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ABSTRACT

Experiments were conducted to investigate two-phase
subcooling flow boiling in 75 parallel microchannels (L=30
mm) having 200 pm (W) x 100 um (H) cross-section
with/without structured reentrant angle (0 = 180° ~ 60° ~
90°and 120°). Boiling inceptions, flow morphologies,
critical heat flux, heat transfer coefficients, and friction
factor correlation were obtained for three different working
mediums (DI water » DI water-MCNT(1 vol.%) nanofluids
and FC-72) and two different heated surface material (Cu
and Cu coated with 2 um diamond film ) at G = 820~1600
kg/m’s and ATy, = 20~85 °C. Results were compared to
non- reentrant parallel microchannels ( 6= 180°) at the
same experimental conditions. It was found that the
reentrant angle parallel microchannels can significantly
decrease the wall superheat and increase the critical heat
flux (CHF). Moreover, the working medium (DI water)
with 1 vol.% nanoparticles and heated surface coated with 2
pm diamond film were also shown to significantly
enhanced the heat transfer performance. The maximum
CHF was found to be up to 614 W/cm’.

Keywords: Microchannels, Subcooling, Convective boiling,
CHF

1 INTRODUCTION

Two-phase flow boiling in microchannel heat sinks has
long been interested [1-3] due to its high capability for
dissipating the ultra heat fluxes encountered in the
electronic systems. In spite of many two-phase flow
research and heat transfer prediction methods in
macrochannels and minichannels studied [4-5]. The
complex phenomenon of two-phase flow boiling is still not
well understood because the existing knowledge and results
in macrochannels and minichannels are not all suitable for
microchannels .

Honda et al. [6] used heat sink with 10-50 um micro-
pin-fins to obtain a reduction in ONB ( onset of nucleate
boiling ) of about 40 % and an increase in CHF (critical
heat flux ) of up to 2 times. A limit number of studies in the
literature [7-8] also indicate that some surface micro
structure are more effective in enhancing the heat transfer
coefficient and some quantitative equations have been
correlated to predicate the heat transfer coefficient and CHF,

but these models are typically suitable for a short range of
experimental condition.

Based on the forgoing discussion, a strong need is
required for a systematic study to modeling of two-phase
flow boiling heat transfer in microchannels.

Characterization of microchannels

Channel length, L 30000 um

Channel width, W 200 pm

Channel height, H 100 pm
Rib width, Wp 200 pm

Channel number 75
Reentrant angle(0) | 180° | 120° | 90° | 60
Characterization of heated surface

o

Heated surface Cu | Cu+ 2 um Diamond film

Rough surface(nm) | 3.3 56

Surface length, L 30000 um

Surface width, W, 30000 pm

Surface height, H 200 pm

Experimental parameters

Working DI DI water + 1 FC-72

medium water | vol. % MCNT

ATy (°C) 85, 75, 56, 36 48, 43, 32,20

AT, (°C) 0.85, 075, 0.56, 0.36
Mass

velocity (G) 820 ~ 1600 kg/m’s

Table 1: Experimental parameters.
2 EXPERIMENTAL

The experimental facility is schematically in Fig.1. As
can be seen from the figure, it consisted of inlet/outlet
pressure transducer, tubing pump, water bath, liquid tank,
condenser, temperature data acquisition, and test section.

The test sections were 75 parallel PDMS microchannels
(L=30 mm) having 200 pm (W) x 100 pm (H) cross-section
with/without structured reentrant angle (6 =180° ~ 120° ~
90° and 60°). 75 parallel microchannels were oneside
heated by cartridge heater and the input power was
controlled by adjusted the voltage. Temperature data were
measured by T type (@ = 80 pm) thermocouples and
recorded by temperature data acquisition.
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To wunderstand the present microchannel surface
condition, the roughness of the bottom was measured along
its center with the surface profilometer and AFM. In order
to observe the hydrophilic surface effect on fluid and heated
surface, the contact angle was also measured (Fig.2).
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Fig. 2 The contact angle (0, ) of different heated surface
and working medium

3 RESULTS AND DISCUSSION

3.1 Reentrant angle effect

To evaluate the heat transfer enhancement ratio due to
the different reentrant angle , ONB and CHF were obtained
for different reentrant angle microchannels (0= 180° »
120° ~ 90°and 60°). Comparisons of the temperature

difference at ONB (AT,,; ) and the heat flux at the CHF

(qeyy ) for the different reentrant angle microchannel are

given in Fig.3. As can clearly be seen, the reentrant angle
parallel microchannels can significantly decrease the wall
superheat and, consequently, increase the CHF.

3.2 Boiling curves

Fig.4 shows typical boiling curves obtained at four
different conditions for AT, =85°C, G=1600 kg/m’s and

sub

0=90°. In these curves, the heat flux q and two-phase

heat transfer coefficient were plotted versus the difference
between microchannel bottom average wall temperature
and the liquid saturated temperature at 1 atm atmospheric
pressure. As expected, at low heat flux, the linear wall
temperature increase with increasing surface heat flux,
indicates the single-phase heat transfer. As the heat flux
increases to a certain level , the slope of the boiling curve
begins to change, indicating that nucleate boiling has
commenced at that location, where small bubbles emerged
from the reentrant cavities near the microchannel walls
(Fig.5). As the heat flux was further increased, the unsteady
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wall temperature rise was observed,
emergence of the critical heat flux (CHF).

Moreover, the working medium (DI water) with 1
vol.% nanoparticles and heated surface coated with 2 pm
diamond film were also shown to significantly enhanced
the heat transfer performance and bubbly frequency (Fig.6).
The maximum CHF was found to be up to 614 W/cm’.

B G =1600 kg/m’s ® G = 1280 kg/m’s A G = 1024 kg/m’s
v G =820 kg/nllZs 90

indicating the

60[]

180

601

90[]
Fig.3 Polar representation of mass velocity and subcooling
effects on microchannel flow boiling CHF for different
reentrant angles

visualization revealed three main flow patterns in the
reentrant angle microchannel: bubbly, slug, and annular
pattern as illustrated in Fig.7. At low heat flux (partially
nucleate boiling region), small bubbles emerged (Fig.5)
from the reentrant cavities. As the heat flux increased, the
partially nucleate boiling region changed into the early fully
developed nucleate boiling region, and the periodic flow
pattern transitions, which consisted of alternating
occurrences of the bubbly/slug flow were shown. During
the subsequent later fully developed nucleate boiling region
and the departure from nucleate boiling, the flow pattern in
turn were slug flow, slug/semi-annular flow, slug/annular
flow, and annular flow.
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Fig.4 The boiling curves and two-phase heat transfer
coefficient of water with/ without 1 vol. % MCNT

3.3 Flow pattern

Normally, typical flow patterns of those identified in
conventional scale were also observed in this study, Flow

Fig.5 Sequential images of bubbles growing for DI water + 1%
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Fig.6 Bubble departure frequency at a active nucleation site
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Fig.7 The boiling curves and flow patterns of water with reentrant angle(0 = 90 °) at G = 1600 kg/m’s and AT, =85°C

4 CONCLUSION

In this study, experiments were extensively conducted
to investigative two-phase flow boiling heat transfer in
microchannels with/without reentrant angle on the side wall
and heated from the bottom. Boiling inceptions, CHF, flow
pattern, and heat transfer coefficients have been obtained
and discussed. Comparisons of the performance of different
flow and heated surface with / without 2 pm diamond film
were also performed. The major findings can be drawn
below:

1. Lower ONB, higher CHF, intensified heat
transfer coefficient and bubbly frequency (Fig.6)
were observed in the microchannels with
reentrant angle in the side wall and diamond film
coated / heated on the bottom.

2. Flow patterns in microchannel with reentrant
angle are similar to those in conventional macro
and minichannels.

3. A quite low concentration of MCNT incorporated
in DI water can enhance the two-phase flow
boiling performance, if the concentration of
nanoparticle keeps less than 1 vol. %

4. The contact angle between working medium and
heated surface were found to be significant in the
two-phase flow boiling in microchannel.
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