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Abstract

Convective boiling in transparent single microchannels with similar hydraulic diameters but different shaped cross-sections was visu-
alized, along with simultaneous measurement of the local heat transfer coefficient. Two types of microchannels were tested: a circular
Pyrex glass microtube (210 lm inner diameter) and a square Pyrex glass microchannel (214 lm hydraulic diameter). A 100-nm-thick
semi-transparent ITO/Ag thin film sputtered on the outer wall of the microchannel was used for direct joule heating of the microchannel.

The flow field visualization showed semi-periodic variation in the flow patterns in both the square and circular microchannels. Such
variation was because the confined space limited the bubble growth in the radial direction.

In the square microchannel, both the number of nucleation bubbles and the local heat transfer coefficient increased with decreasing
vapor quality. The corners acted as active nucleation cavities, leading to the higher local heat transfer coefficient. In contrast, lack of
cavities in the smooth glass circular microchannel yielded a relatively smaller heat transfer coefficient at lower vapor quality. Finally,
the heat transfer coefficient was higher for the square microchannel because corners in the square microchannel acted as effective active
nucleation sites.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Convective boiling and two-phase flow heat transfer
characteristics in microchannels have become an important
issue because they are dominant parameters in the perfor-
mance of cooling systems for electronic devices, highly effi-
cient compact heat exchangers [1], and reformers for
methane direct micro fuel cells.

Convective boiling heat transfer characteristics in mini-
channels and microchannels have recently been extensively
studied. For engineering applications, most of these studies
focused on measuring the average heat transfer coefficient h

in parallel microchannels; Ravigururajan [2] measured the
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coefficient for parallel square microchannels (0.425 mm
hydraulic diameter), and Steinke and Kandlikar [3] for
SUS304 parallel microchannels (214 lm width, 200 lm
depth and 57.15 mm length). Visualization experiments
have revealed that flow patterns vary drastically due to
the interactions between parallel microchannels. For exam-
ple, Hetsroni et al. [4] visualized convective boiling in trian-
gular parallel microchannels to study bubble growth
dynamics, and found very unstable flow field and reverse
flow, similar to the results by Steinke and Kandlikar [3].
Wu and Cheng [5] reported large variation in the flow field
and periodic variations in the flow patterns in parallel
microchannels.

These previous observations reveal that for detailed
clarification of the heat transfer mechanism in microchan-
nels, measurement of h in single microchannels with simul-
taneous visualization of the flow field is crucial to eliminate
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Nomenclature

Bo boiling number = q=ðhlv _mÞ
Cp specific heat at constant pressure (J/(kg K))
F friction factor = DP sub=

1
2 qU 2 L

Di

� �
Do outer tube diameter (m)
Di inner tube diameter (m)
hloss heat loss coefficient (W/(m2 K))
hlv latent heat (J/kg)
h heat transfer coefficient (W/(m2 K))
I electric current through the test section (A)
k thermal conductivity (W/(mK))
l axial length of the subcooled liquid region (m)
L total length of the test section (m)
_m mass flux (kg/(m2 s))
Pin pressure at the test section inlet (Pa)

Psat saturated pressure (Pa)
Q heat flux (W/m2)
Tw,out outer wall temperature (�C)
Tw,in inner wall temperature (�C)
t relative time history of flow patterns (s)
DPfl single phase pressure loss (Pa)
DPsub pressure loss of the subcooled liquid region (Pa)
DPsup pressure loss of the superheated gas region (Pa)
DPtotal total pressure loss in the test section (Pa)
ql liquid density (kg/m3)
qv vapor density (kg/m3)
x axial coordinate (m)
v vapor quality
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Fig. 1. Experimental loop.
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the effects of interactions between parallel microchannels.
However, due to the high demand for measurement accu-
racy, experimental data for single microchannels is scarce.
Saitoh et al. [6] measured the local h of single circular mini-
tubes (1.12 and 0.51 mm ID) with R-134a refrigerant, and
Yen et al. [7] measured it for single SUS 304 circular micro-
tubes (0.19–0.51 mm ID). Their experimental results show
that local heat transfer characteristics in single microchan-
nels are qualitatively similar to those in parallel microchan-
nels; namely, the local heat transfer coefficient decreases
with increasing vapor quality and is relatively unaffected
by heat flux and mass flux. Due to lack of experimental
studies on convective boiling visualization in single micro-
tubes, details of the physical mechanism and the impor-
tance of interactions between the channels still remain
unclear.

Based on experimental results by Yen et al. [7], Steinke
and Kandlikar [3], Yen et al. [7] and Kandlikar [8] con-
cluded that bubble nucleation becomes the dominant
mechanism in the heat transfer characteristics of micro-
channels. The relation between bubble nucleation and heat
transfer characteristics must therefore be clarified in detail.
Lee et al. [9] investigated the bubble growth dynamics in
single microchannels as small as 41.3 lm ID, and con-
cluded that a conventional bubble departure model for
convective boiling in conventional tubes larger than
6 mm ID cannot predict the bubble growth and that the
bubbles always nucleate from corners. Chung and Kawaji
[10] investigated the effect of circular and square cross-
sections in micro capillaries in adiabatic two-phase flow.
They found that, although only slug and annular flows
occurred in the micro capillaries, the flow maps for these
flow patterns under different liquid and gas superficial
velocities differed significantly between circular and square
micro capillaries. Namely, the transition of flow patterns
occurred at lower liquid and gas superficial velocity for
the circular capillary than for the square capillary. Based
on these previous observations, effect of cross-section
shape on the heat transfer characteristics in microchannels
is critical because corners are dominant parameters in these
heat transfer characteristics. Convective boiling experi-
ments in microchannels smaller than 0.5 mm ID have not
yet focused on the cross-section shape.

The purpose of this current study was to investigate
effects of cross-section shape of microchannels on the heat
transfer characteristics and to clarify the role of corners in
square microchannels on bubble nucleation. This was
accomplished by flow visualization experiments of convec-
tive boiling heat transfer in single microchannels that had
square or circular cross-section with simultaneous mea-
surement of local h.

2. Experimental setup

Fig. 1 shows a schematic of the flow loop used for the
flow visualization and h measurement using HCFC123 as
the working fluid. A twin plunge pump provided a mass
flux _m from 100 to 800 kg/m2s. Unlike a single plunge
pump, a twin plunge pump maintains a constant flow rate
without introducing unwanted bubbles into the test sec-
tion. The uncertainty interval in the flow rate was within
±1%.
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Fig. 2 shows a schematic of the test section. Two single
microchannels made of Pyrex glass with different inner wall
cross-sections were used as shown in Fig. 3. The circular
cross-section was 0.21 mm ID and 0.4 mm OD, and the
square cross-section was 0.214 mm in hydraulic diameter
and 1.8 mm OD. Note that the outer wall of the square
cross-section microchannel was circular and thus provided
the ideal shape for estimation of heat loss.

To heat the microchannel, a thin film of Indium Tin
Oxide (ITO) and silver was evenly sputtered to a thickness
of about 100 nm on the outer surface of each microchan-
nel. Fig. 4 shows a representative SEM photo of the
sputtered thin film. The total resistance of the sputtered
Fig. 4. Representative SEM photo of thin ITO/Ag film (100-nm thick)
sputtered on the outer wall of the test section.
microchannel was about 126 X for the square microchannel
and 650 X for the circular microchannel. The outer wall
temperature data of each microchannel were measured
using nine K-type thermocouples (25-lm OD), which was
calibrated within an accuracy of ±0.1 K, glued to the outer
surface of the microchannel using thermally conductive
silicon.

A high-speed CMOS camera (Vision Research, Phan-
tom v7) with a 5· microscope as the lens was used for
the flow visualization inside the microchannels. Fig. 5
shows a schematic of the flow visualization apparatus.
The images had a resolution of 700 · 105 pixels and were
taken at 24,000 frames/s.

3. Data reduction

The data reduction method used to obtain local heat
transfer coefficient h and vapor quality, v, was based on
a similar method used by Yen et al. [7]. First, a preliminary
heating experiment with an empty test section (i.e., no
refrigerant) was done to estimate the heat loss hloss to the
air:

hloss ¼
qloss

ðT w;out � T airÞ
; ð1Þ

where Tw,out is the outer wall temperature and Tair is the
environment temperature. Then, heat flux q (W/m2) can
be calculated as

q ¼ I2R=pDi � qloss; ð2Þ
where I2R is the Joule heating and Di is the ID of the
microchannel.

The inner wall temperature Tw,in can be solved though
the one-dimensional heat conduction equation in cylindri-
cal coordinates:

T w;in ¼ T w;out �
ln Do

Di

� �
qDi

2k
; ð3Þ

where Tw,out represents the temperature on the inner side of
the ITO/Ag deposition layer and is considered equal to the
outer wall temperature that can be measured by the ther-
mocouple, Do is the OD of the microchannel and k is the
heat conductivity of the microchannel.

The measured pressure loss can be separated into com-
ponents as
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DP total ¼ DP sub þ DP sat; ð4Þ
where DPsub and DPsat are the pressure losses in the sub-
cooled liquid region and saturated boiling region, respec-
tively. DPsub can be calculated by iteration of the
following equations (Eqs. (5)–(7)). First, l is arbitrarily as-
sumed for calculating DPsub:

DP sub ¼ f
1

2
qU 2 l

Di

; ð5Þ

where f is the friction factor for laminar Poiseuille flow, q
the liquid density and U is the bulk mean velocity. The sat-
uration pressure Psat at x = l is given by

P satðlÞ ¼ P in � DP sub; ð6Þ
where Pin is the inlet pressure. Then, the saturation temper-
ature Tsat is calculated from the saturation table of the
refrigerant [11]. Finally, the new value of l is obtained from
the energy balance asZ l

0

qðxÞpDidx ¼ _MCpðT satðlÞ � T inÞ: ð7Þ

The iterative calculation using Eqs. (5)–(7) is repeated
until the value of l converges.

The local pressure distribution Psat (x) in the saturated
boiling region is assumed to be linearly distributed along
the tube, and given by

P satðxÞ ¼ P satðlÞ � DP sat

x� l
s

; ð8Þ

Finally, h is calculated as

h ¼ q
T w;in � T ref

; ð9Þ

where Tref is the local bulk mean temperature. When the
fluid is in the saturated region, Tref is equal to Tsat, and
is derived from Psat [11].

4. Definition of average local heat transfer coefficient h

Defining the steady state in microchannels is extremely
difficult due to large fluctuations in pressure and tempera-
ture time history [3,4]. However, with the aid of a high-
speed camera, Yen et al. [12] reported that the flow field
shows semi-periodic variation in the flow patterns. There-
fore, in our study, when the deviation of such semi-periodic
variation dropped below ±5%, measurement of the wall
temperature and pressure loss was started. For both the cir-
cular and square microchannels, it took about 20–30 min
to reach this semi-periodic variation. To obtain a more
accurate averaged data, temperature and pressure measure-
ment data for h were obtained within a 1-hour time period.

Using the same technique used by Yen et al. [7], propa-
gation of uncertainties in the data reduction error in the
data reduction method described above [13] was estimated
here using ANSI/ASME PTC 19.1. According to the
estimation of the accuracy in the test sections and in the
measurement devices propagated through data reduction
procedure, the final uncertainty in h could be controlled
within ±10% in all experimental data if the wall superheat
exceeded 2.5 �C. Therefore, only the data in which the wall
superheat exceeded 2.5 �C were taken as reliable experi-
mental data in this study.

5. Experimental results

5.1. Heat transfer characteristics for different shaped

cross-sections at the same heat flux q, mass flux _m
and inlet pressure Pin

According to the work by Steiner and Taborek [14], con-
vective boiling in conventional tubes can be divided into
two mechanisms: nucleate boiling dominance and convec-
tive boiling dominance. In conventional tubes, when
v < 0.5, the nucleate boiling effect dominates and the con-
vective boiling effect diminishes, whereas when v > 0.5,
the convective boiling effect becomes dominant and the
nucleate boiling effect diminishes.

Fig. 6 shows h versus v under the same q, _m and Pin

(Pin = 163 kPa) but different shaped microchannels. In
both the circular and square microchannels, h decreased
with increasing v, similar to all previous experimental
results for microchannels [2,3,7]. At v < 0.4, h in the square
microchannel was much larger than that in the circular
microchannel, whereas when v > 0.4, h was similar for both
the square and circular microchannels. The flow visualiza-
tion revealed that bubble nucleation only occurred when
v < 0.4. Therefore, v = 0.4 is considered to be the critical
v for nucleate and convective boiling dominance in micro-
channels. These results for the heat transfer characteristics
in these microchannels indicate that the shape of the cross-
section significantly affects the bubble nucleation mecha-
nism but has relatively little effect on the convective boiling
mechanism.
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5.2. Heat transfer characteristics in the nucleate boiling

dominance region in microchannels with different shaped

cross-sections

Figs. 7 and 8 show the observed flow patterns in the
square and circular cross-sections of the microchannels at
v � 0.07. In both the square and circular cross-sections at
the same observation point, flow patterns showed periodic
variation as described in the preceding section, including
bubbly, plug, annular and capillary flow patterns. A capil-
lary flow pattern represents independent droplets moving
along the inner wall of the test section (e.g., [15]).

According to Hetsroni et al. [4], the reason for such
large flow pattern variations is the extremely limited space
in the microchannels, in which the bubbles grow in both
the downstream and upstream direction simultaneously
and thus push the working fluid into other channels, thus
leading to radical flow pattern variation. However, our
results (Figs. 7 and 8) show that similar flow pattern vari-
ation and reverse flow still occurred in the single micro-
channel experiments. Because the experimental loop
included 1-mm-ID stainless steel tubes and 0.25-mm-ID
Teflon tubes (Fig. 1), the damping of the experimental sys-
Fig. 7. Flow patterns visualized in a 0.214-mm-ID square microchannel at
_m ¼ 400 kg/m2 s, q = 39.25 kW/m2 and v = 0.069. (a) Bubbly flow and (b)
annular flow.

Fig. 8. Flow patterns visualized in a 0.21-mm-ID circular microchannel
at _m ¼ 400 kg/m2 s, q = 37.53 kW/m2 and v = 0.074. (a) Bubbly flow,
(b) annular flow and (c) capillary flow.
tem was considered very small. Therefore, the pressure fluc-
tuation generated from bubble nucleation must have been
large to lead to reverse flow, and the main reason for the
flow pattern variation might be the large pressure fluctua-
tions generated from bubble nucleation rather than interac-
tion between parallel microchannels. The period of flow
pattern variation varied from 0.08 to 0.12 s, depending
on q. Because the onset of bubble nucleation requires large
pressure fluctuations, bubble nucleation at low _m and q

becomes very difficult. Finally, severe liquid superheat phe-
nomena always occur at low _m and q [7].

Fig. 9 shows the percentage of each type of flow pattern
region in a representative period of flow pattern variation
at relatively low v under the same q, _m and Pin but different
shaped cross-sections in the same experimental run shown
for Fig. 6. At low v(�0.07), the period of the flow pattern
variation in the square cross-section (s = 0.1071 s) was lar-
ger than that in the circular cross-section (s = 0.0841 s). A
large region of capillary flow pattern (55.1%) within a per-
iod was observed in the circular microchannel. In contrast,
the region of bubbly flow pattern in the square microchan-
nel (33.11%) was about 10% larger than that in the circular
microchannel (22.48%) because square microchannels have
a higher number of active nucleation sites and nucleation
bubbles due to the corners acting as active nucleation sites
(see Figs. 7 and 8). The parallel lines in the center of Figs. 7
and 8 are the results of adjustment of brightness in the cen-
ter region of the pictures because of high reflectivity in the
center region. These experimental observations correspond
to the bubble nucleation model by Li and Cheng [16], who
investigated the bubble nucleation model by Hsu [17] and
expanded the model to include nucleation from corners
in microchannels. According to the model by Li and
Cheng, corners in microchannels can effectively trap the
initial gas nuclei and lower the nucleation temperature of
the working fluid. On the other hand, since the bubbly flow
pattern still exists in circular microchannel, the experimen-
tal result might reflect the compound effects of the shape
and the surface roughness in microchannels. The effect of
surface roughness usually depends on different surface
materials (see [18]). In this paper, by applying the same
material (Pyrex glass) to the two test sections with different
cross-sections, the effect of different material should be
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minor. The experimental results of bubble nucleation under
different surface materials can be found in [18].

Compared to the circular microchannel, the constitution
of flow patterns in the square microchannel was simpler. In
the square microchannel, only bubbly flow and annular
flow patterns were typically observed, and capillary flow
pattern was rarely observed. Moreover, the complete dry-
out region, which is considered to drastically reduce h,
was not observed in the square microchannel.

Fig. 10 shows an illustration of the liquid film evapora-
tion process based on our observations using the high-
speed camera. In the square microchannel, dry-out of the
liquid film always started at the center of the inner wall
in an annular flow pattern. As evaporation proceeded,
the contact line retreated to corners and formation of mov-
ing independent droplets became difficult. In contrast, in
the circular microchannel, the liquid film was distributed
evenly on the inner wall. As evaporation proceeded, the
thickness of the liquid film decreased evenly, thus providing
a good environment for the formation of independent
droplets. Fujita et al. [19] carried out flow visualization
experiments of pool boiling and measured the boiling curve
in narrow gaps (5, 2, 0.6, and 0.15 mm). In their experi-
ments, a partial dry-out region was seldom observed when
the gap was larger than 0.6 mm. In contrast, when the gap
was 0.15 mm, nucleation bubbles tended to expand in the
horizontal direction with partial dry-out along the inner
walls. Our convective visualization results for the circular
microchannel coincide with these observations because a
large percentage (55.1%) of capillary flow pattern was
observed. In a square microchannel, corners stabilize the
liquid film as reported by Wayner [20], who observed micro
layer evaporation in micro heat pipes. Such stability pre-
vents complete dry-out, which occurred in the circular
microchannel (Fig. 9) and resulted in decreased h.

Moriyama and Inoue [21] measured the liquid film
thickness in a narrow gap (0.1–0.4 mm in width) and estab-
lished an empirical correlation between liquid film thick-
ness and the width of the gap. By combining this
empirical correlation and our experimental results from
Square Circular

Fig. 10. Illustration of liquid film evaporation process for square and
circular cross-sections of microchannels based on visualization
observations.
our current study, a model of film evaporation can be
established in future theoretical work.

Based on all of the above-mentioned current and previ-
ous observations, the two main reasons for high h in a
square microchannel at v < 0.4 are that (1) corners act as
effective nucleation cavities and (2) no dry-out and capil-
lary flow regions appear due to a relatively stable evapora-
tion process. In contrast, annular flow patterns in both the
square and circular microchannels have similar heat trans-
fer characteristics, as discussed next.

5.3. Heat transfer characteristics in the convective boiling

dominance region in different shaped cross-sections

At high v (>0.4), no bubble nucleation was observed by
the high-speed camera, indicating convective boiling dom-
inance. As shown in Fig. 6, local h in the convective boiling
dominance region was similar for both the square and cir-
cular microchannels. Fig. 11 shows the percentage of flow
pattern regions in a representative period of flow variation
at higher v in the same experimental run shown in Fig. 6.
At higher v, the flow patterns consisted only of annular
flow and dry-out regions. Moreover, the flow patterns were
similar for both the circular and square microchannels. The
similarity in both the local h and constitution of flow
patterns indicates that annular flow patterns have similar
heat transfer characteristics in both square and circular
microchannels.

5.4. Comparison of heat transfer characteristics for different
shaped cross-sections and mini tubes

Tran et al. [22] measured h of convective boiling in a
brass mini tube (2.46 mm ID) and a brass mini rectangular
channel (2.4 mm width). Different from our experimental
results for circular and square microchannels, their experi-
mental results show very little difference in h between the
circular and square minichannels.

Based on the comparison between experimental results
of minichannel by Tran et al. and microchannels in this
study, the shape of the cross-sections is crucial for the heat
transfer characteristics in microchannels because the
number of active nucleation sites is relatively smaller in
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microchannels compared with the number in minichannels.
Therefore, the corners in microchannels, which have
thicker liquid film for higher temperature gradient and
can serve as active nucleation sites, become a dominant fac-
tor in h when v < 0.4. In contrast, in larger ID channels
(2.4 mm), the effect of the cross-section shape diminishes
due to relatively larger number of cavities distributed along
the inner wall of the channel. Compared to cavities on the
plane of the inner wall of a square minichannel, the corners
have relatively little importance as active nucleation sites.

5.5. Effect of heat flux q and mass flux _m on heat transfer

characteristics for different shaped cross-sections

Fig. 12 shows h for different q in a square microchannel
at medium _m (400 kg/m2 s). At the nucleate boiling domi-
nant region (v < 0.4), higher q led to higher h. These results
contradict experimental results for SUS 304 circular micro-
tubes reported by Yen et al. [7], in which h was reportedly
independent of q. Fig. 13 shows h for different q in the cir-
cular microchannel at the same _m (400 kg/m2 s). Different
from the square microchannel, h was apparently indepen-
dent of q, as reported by Yen et al.
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Fig. 15. Number of nucleation sites N versus boiling number Bo for
square and circular cross-sections of microchannels.
Fig. 14 shows the percentage of flow pattern regions in a
representative period of flow variation in the same experi-
mental run of Fig. 12 under different q at low v (�0.067).
Although h was higher at this higher q, the constitution
of the flow patterns was similar for both the high and
low q. In contrast, flow visualization revealed that the num-
ber of active nucleation sites was much higher for higher q

in the square microchannel. It is also much higher in the
square microchannel than in the circular microchannel.
Fig. 15 shows the number of active nucleation cavities N
versus boiling number Bo in all experimental runs. In the
square microchannel, N increased with increasing Bo:

N � Bo3:56; ð10Þ
where boiling number can be defined as follows:

Bo ¼ q=hlv _m: ð11Þ
hlv is the latent heat of the working fluid.

The relationship between N and Bo coincides with the
experimental results reported by Griffith and Wallis [23],
in which the x-axis was wall superheat and y-axis was
nucleation density. According to Griffith and Wallis, the
power n in Eq. (10) depends on the type of working fluid,
and this dependence is on the same order as in Eq. (10).
This similarity in the relationship between N and Bo

implies that corners in square microchannels have similar
bubble nucleation characteristics to active cavities in pool
boiling.
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In contrast, in the circular microchannel, N was inde-
pendent of Bo, and only 1 or 2 nucleation sites existed
along the test section. The independence of N on Bo indi-
cates independence of h from q and _m in circular
microchannels.

Moreover, in the circular microchannel, the active nucle-
ation sites only existed at certain larger cavities regardless
of q and _m, whereas in the square microchannel nucleation
sites differed in location depending on the different q and _m.
The very limited number of nucleation sites in the circular
microchannel led to insufficient bubble nucleation at low v,
Fig. 16. Above: Bubble nucleation from the corner in plug flow pattern in a 0.
in plug flow pattern.
resulting in low h when v < 0.4. Different from the circular
microchannel, the square microchannel had unlimited pos-
sible nucleation sites due to the existence of corners. Cor-
ners can enrich the working liquid, leading to thicker
liquid film, so that bubble nucleation continues to occur
from the corner even in plug and annular flow patterns
due to larger temperature gradient of the thicker film in
the corners, as shown in Fig. 16.

In conclusion, q apparently strongly affects the number
of nucleation sites in square microchannels when v < 0.4.
Corners in square microchannels can serve as effective
214-mm-ID square microchannel. Below: Illustration of bubble nucleation
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nucleation sites, the number of which is highly related with
local heat transfer coefficient. In circular microchannels,
however, if the inner wall is smooth, there would be no
cavities for bubble nucleation and h would then be mainly
affected by annular and slug flow patterns and become
independent of v, as shown in the experimental results
for smooth titanium microtubes reported by Yen et al. [24].

Fig. 17 shows h versus v in the square microchannel at
higher q and _m. Although h increased with increasing q in
the square microchannel (Fig. 12), h became independent
of q and _m when q > 40 kW/m2, _m > 800 kg/m2 s. This
independence is similar to the experimental result for the
circular microchannel (e.g., Yen et al. [24]). The reason
for such limitation of h is due to the confined space in
the microchannel, which limits bubble growth. Fig. 18
Fig. 18. Limited bubble growth in a 0.214-mm-ID square microchannel.
Mass flux _m ¼ 400 kg/m2 s, heat flux q = 39.25 kW/m2, vapor quality
v = 0.11.
shows high-speed camera images of bubble expansion in
the square microchannel at _m ¼ 400 kg/m2 s and q =
39.25 kW/m2. Only one of the several nucleation bubbles
in the images had room to expand. Such limitation of bub-
ble growth explains the limitation of h.

Based on the above observation (Figs. 17 and 18), the
concept of critical Bo being responsible for the indepen-
dence of h on q and _m can be established. The critical Bo

was about 6.0e-4 in the square microchannel and less than
4.0e-4 in the circular microchannel, and was apparently
related to ID and to the shape of the cross-section of the
microchannel. Below the critical Bo, h depended on q.
However, when Bo exceeded the critical Bo, h was indepen-
dent of q and _m.

6. Comparison of experimental results to empirical

correlations

Comparing to the recent number of experimental results
on microchannels, reports on empirical correlations and
heat transfer models are relatively few. Here, currently
accepted empirical correlations and heat transfer models
in microchannels are discussed and verified with the exper-
imental results from this study.

Kandlikar [8] proposed an empirical correlation for con-
vective boiling in microchannels:

h ¼ 0:6683Co�0:2ð1� xÞ0:8hsingle

þ 1058:0Bo0:7ð1� xÞ0:8F Flhsingle; ð12Þ

where Co is the convection number representing the effect
of v and its relevant flow pattern and has the following
form:

Co ¼ 1� v
v

� �0:8 qv

ql

� �0:5

; ð13Þ

where hsingle is the single phase heat transfer coefficient and
FFl is a fluid-dependent parameter.

Eq. (12) is the modified form of the empirical correlation
for conventional tubes [25]. Fig. 19 compares the experi-
mental data from our study and the empirical correlation
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in Eq. (12) by Kandlikar [8]. The empirical correlation pre-
dicts fairly well the h for the square microchannel, but not
for the circular microchannel, especially in the low v region
(<0.4). Comparison between this empirical correlation and
the conventional empirical correlation [25] reveals that the
major contributor to this empirical correlation is the nucle-
ate boiling term (90% of the value in the empirical correla-
tion is from the nucleation boiling term). Such a high
contribution indicates the dominance of nucleate boiling
in square microchannels and indicates the insufficiency in
predicting experimental results of circular microchannels,
in which bubble nucleation becomes relatively minor.

The empirical correlation expressed in Eq. (12) predicts
fairly well the results in square microchannels, which are
the commonly used cross-section in industrial applications.
For theoretical interest and higher accuracy for circular
microchannels, however, a heat transfer model that corre-
sponds better to the visualization results is needed.
Recently, models based on the time history of flow pattern
variation observed from experiments for single microchan-
nels and parallel microchannels have been proposed by
Thome et al. [26], Yen et al. [27] and Hetsroni et al. [28].
Advanced effort into correctly predicting the heat transfer
characteristics of bubble nucleation and each flow pattern
in microchannels becomes crucial for improving the accu-
racy of these time-dependent models.

7. Conclusions

Visualization experiments with simultaneous measure-
ment of the local heat transfer coefficient in microchannels
with different shaped cross-sections were carried out. Semi-
periodic variations in the flow patterns were observed, and
such variations led to large pressure fluctuations.

The heat transfer coefficient was higher for the square
microchannel because corners in the square microchannel
acted as effective active nucleation sites. In contrast, lack
of cavities in the smooth glass circular microchannel
yielded a relatively smaller heat transfer coefficient at lower
vapor quality.

In the square microchannels, the heat transfer coefficient
became independent of heat flux when the critical boiling
number exceeded a critical value. This independence is
due to the confined space that limits the bubble growth.

A previously reported empirical correlation reported by
Kandlikar [8] focusing on nucleate boiling mechanism
roughly predicted our experimental results in the square
microchannel. In contrast, a time-dependent model that
better reflects the actual flow patterns is needed for predict-
ing the local heat transfer coefficient in circular
microchannels.
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