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a b s t r a c t

The proposed gradient–porous-wall microchannels consist of bare channels and pin–fin array regions,
fabricated by MEMS (microelectricalmechanicalsystem) technique. Boiling experiments were performed
with acetone as the working fluid. Ultra-stable wall temperatures are achieved with oscillation
amplitudes in the range of 0.02–0.18 �C. Bubble nucleation is found to happen in the porous wall. The
generated vapor flows towards bare channels due to surface tension driving flow. The vapor ejection
direction is periodically switched between neighboring channels, called the ‘‘bubble emission switch”.
The bubble confinement ratio is newly defined. Bubbles become fat and slim in bare channels to generate
high frequency ‘‘eye-blinking oscillation”. Bubble confinement ratios display sine function, and out-
of-phase characteristic between neighboring channels. We confirm the ‘‘eye-blinking” oscillation as a
density wave oscillation, propagating in the channel width direction. Because the porous-wall width is
much smaller than the channel length, the ‘‘eye-blinking” frequencies are 10–100 times higher than that
of the axially propagated density wave oscillation. The ‘‘integration parameter model” establishes the
connection between ‘‘eye-blinking” oscillation and wall temperatures. The convective heat transfer
intensity in bare channels is assumed to follow the bubble confinement ratio variation. The wall temper-
ature oscillation amplitude is inversely proportional to the ‘‘eye-blinking” frequency. The phase angle
between bubble confinement ratios and wall temperatures are 3p/2, being the negative feedback
mechanism to inhibit wall temperature oscillations. The porous-wall microchannels open a new way
to eliminate flow instabilities for heat exchangers and thermal energy systems.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Historically, Ledinegg [1] is the pioneer work of two-phase flow
instability. From 1960s to 1980s, the development of high power
density boilers and pressurized water reactors attracted many
researchers to investigate two-phase flow instabilities in tubes,
heat exchangers and energy systems. It is not until late 1980s that
the main instability mechanisms were understood. Now, the abun-
dant articles or books recorded various phenomena and mecha-
nisms. The detailed literature survey is beyond the scope of the
present paper, but can be found in review articles [2,3].

The dynamic flow instability is more complicated compared
with the static instability. Three typical types of flow instabilities
may occur: pressure drop oscillation (PDO), density wave oscilla-
tion (DWO) and thermal oscillation (TO). They may be coupled
with each other. PDO occurs if there is a large compressible volume
upstream of the boiling channels. The pressure drop oscillation was

analyzed by Stenning [4], Stenning and Veziroglu [5], etc. The
increase of inlet flow resistance is an effective way to eliminate
the pressure drop oscillation, with the penalty of increased pump-
ing power. The density wave oscillation is widely studied in large
size channels. It is related to the dynamic variation of the two-
phase mixture densities. It is influenced by various factors such
as flow patterns, void fractions, heat transfer and pressure drops.
Oscillation cycle period relies on the propagation time of the dis-
turbances of fluid particles, which is about 1.5–2 times of the fluid
residence time in the channel [6].

Microchannel heat sink was proposed in 1980s for high power
density electronic cooling, in which boiling/evaporation heat trans-
fer in microchannels offers advantages compared with the single-
phase heat transfer. However, experimental observations in the
last decade showed apparent oscillations of pressure drops, flow
rates and wall temperatures. Wu and Cheng [7] investigated boil-
ing instabilities in silicon microchannels. They found large ampli-
tude/long period oscillations. The oscillation cycle periods can be
up to 10–100 s and the wall temperatures are oscillating with
the amplitude of several tens of degrees. Xu et al. [8] measured
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onset of flow instability (OFI) (static flow instability) and dynamic
flow instability using 26 rectangular microchannels each with a
width of 300 lm and a depth of 800 lm, using deionized water
as the working fluid. The onset of flow instabilities was identified
as occurring at the outlet temperature of 93–96 �C, which is several
degrees lower than the saturation temperature corresponding to
the exit pressure. In conditions that the mass flux is lower than
that at the OFI condition, three types of flow instability were iden-
tified: large amplitude/long period oscillation, small amplitude/
short period oscillation, and thermal oscillation. The reported cycle
periods are also very long. Other studies related to boiling instabil-
ities can be found in Refs. [9–15].

In order to understand instability mechanisms in microchan-
nels, Lyu et al. [16] used the wavelet decomposition method to
remove the nose signal from the mother signal and decouple the
oscillation signal at different timescales. Silicon microchannels
were used and water was the working fluid. The bottom wall tem-
peratures were measured by a high spatial-time resolution IR
(infrared radiation) image system, having a temperature sensitivity
of 0.02 �C. The recording rate was 500 simples per second. All the

parameters (pressures, flow rates, temperatures, and flow pat-
terns) are synchronously measured. By decomposition of the signal
at different timescales, it is found that the so-called large ampli-
tude/long period oscillation is the pressure drop oscillation
(�10 s cycle period), while the density wave oscillation displays
the cycle period of �10 ms (corresponding to the frequency of
�100 Hz). The mechanisms of the two oscillations are similar to
those happened in large size channels. However, the varied liquid
film evaporation induced oscillation is specific to microchannels.

Even though many studies are reported in the literature, flow
instabilities in microchannels are not fully understood. The flow
instabilities induce wall temperature oscillations to cause the var-
ied thermal stress across the microfluidic chip. Many engineering
applications need to suppress the temperature oscillations signifi-
cantly. The wall temperatures should be stable enough for precise
thermal management [17–19]. Various methods such as the intro-
duction of pressure resistance element at the microchannel
upstream [20], artificial nucleation cavities on channel walls [21]
and injection of seed bubbles in microchannels [22] were used to
eliminate the flow instabilities.

Nomenclature

A vapor–liquid interface area per unit flow length (m2)
Afilm thin film heating area (m2)
Ac effective cross section area of the microchannel (m2)
Bi Biot number
Co bubble confinement number
Cp specific heat (J/kg K)
D hydraulic diameter (m)
f frequency (Hz)
G mass flux (kg/m2 s)
g gravity force (m/s2)
h specific enthalpy (J/K)
hfg latent heat of evaporation (J/K)
i number of bare channel
K non-dimensional K number
L bubble slug length (m)
l length (m)
lc capillary length
lmc microchannel length (m)
lunit length of unit (m)
m mass flow rate (kg/s); mass (kg)
me evaporation rate (kg/s)
n number of samples
np number of pixels
P pressure (Pa)
DP pressure drop across the microchannel (Pa)
Dp pressure drop (Pa)
Q effective heating power (W)
Qh heat source (W)
Qt heat power (W)
q effective heat flux (W/m2)
R gas constant for vapor (J/mol K)
Rs standard resistance ðXÞ
S slip ratio
Sn non-dimensional oscillation amplitude
Stp ratio of vapor velocity to liquid velocity
T temperature (�C)
DTsub inlet liquid subcooling temperature (�C)
TX,Y (t) wall temperature at the location (X,Y) at time t (�C)
�TX;Y time averaged temperature at (X,Y) (�C)
V1 voltage on film heater (V)
V2 voltage on standard resistance and film heater (V)
Vvacuum vacuum volume in the microchannel region (m3)

vr radial velocity
W bare channel width (m)
Wporous porous wall width (m)
w bubble width (m)
ws characteristic sizes for smaller space (m)
wl characteristic sizes for larger space (m)
X length along flow direction (mm)
x vapor mass quality
Y length along width direction (mm)

Greek symbols
a void fraction; convective heat transfer coefficient (W/

m2 K)
aA film convective heat transfer intensity (W/K)
dc etched channel depth (m)
g bubble confinement ratio
l dynamic viscosity (kg/m s)
Dq density difference between vapor and liquid (kg/m3)
q density (kg/m3)
r surface tension force (N/m)
rðX;YÞ standard deviation at position (X,Y)
s fluid residence time (s)
u thermal efficiency

Subscripts
ave average
eff effective
f liquid
g vapor
i number of channel
in inlet
m average
max maximum
out outlet
r residence
s solid
sat saturated
sp liquid phase
w wall
1 upstream; small space
2 downstream; large space
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