silicone oil bath on a hot
plate (HP-203DN, Yeong-Shin) as shown in Fig. 2 (a). To
ensure thermal uniformity, the bath was constantly stirred
and its temperature was regulated by the PID
(proportional-integral-derivative) controller of the hot
plate. The maximal temperature deviation of the hot plate
was +1°C. However, the temperature variation of the oil
bath would be much smaller than that due to its large
thermal mass. A mercury-in-glass thermometer with a
precision of 0.1°C (N60020, Amarell) was also used to
monitor the bath temperature. In addition, the inlet and
outlet temperatures of the working fluid were measured
by T-type thermocouples.

To supply constant heat flux to the microchannel
wall, a heater element made of ANSI304 stainless steel
was used to hold the two electric cartridge heaters. The
detailed dimensions of the heater element are provided in
Fig. 2 (b). The cartridge heaters were connected to a
power supply with adjustable output. As shown in Fig. 2
(c), six T-type thermocouples were embedded in the
square cross-sectional upper portion of the heater
element. Four of them were aligned vertically with a pitch
of 12 mm. The measurements of these thermocouples
were used to determine the input heat flux g” and the wall
temperature Th by the least-square fit and the Fourier Law:

7;] — =1 4/:1 1:14 i > (13)
4y} —(ZE,,)
. e
aYET-2EDT,
qll — k i i=1 i=1 (1b)

where k is the thermal conductivity of ANSI304 stainless
steel, and E; and T; are respectively the position and the
temperature reading of the i" thermocouple. Typical
temperature  readings from  vertically aligned
thermocouples were plotted against the distance from the
top surface of the heater element in Fig. 2 (d). The
temperature distribution exhibited excellent linearity in
the heater element among the different flow boiling
regimes so that Fourier Law was valid to estimate g” and
Th. In addition, horizontally aligned thermocouples (T4, Ts
and Te) were used to monitor the temperature uniformity
along the flow direction of the microchannel. Typical
temperature readings from these three thermocouples
are shown in Fig. 2 (e), demonstrating a very small degree
of deviation. For the binary mixtures, the wall superheat
ATh was defined as the temperature difference between
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the wall and the bubble point: AT, = Th — Tpp. Once q” and

10 mm
ATy were known, the heat transfer coefficient h can be inlet outlet
determined: h = g”/ATh. The nearest thermocouple was 3 Top View
. RIS
mm from the top face of the heater element with two ToT:Te
more thermocouples arranged 4 mm away on each side. PMMA mizf&fi'gédic
Measurements from these three thermocouples were PDMS
monitored to examine the temperature variation of the [ a'“g}‘;?e“m
heated surface along the flow direction of the | TsT.T » |
microchannel. The temperature discrepancy on the oT
. fluidic tubing 2
heated surface was found to be negligible. The
microchannel device and the heater element were held e oT, outlet
: Side View
together by spring clamps. To reduce thermal contact
resistance, thermal grease (KP92, Apus Technology) with oTs
]
. o . —
a thermal conductivity of 10 W/m-°C was applied. For heater
both heating conditions, a syringe pump (kds210, element
kdScientific) was used to deliver the working fluid to the
microchannel. We used methanol/water mixtures as the
working fluid. The mole fractions of methanol in the water
1 1
tested were 0 (pure water), 0.07, 0.3, 0.5, 0.7, 0.9, 1 (pure insert cartridge
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Prior to the experiments, the working fluid was pre-
boiled for several minutes to eliminate dissolved gas. The
flow rate was set to 0.02 ml/min. Depending on the
mixture content, the corresponding Reynolds number
varied between 5.3 and 11.5 for the 100 um wide
microchannel, and between 4.4 and 9.6 for the 150 um
wide microchannel. The pressure difference between the
inlet and outlet of the microchannel was measured by a
differential pressure transducer (DP103, Validyne)
connected to a demodulator (CD23, Validyne). The raw
measurements of temperature and pressure were taken
and recorded by a PC-based data acquisition system with
LabVIEW (National Instruments). During the experiments,
the flow boiling process in the microchannel was recorded
by a 30 fps CCD camera (CV-S3300, jai).

Table 1. Overall uncertainties.

Quantity Overall uncertainty
Wall Superheat +1.5°C

Input Heat Flux +7%

Pressure Difference +7.4 Pa

Volumetric Flow Rate +2%

Mole Fraction +0.0008%

Heat Transfer Coefficient +7.1%

Table 1 lists the overall uncertainties of the
measurements and calculated quantities in this study.
Considering the error propagation [14], the relative
uncertainty of heat transfer coefficient U,/h was

determined by

(%) (%]

where the relative uncertainty of superheat U,; /AT,

1/2

()

was given by

(3)

The uncertainty of the bubble point Upr was about +1%.
As seen in Fig. 2(d), the uncertainties of the wall superheat

Urh and heat flux Uq-. depend on the linear regression of
the temperature readings. Therefore, Urh could be

expressed as
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(4)

1/2

And U,. was the product of the thermal conductivity k

and the uncertainty on the slope of the fitted line:
2

In Egs. (4) and (5), U, and U. were respectively the
overall uncertainties of the temperature measurement
and the location of the thermocouple. Since the input
heat flux was determined by the least-squares regression
of temperature readings, uncertainties regarding the
thermocouple locations, i.e., machining precision, were
propagated through calculation. As a result, the
uncertainty of the input heat flux was relatively high.

Methanol /Water Mixtures

The working fluids in the present study were
methanol/water mixtures. These particular fluid mixtures
were chosen because of their high dependency of surface
tension on concentration. Methanol/water mixtures were
categorized as positive mixtures, where the more volatile
liqguid had a lower surface tension. For a given mole
fraction, the bubble-point and the dew-point
temperatures of the mixtures could be estimated from the
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liquid-vapor phase equilibria [15]. According to Raoult’s
law, the saturation pressure of the mixture P is given by

P=xy,P, o +(1=X)V,P

2, sat (6)
where x is the mole fraction, and Pist and Pysat are
respectively the saturation pressures for pure methanol
and water. Pisa and Pasa are temperature dependent.
Herein, y1 and y: are the activity coefficients of the binary

mixture which could be calculated from Wilson’s equation:

Iny, =—In[ x+A,, (1-x) |+ (1-x)-

Ao, (72
| X+A,(1-x) Ayx+(1-x)

Iny, =—In[ (1-x)+A,,x]-x-
A, Ay (7b)
| X+AL(1-x) Aux+(1-x)

The constants A1z and A2: are taken from the literature
[16]. Given the condition that the saturation pressure at
the bubble point should equal to the system pressure, the
bubble-point temperature could be determined iteratively
from Raoult’s law. Similarly, the dew-point temperature
could be estimated by replacing x in Egs. (6), (7a), and (7b)
with the vapor mole fraction y, which was given by

y:%

1, sat

P

(8)

Under a pressure of 1 atm, Fig. 3 illustrates the
phase equilibrium diagram and the variation of the
equilibrium contact angle on a clean silicon wafer with the
mole fraction. The equilibrium contact angle was
measured using an image of a sessile drop of
methanol/water mixtures at the point of intersection
between the drop contour and the projection of the
surface of a new silicon wafer without cleaning.
Conventionally, y and x are respectively referred to as the
vapor and liquid mole fraction of the more volatile
component (methanol). For methanol/water mixtures,
the dew-point temperatures Tq are always higher than the
bubble-point temperatures Tu,, and both of these
temperatures are strongly concentration-dependent. As
shown in Fig. 3 (a), the maximal temperature difference
between the bubble point and dew point is approximately
15°C at x = 0.3. On the other hand, Fig. 3 (b) shows that
the static contact angle decreased from 52.4° at x = 0 to
5.6° at x = 0.9. For pure methanol, the contact angle was
too small to be measured. For experiments, the chosen
mole fractions of methanol in water were 0 (pure water),
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0.07,0.3,0.5,0.7,0.9, and 1 (pure methanol). The physical
properties of the methanol/water mixtures were
evaluated based on the methods and information
provided by Ohe [16], Poling, et al. [15], and Yaws [17].

110

=
o
Q

Ty

temperature (°C)
(o)
Q

Ty

0.2 0.4 0.6 0.8 1.0

liquid mole fraction of methanol in water x
(@)

(o2}
o

BN W b oa
e Q2 2 2

o

equilibrium contact angle (degree)

0.0 0.2 0.4 0.6 0.8 1.0
liguid mole fraction of methanol in water, x
(b)

Figure 3. (a) Phase equilibrium diagram at 1 atm, and (b) the variation of
equilibrium contact angle with mole fraction for methanol/water
mixtures on a silicon wafer. The solid curve was a best fit to the data.

According to the Hsu model of onset of boiling,
whether the cavity was active depended on the wall
superheat AT, and the thickness of the thermal boundary
layer 6: [18]. If the bulk liquid reached its saturation
temperature Tsat at a given liquid pressure P, the size
range of active sites could be predicted by

r
c,max :é 1+|1
rc,min 4

where remax and remin Were respectively the upper and
lower bounds of the radius of the active cavities, while py
and hy were respectively the vapor density and the latent
heat of vaporization of the working fluid. Near the wall,
the thermal layer thickness could be approximated as ki/h,
where ki and h are respectively the thermal conductivity

B 12.80T53t(P.)T2 o)

pvhlvé‘tATh
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of liquid and the heat transfer coefficient. According to
Peng et al. [12], the heat transfer coefficient is about 4000
W/m?2-°C for flow boiling in microchannels. If we assumed
a wall superheat of 3°C was needed to initiate and sustain
nucleate boiling, the ranges of active sites are 9.8-75 pum
for water and 2.9-21 um for methanol at 1 atm. This study
uses a cavity radius of 12 um in the microchannel design.

Results and Discussions

For convective boiling in microchannels at low
Reynolds numbers, the typical sequence of flow regimes
was observed and depicted in Fig. 4. Slug flow manifested
near the incipience of boiling. In the slug flow regime,
bubbles appear from the edge of the microchannel or the
artificial cavities. As bubbles grow, they quickly coalesce
into vapor slugs that are carried away by the flow. With
the increase of quality, the vapor slug grew in length and
the length of the liquid section between adjacent vapor
slugs decreased. As a result, vapor slugs emerged at a
higher frequency. Eventually, a continuous vapor core was
observed and the flow pattern transformed into the
annular flow regime. In the annular flow regime, the vapor
core was surrounded by a thin liquid film wetting the
circumference of the microchannel. The vapor-liquid
interface fluctuated frequently in the transverse direction,
exhibiting transient characteristics. Entrainment of fine
droplets in the vapor core was also observed. A further
increase of the quality resulted in the thinning of the
liquid film. Ultimately, the surface tension was unable to
maintain the vapor-liquid interface, and the liquid film
ruptured into several small patches on the wall. The small
liquid blobs quickly evaporated and disappeared, but the
vapor flow would introduce more liquid chunks. This
phenomenon is referred to as the sheet breakup regime.
Once liquid patches were dried out, the microchannel was
completely occupied by mist and the mist flow regime was
achieved. Figures 5 and 6 respectively illustrate the
influences of the mole fraction on the flow boiling regime
under the isothermal microchannel and constant heat flux
conditions. The wall superheat was defined as the
temperature difference between the heated surface/oil
both and the bubble point. Each data point indicates the
superheat associated with the transition of two regimes
for a given mole fraction. The solid symbols label the cases
of the plain microchannels while the open symbols mark
the cases of the microchannels with artificial cavities.
Comparing Figs. 5 and 6, we find that the heating
condition had a profound effect on the regime map of
convective boiling in the microchannel. Under isothermal
conditions, the configuration of the microchannel had
little impact on the regime map of flow boiling as depicted
in Fig. 5. In addition, boiling only initiated when the wall

@ www.ausmt.or,

75

Chen-li Sun, Ming-Hsien Shi, and Chuan-Yu Wang

temperature slightly exceeded the bubble-point
temperature, and the wall superheat associated with the
onset of heterogeneous nucleation was not influenced by
the mixture composition. Similar to the phenomena found
under the constant heat flux condition [18], the bubble
stopped or even reversed its movement direction due to
the large evaporating momentum force under the
isothermal wall condition (See videos S1 and S2). In
contrast, Fig. 6 demonstrates that the bubble could
possibly emerge when the wall was still subcooled under
the constant heat flux condition, especially for pure water
(x = 0) and methanol/water mixtures of x = 0.5 and 0.7 in
the 100 um wide microchannel. For W = 150 um, there
was no slug flow regime and the annular flow regime
immediately emerged once boiling commenced. As a
result, incipience of boiling always occurred when the wall
temperature was above the bubble point for W =150 um.
The only exception was water. Due to its large surface
tension, gas could be easily trapped in some of the cavities
on the surface or corners of the microchannel during the
filling process. Therefore, the appearance of growing
bubbles under subcooled conditions was inevitable for
pure water. In the 150 um wide microchannel, placing
artificial cavities on the bottom surface also helped to
reduce the superheat associated with the onset of boiling
for x=0.5and 0.7.

regime
transition

single phase nuc_lgate
liquid flow boiling

sheet
slug flow breakup

annular flow mist flow

—_—
flow direction

Figure 4. Flow boiling regimes in the microchannel.

Due to the limited space in the microchannel, slug
flow only extended up a few degrees of superheat, and
annular flow was quickly formed as the slug bubble
expanded. Under the isothermal condition, annular flow
regime was presented in a wide range of wall superheat
for all mole fractions. We found that the superheat span
associated with the annular flow regime shrank as the
mole fraction increased. However, annular flow barely
existed for mixtures with high contents of water or
methanol (x=0, 0.1, 0.9 & 1) when the microchannel was
heated under the constant heat flux condition. Rather, as
the elongated bubble moved downstream, evaporation of
the liquid film directly resulted in locally intermittent or
sustained dryout of the wall, followed by sheet breakup or
mist flow.

Sheet breakup was found to be unique to the
constant heat flux condition (See Video S3). Because sharp
edges might pinch the liquid-vapor interface and crevices
help to retain liquid patches, the sheet breakup regime

could survive at much higher wall superheats in
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microchannels with artificial cavities for mixtures with
higher water content (x = 0.07 & 0.3). At x = 0.07, adding
the artificial cavities extended the upper bound of the
superheat associated with the sheet breakup regime from
16°C to 43.7°C in the 100 pm wide microchannel.
Nevertheless, this effect diminished and the opposite was
found for x > 0.5. We speculate that the features on the
dimpled surface could be regarded as fins such that the
extended surface helped to enhance heat transfer and
decrease the upper bound of superheat for sheet breakup
by approximately 10°C. For methanol/water mixtures,
both the surface tension and the latent heat of
vaporization decreased as mole fraction increased.
Therefore, sheet breakup at high superheat was
controlled by interfacial forces for mixtures with low mole
fractions while heat transfer dominated for mixtures with
high mole fractions. The leverage between these two
mechanisms resulted in a prominent sheet breakup
regime for x = 0.3, as seen in Fig. 6. Another factor that
might contribute to the expansive sheet breakup regime
was the substantial difference in bubble-point and dew-
point temperatures for x = 0.3. The separation of the
bubble point and dew point allows vapor and liquid to
coexist over a wide range of temperatures, and
dramatically altered the boiling characteristics of binary
mixtures in microchannels. For the methanol/water
mixtures, the value of | Tq — Tbp| attained a maximum at a
liquid composition of x = 0.3 for which the sheet breakup
regime persisted up to 69.3°C of superheat in the 100 pum
wide microchannel with cavities. As mole fraction
increased to 0.9, the deviation of the bubble point and
dew point was below 2°C. Rapid evaporation occurred at
29.4°C of superheat and mist flow was immediately
established.

(a) W =100 um, w/o cavities (b) W =150 um, w/o cavities

mist flow mist flow

N

slug flow slug flow
single-phase liquid convection
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mole fraction of methanol in water x mole fraction of methanol in water x
Figure 5. Influence of mole fraction on flow boiling regimes under the
isothermal microchannel wall condition: (a) W = 100 pm without
artificial cavity, (b) W = 150 um, without artificial cavity, (c) W = 100 um
with artificial cavities, and (d) W = 150 um, with artificial cavities.

Although the upper bounds of the annular flow
were comparable under both heating conditions, no sheet
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breakup was observed when the microchannel was
heated under the isothermal condition. As the
temperature of the oil bath increased, the liquid flow
became unstable and oscillatory. While vapor flowed
continuously forward in the core, the surrounding liquid
was sometimes trapped by the corners of the
microchannel, resulting in high shear and a distorted
liquid-vapor interface (See Video S4). However, the liquid
film continued to blanket the microchannel wall and no
liquid patch was observed. For x = 0.3, complete dryout of
the microchannel wall was found at a superheat as low as
21.5°C in the 100 um wide microchannel with cavities,
much lower than that (ATh = 69.3°C) under the constant
heat flux condition.

80

(a) W =100 um, w/o cavities (b) W =150 pm, w/o cavities

60 mist flow

mist flow

40
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Figure 6. Influence of mole fraction on flow boiling regimes under the
constant microchannel heat flux condition: (a) W = 100 um without
artificial cavity, (b) W = 150 um, without artificial cavity, (c) W = 100 um
with artificial cavities, and (d) W = 150 um, with artificial cavities.

Depending on the heating condition, the influence
of the composition on characteristics of convective boiling
in a microchannel could be very different. Under the
isothermal condition, the increase of the mole fraction of
methanol in water decreased the superheat associated
with regime transitions, but had little impact on the onset
of nucleation. In contrast, the composition played a
prominent role in the regime map of flow boiling when the
microchannel was heated under the constant heat flux
condition. For x = 0 (pure water) and 1 (pure methanol),
each regime was maintained only over a small range of
superheat, and nucleation quickly turned into mist flow.
On the other hand, different boiling regimes extended
over wide spans of superheats when methanol was
blended with water. With the addition of even a small
amount of methanol (x = 0.07 and 0.3), the mist flow did
not emerge until the superheat was very high. This was
particularly evident when flow boiling took place in the
microchannel with cavities. A high methanol content (x =
0.9) made it difficult to sustain slug flow or annular flow in
a microchannel with cavities. Instead, nucleation led
directly to mist flow or sheet breakup regime. This was
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ascribed to the reduction of the contact angle and surface
tension at high mole fractions. To make the artificial
cavities effective, air or vapor had to be trapped in the
crevices. The idealized vapor trapping processis illustrated
in Fig. 7 [19], from which the condition for vapor
entrapment in the cavity could be stated as

6,4, >tan*(2r,/D,) (10)

where Jaqv is the contact angle of the advancing liquid
front, and rc and Dc are respectively the radius and depth
of the artificial cavity. In our microchannel design, rc = 12
pm and D¢ = 30 um. Therefore, $agv had to be larger than
38.7° to successfully trap vapor in the cavity. As shown in
Fig. 3 (b), the contact angle decreased as mole fraction
increased, and so did the surface tension. Hence, it is
difficult to have active nucleation sites for mixtures with
large mole fractions. From Fig. 3 (b), the static contact
angles were smaller than 15° for both x=0.9 and 1 on the
silicon surface. Even though the advancing contact angle
was usually larger than the equilibrium contact angle due
to contact angle hysteresis, neither slug flow nor annular
flow regimes were observed for x > 0.7. Instead, the weak
surface tension resulted in a burst of mist flow or sheet
breakup once boiling was initiated.

top view side view

advancing
liquid
-—

cavities

cavity

Figure 7. Idealized model of vapor trapping process in artificial cavity.

Figure 8 shows the boiling curves for flow boiling of
methanol/water mixtures with various mole fractions in
different microchannels under the constant heat flux
condition. Unlike the results of Liu and Garimella
conducted at much higher mass fluxes [20], the boiling
curves only experienced a small jump when nucleation
occurred, i.e., a moderate change in slope was observed
at boiling incipience. Although heat flux continued to
increase with the superheat, the slopes remained nearly
consistent throughout the entire flow boiling process.
Compared to the channel width, the presence of artificial
cavities played a more important role in flow boiling heat
transfer in the microchannel. Because the surface area is
augmented by adding artificial cavities to the bottom of
the microchannel, heat transfer was actually improved.

This was particularly evident for W =100 um. On the
other hand, increased microchannel width only resulted
in a higher heat flux under single-phase liquid convection.
Once boiling occurred, nucleation dominated and the

D
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boiling curves showed no distinction. For microchannels
with artificial cavities, flow boiling in the narrower
microchannel resulted in a slight enhancement in flow
boiling heat transfer for x = 0, 0.3, and 1. It appears that
flow boiling in a narrower microchannel with artificial
cavities helps to accentuate the influence of the
composition. To further discuss this effect, we calculated
the heat transfer coefficients h from the boiling curves:

h=q"/(T,~T,,)=a"/ AT, (11)
where Th and Tpp were respectively the wall temperature
and the bubble-point temperature. The variations of the
heat transfer coefficient with the wall superheat are
shown in Fig. 9 for flow boiling in different microchannels.
We found that the heat transfer coefficient decreased as
the superheat increased. The mass fluxes used in the
current study were in the range of 14.8-22 kg/m?-s, much
lower than those used in previous studies [20-22]. Indeed,
Kew and Cornwell [21] found that the heat transfer
coefficient actually showed different trends for high and
low mass fluxes. At low mass fluxes, the contribution of
the nucleate boiling effect was relatively weak compared
to the transport in flow boiling in a microchannel. As seen
in Fig. 6, the most common regime above the bubble-
point temperature was annular flow or sheet breakup.
Both regimes produced partial dryout on the
microchannel wall, which resulted in a decrease in heat
transfer with the increase of quality [22]. In Fig. 9 (d), the
jumps are clear indications of the onset of boiling, which
is usually accompanied by enormous rises in pressure.

22
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Figure 8. Boiling curves for methanol/water mixtures in a microchannel
heated under the constant heat flux condition: (a) W = 100 um without
artificial cavity, (b) W = 150 um, without artificial cavity, (c) W = 100 um
with artificial cavities, and (d) W = 150 um, with artificial cavities.

Although the heat transfer coefficients for x = 0.07
and 0.3 nearly coincided to each other, it is clear that the
heat transfer coefficient decreases with the mole fraction.
A significant increment in heat transfer coefficients was
found for x = 0.07 compared to that for x = 1. Due to

QUSMT Vol. 6 No. 2 (2016)

Copyright © 2016 International Journal of Automation and Smart Technology


http://www.ausmt.org/

[OICILVVAW-:y[8l The Effect of Heating Conditions on Convective Boiling Characteristics of Methanol/Water Mixtures in Microchannels

additional methanol evaporation as the working fluid
flowed through the microchannel, the liquid mole fraction
deceased and the local bubble point increased in the
downstream direction. Therefore, part of the heat
transferred to the liquid was used to retain the fluid at
saturation conditions and evaporation was concealed. As
the quality increased, the vapor core was accelerated such
that the forced convective effect became more important
and the suppression of nucleation led to a decrease in the
heat transfer coefficient.
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Figure 9. Heat transfer coefficient vs. wall superheat for methanol/water
mixtures in a microchannel heated under the constant heat flux
condition: (a) W = 100 um without artificial cavity, (b) W = 150 um,
without artificial cavity, (c) W = 100 um with artificial cavities, and (d) W
=150 pum, with artificial cavities.

In this study, the CHF (Critical Heat Flux) conditions
were identified as the transition corresponding to
complete dryout of the liquid film on the microchannel
wall. The variations of CHF with mole fraction are shown
in Fig. 10. CHF was found to be strongly influenced by the
composition of the mixtures under the constant heat flux
condition. Adding methanol in water clearly heightened
the CHF, and maxima in the CHF values were found at or
near the location where |y — x| reached a maximum, as
was the case in macroscopic flow boiling [18]. For
methanol/water mixtures, the mole fraction
corresponding to a maximum value of |y — x| and | T4 —
Thp] 0.23 and 0.3, respectively. A rapid
improvement of CHF was observed for x =0.07 and 0.3. At
x = 0.3, the span of the superheat corresponding to the
sheet break regime was so wide that mist flow was always
reached at the highest superheats among all tested mole
fractions. This helped to elevate the allowable input heat
flux without burnout, and higher CHF was attained.
Consequently, maximal CHF was obtained at x = 0.3 except
the 150 um wide microchannel with cavities.

Moreover, adding artificial cavities to the bottom wall
of the microchannels helped to augment the CHF condition
for mixtures of x = 0.07 and 0.3. Since artificial cavities
tended to trap liquid, sheet breakup regime was retained at

was X =
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high superheats without complete dryout. For x = 0.07 and
0.3, CHF was increased by 51.7% and 74.7% respectively for
microchannels with artificial cavities. For x < 0.3, increasing
the microchannel width from 100 pm to 150 pm led to a
reduction in the CHF value. This was because the Reynolds
numbers or mass flux in the wider microchannel were
slightly smaller than those in the narrower ones for a given
flow rate. Near the CHF condition, heat transfer was
dominated by forced convection. Hence, the decrease in
mass flux reduced the flow boiling heat transfer. An average
decrease of CHF was 10% as the microchannel was widened
from 100 pm to 150 um.
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Figure 10. Comparison of the variations of CHF with mole fraction for
flow boiling of methanol/water mixtures in a microchannel heated
under the constant heat flux condition.

Conclusion

The effect of heating conditions on the convective
boiling of methanol/water mixtures in a microchannel is
explored and the role composition plays in the flow boiling
heat transfer characteristics is discussed. Key findings are
summarized as follows:

1. For flow boiling of methanol/water mixtures in
microchannels, the heating condition played a
significant role in the regime map. Under the
isothermal condition, heterogeneous nucleation only
occurred at superheated conditions. In contrast,
bubbles could emerge at subcooled condition under
constant heat flux conditions.

2. Mixture content strongly affected the regime map
under constant heat flux conditions, but had little
impact under isothermal conditions. Sheet breakup,
which occurred when the liquid film of the annular
flow ruptured, was uniquely observed under constant
heat flux conditions.

3. For x = 0.07 and 0.3, the extension of the sheet
breakup regime over a wider range of wall superheat
resulted in much higher CHF values.

4. Due to weak surface tensions, slug flow and annular
flow regimes rarely existed for x > 0.7. Incipience of
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boiling directly burst into sheet breakup or mist flow
regime.

Under constant heat flux conditions, no slug flow was
observed in the 150 pm wide microchannels.

In general, the heat transfer coefficient decreased
with increasing mole fraction. A slight increase of
heat transfer coefficients was occasionally observed
due to the onset of boiling. However, this
augmentation  quickly diminished at higher
superheats.

The CHF condition was elevated by having artificial
cavities in the microchannel and by decreasing the
microchannel width.
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