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a b s t r a c t

Experimental study of flow boiling heat transfer in a microchannel array consisting of main channels con-

nected to two auxiliary channels (each) was conducted. A microbubble-excited actuation mechanism,

powered by high frequency vapor bubble growth and collapse, was established to create and sustain

strong mixing in the microchannels. It was shown to significantly enhance flow boiling heat transfer

in microchannels. Experimental studies were conducted at mass fluxes ranged from 150 to 480 kg/

m2 s with de-ionized (DI) water as the working fluids. Compared with microchannels with inlet restric-

tors (IRs), the average two-phase heat transfer coefficient was improved by up to 149%. More importantly,

a 71–90% reduction in pressure drop at moderate mass fluxes ranged from 400 to 1400 kg/m2 s was

observed. Heat flux up to 552 W/cm2 at a mass flux of 480 kg/m2 s was demonstrated. Flow and heat

transfer mechanisms were studied and discussed.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Two-phase flow instabilities are challenging issues hindering

the practical implementations of flow boiling in micro domains.

Flow boiling instability in microchannels are linked to several

instability modes including, but not limited to, upstream volume

and parallel channel effects. If not properly suppressed, they can

lead to premature critical heat flux (CHF) condition at low exit va-

por quality [1–5]. Flow boiling instabilities are also classified into

two general categories: static and dynamic [3]. Most dynamic flow

instabilities are associated with two-phase oscillation (TPO) fre-

quencies that range from 0.06 to 2 Hz in the laminar flow regime

[1–5]. These TPOs are low-frequency and large-amplitude fluctua-

tions [2,6–9]. Thus, they can delay rewetting of dry patches formed

on the heat transfer surfaces, and consequently, trigger CHF at low

heat fluxes, i.e., premature CHF conditions. High frequency TPOs

(100 Hz) are most commonly achieved through active-controlled

microsecond heating pulses with significant sacrifice of volumetric

flow rates [2,10–14]. Recent studies demonstrated that novel con-

figurations, such as inlet restrictors (IRs) or valves/orifices, can sup-

press boiling instabilities and enhance several key flow boiling

parameters including onset of nucleate boiling (ONB), heat transfer

coefficient (HTC), and CHF [15–20]. Several studies have shown

that other configurations, such as impingement jets, can effectively

suppress flow reversal and at the same time enhance HTCs and

CHFs [7,21–23].

Although the aforementioned techniques successfully enhanced

nucleate boiling and suppressed flow boiling instabilities in micro-

scale systems, the additional pressure drop (Dp) and power

requirements introduced by these configurations are a major hin-

drance. For example, IRs or orifices can effectively suppress flow

instabilities and enhance CHF [24–27], but, they increase the pres-

sure drop by up to five-fold. High flow resistance can cause critical

issues, such as high pumping power and coolant leakage.

In this study, IRs were employed to trap bubble slugs inside

microchannels. Two auxiliary channels were connected to the

main channel through a cross junction to induce auxiliary liquid

flows, which enabled rapid bubble collapse by direct condensation

in the main microchannel. This developed structure was shown to

be self-sustainable by creating strong mixing by collapsing bubble

slugs in the main channels at high frequency, but also as an effec-

tive method in reducing flow resistances and as artificial nucle-

ation sites.

It is a challenging task to generate appreciable mixing in micro-

channels without active control since flows in microchannels are

dominated by viscous and capillary flows [4,22,23], which tend to

suppress mixing. This, in turn, is detrimental to heat transfer at

themicro scale asmixing enhances advection heat transfer. In order

to create self-sustainable strongmixing inmicrochannels, an actua-

tion mechanism similar to water hammer, which can be enabled by

self-sustained flow control techniques, is desirable. In several previ-

ous studies, two-phase flow was actively enhanced by generating
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seed bubbles [12–14]. Additionally, non-sustainable water hammer

pulses driven by bubble growth and collapse were observed and

modeled in a single microchannel [28]. However, self-sustainable

high frequency TPOs (pulses) powered by bubbles in microchannels

have not been studied in enhancing flow boiling before. In this

study, enhanced flow boiling by self-sustained high frequency TPOs

(pulses) powered by vapor bubble growth and collapse, which were

experimentally demonstrated in microchannels [29], was investi-

gated. Significant flow boiling heat transfer enhancement including

CHF values under constant heat fluxeswas achieved. Superior stabil-

ities in terms ofworking temperature andpressure drop during flow

boiling in microchannels were observed. Moreover, HTCs were

greatly enhanced with significant reduction in the pressure drop.

The working mechanisms of heat transfer enhancement under

investigation are discussed and revealed through visualization

study. Further optimization is proposed.

2. Experimental apparatus and procedures

2.1. Design of the microchannel architecture

The micro device consists of four main channels (H = 250 lm;

W = 200 lm; L = 10 mm) and each was connected to two auxiliary

channels (H = 250 lm; W = 50 lm; L = 5 mm) through a 20 lm
opening (Fig. 1). The auxiliary channels were open to the inlet

manifold (Fig. 1e), but IRs (H = 250 lm; W = 20 lm; L = 400 lm)

were placed in the inlet to each main channels to trap bubbles. A

1 mm diameter inlet port, 1 mm diameter outlet port, and two

1 mm diameter pressure ports were fabricated in the micro heat

exchanger. The inlet to exit pressure drop was measured between

the two pressure ports. To minimize heat loss, two thermal isola-

tion gaps (air gaps) were etched on both sides of microchannel ar-

rays as shown in Fig. 1a. Flow stabilizers at the entrance to the inlet

manifold were formed to evenly distribute the flow. Additionally,

air gaps were etched between the auxiliary channels and the main

channels to reduce conjugate heating, and hence, to decouple ther-

mal interaction between channels. As shown in Fig. 1f, two open-

ings (nozzles) on both sidewalls of the main channel were made

to connect the two auxiliary channels with a cross junction located

at the middle of the axial position of the main channel. A micro

heater, which was made of a thin aluminum film, was deposited

onto the back side of silicon microchannels (Fig. 2). The heater area

(10 mm � 2 mm), which was identical to the total base area of

microchannel arrays and walls, served as a thermistor to measure

the average temperature of the heater.

2.2. Design and fabrication of the microchannel device

The microchannel heat exchangers were made from a silicon

wafer bonded to a Pyrex wafer by standard microfabrication pro-

cesses (Fig. 3). This process started with a double-side-polished

n-type h100i silicon wafer. First, 1 lm thick thermal oxide layers

were grown on both side of the silicon wafer. The silicon oxide film

provided electrical insulation for the micro heaters and acted as a

mask for deep reactive ion etching (DRIE) in subsequent microfab-

rication steps. An additional 500 nm thick oxide layer was then

deposited onto the front side as a shield layer by plasma-enhanced

chemical vapor deposition (PECVD). Next, a 7 nm thick adhesive

layer of titanium was deposited on the backside of the silicon wa-

fer by DC sputtering followed by a 1 lm thick layer of aluminum.

Once the thin films were successfully deposited, a thin film heater

was formed on the backside of the wafer by photolithography and

wet etching (Fig. 2b). A 500 nm thick PECVD oxide layer was then

deposited to protect the thin film heater in subsequent fabrication

processes.

After the heater was formed on the backside, a pattern mask of

microchannels on the top side of the wafer were etched on the sil-

icon oxide through photolithography and reactive ion etching

(RIE). The area under the oxide mask was protected and the

remaining areas were etched out to create 250 lm deep trenches

by DRIE. The DRIE process formed deep vertical sidewalls with a

root mean square (RMS) roughness of �300 nm [30]. The inlet port,

the outlet port, the air gaps, and the pressure ports were formed on

the backside of the wafer by DRIE. Photolithography and wet etch-

ing (6:1 buffered oxide etchant) was used to remove patterned

oxide in preparation for DRIE. Then through holes were etched

through the wafer by DRIE (Fig. 3d). RIE was used to remove pat-

terned oxide coatings on the backside to expose the contact pads.

Nomenclature

Ab base area, m2

Af fin surface, m2

As surface area, m2

At total heat transfer area, m2

Cp heat capacity at constant pressure, J/kg K
G mass flux, kg/m2 s
�h average heat transfer coefficient, W/m2 K
hfg latent heat of vaporization, kJ/kg
H channel height, m
I electrical current, A
k thermal conductivity, W/m K
L length, m
m parameter for pin efficiency
_m mass flow rate, kg/s
N number of microchannels
p pressure, kPa
P power, W
q00 heat flux, W/cm2

R electrical resistance, X
Sl slope of linear function, X/K
t thickness between heater and microchannel base, m
T temperature, �C

T average temperature, �C
V electrical voltage, V
W microchannel width, m

Greek symbols
g efficiency
v vapor quality

Subscripts

a ambient
b base
CHF critical heat flux
e exit
eff effective
f fin
HTC heat transfer coefficient
i inlet
l linear
s surface
sat saturated
sp single-phase
tp two-phase
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A Pyrex glass wafer was anodically bonded to the silicon sub-

strate to seal the device as shown in Fig. 3e. The transparent glass

cover also served as a window for visualization studies. The indi-

vidual microchannel test chips (length 30 mm; width 10 mm;

thickness 1 mm) were cut from the wafer by a dice–saw.

2.3. Experimental setup

Fig. 4 depicts the two-phase apparatus used to conduct the

experiments. The microchannel test chip was placed at the

middle of the test package module (Fig. 4a), which provided

hydraulic ports and electrical connections. Mechanical fasten

units consist of two fasten bolts and two holding clamps helped

position and secure the microchannel test chips by mechanical

force. The microchannel test chips were supported at their two

ends and with the middle suspended. This packaging was care-

fully designed to minimize the stresses on the thin film therm-

istors/heater and to reduce heat loss. Six micro o-rings were

placed between the silicon microchannel test chip and the test

package to achieve mechanical seals. Probe-pins were placed un-

der the backside of the device and two bolts were used to adjust

the heights of the probe-pins to minimize electrical contact

resistance. Two pressure transducers were connected to the

pressure ports to measure pressure drops.

Fig. 1. (a) 3D CAD model of the present microchannel architecture, (b) and (c) magnified views of entrance and cross-junction structures, (d) and (e) top-viewed of cross-

junctions and entrances, (f) and (g) SEM images of the cross-junction.
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Major components of the experimental setup include an optical

imaging system, a data acquisition unit, and an open loop for cool-

ant supply (Fig. 4b). A pressurized water tank was used to supply

DI water, which was degassed prior to tests and pumped by com-

pressed nitrogen (N2). Mass fluxes were measured by a Sensiron

ASL1600 flowmeter with 0.03 kg m�2 s�1 resolution. Electrical

power was supplied by a high precision digital programmable

power supply. The voltage on the micro heater was measured by

an Agilent digital multimeter. Two thermocouples were used to

measure the inlet and outlet fluid temperatures. Flow rate, local

pressure, inlet and outlet temperature, and the heater’s voltage

and current were recorded automatically by a customized data

acquisition system developed from NI LabVIEW�. A visualization

system comprised of a high-speed camera (Phantom V 7.3) with

256 � 256 pixels at approximate 40,000 frames per second and

an Olympus microscope (BX-51) with 400 � amplifications was

developed to study the bubble dynamics.

2.4. Experimental procedure

Prior to experiments, the heat loss as a function of temperature

difference between the micro heat exchanger and the ambient was

evaluated. The temperature of the device in steady state was plot-

ted as a function of input heat fluxes without fluid flows. Thus, the

heat losses as a function of steady state temperature difference was

obtained by linear curve fit. The curve was then used to estimate

heat loss with high accuracy [31]. The heater, which also func-

tioned as a thermistor, was calibrated in an isothermal oven with

a proportional–integral–derivative (PID) controller. The tempera-

ture vs. electric resistance curve was generated using a linear curve

fit. The confidence of the correlation coefficient was estimated to

be higher than 0.9999.

After assembly of the microchannel device on the test package,

the flow rate was kept constant at a set value ranging from 150 to

480 kg/m2 s. Uniform heat flux was applied by a digital power sup-

ply through the heater at a step of approximate 2 W until

approaching CHF conditions. At each step, the data acquisition sys-

tem recorded 120 sets of steady state experimental data including

voltages, currents, local pressures and temperatures at inlet and

outlet at 4 min intervals.

3. Data reduction

3.1. Flow boiling heat transfer rate

The electrical input power and resistance of the heater was cal-

culated as, respectively,

P ¼ V � I ð1Þ

and

R ¼ V=I ð2Þ

Then heat loss, Ploss, between the environment and the testing chip

was deducted from P to calculate the effective power

Peff ¼ P � Ploss ð3Þ

The average temperature of the thermistor (i.e., the thin film heater)

was calculated as,

Theater ¼ SlðR� RaÞ ð4Þ

where Ra is the resistance of the micro heater at room temperature

and Sl is the slope of the heaters’ temperature vs. electrical resis-

tance curve. The average wall temperature of the base area of the

microchannel heat exchanger was estimated from the heater as

T ¼ Theater �
q00
eff t

ks
ð5Þ

where q00
eff ¼ Peff =Ab.

The microchannels length (L) was divided into two sections:

single-phase region (Lsp) and two-phase region (Ltp) (Fig. 5). The

length of the two sections was observed to vary significantly with

exit vapor quality as shown in Fig. 5(b–d). The average two-phase

heat transfer coefficient, �htp, was used to evaluate flow boiling heat

transfer performance in the two-phase region (Ltp) by excluding

the weight of the single-phase heat transfer from the average tem-

perature. The single-phase heat transfer coefficient was calculated

as,

Fig. 2. Built-in micro heater (dimension in mm).

Fig. 3. Major microfabrication steps.
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�hsp ¼
Peff

At � NAf ð1� gf Þ
h i

Tsp � ðT i þ TeÞ=2
� �

ð6Þ

where the pin fin efficiency was estimated from gf = tanh(mH)/mH

and m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2�hspðLþW f Þ=ksW f L
q

. The average temperature in the sin-

gle-phase region is the mean value of the inlet and exit surface tem-

peratures in this region.

Tsp ¼
T in;sp þ Texit;sp

2
ð7Þ

In the above equation, the inlet and the exit surface temperatures

were estimated as,

T in;sp ¼ T i þ
Peff

�hspAs

Texit;sp ¼ Tsat þ
Peff

�hspAs

ð8Þ

The average temperature of the two-phase heat transfer region, T tp,

was obtained by a weighted average method [32] in terms of the

single-phase and average wall temperatures:

T tp ¼
TL� TspLsp

Ltp
ð9Þ

These length values (Lsp and Ltp) were measured through visualiza-

tion. Taking into account fin effects on a single microchannel, the

average two-phase heat transfer coefficient was calculated as,

Fig. 4. (a) An exploded 3D model of the test package module, which provide hydraulic and electrical connections, (b) the two-phase testing platform.
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�htp ¼
Peff

P

WLþ 2HLgf

� �� �

T tp � Tsat

� �

ð10Þ

Because the thermal conductivity of Pyrex glass is approximately 1%

of silicon, the interface between the microchannel walls and the

cover glass was assumed to be thermally insulated in the fin

approximation. Then, �htp was iteratively obtained from Eqs. (1)–

(9). Additionally, the exit vapor quality was calculated with mass

flow rate and net input power according to:

v ¼
Peff � _mCpðTsat � T iÞ

_mhfg

ð11Þ

3.2. Uncertainty analysis

Uncertainties of experimental variables are given in Table 1.

Uncertainties of measured values were adopted from the manufac-

turers’ specification sheets, and the uncertainties of derived vari-

ables were calculated according to the propagation of uncertainty

analysis [32].

4. Results and discussion

4.1. Flow boiling curve

The average wall temperature as a function of effective heat flux

at different mass fluxes is shown in Fig. 6. Bubbly flow was ob-

served following the ONB (Fig. 5a and b) during which the vapor

quality was relatively low and interactions between isolated bub-

bles were not significant. The average superheat at the ONB in this

study was approximately 2 �C, which was significantly lower than

the prediction by Liu et al. model (i.e., �12 �C) [33]. In the current

microchannel architecture, the nozzles/openings on the side walls

of the main channels (Fig. 1g) appear to function as artificial nucle-

ation sites as illustrated in Fig. 5a. These artificial nucleation cavi-

ties can reduce the superheat temperature at the ONB, similar to

observations in previous studies on engineered surfaces in micro-

channels [34]. Fig. 5a and b shows that bubbles were initially

nucleating near the nozzles on the side walls before propagating

in the posterior region of the main channels (Ltp). Onset of fully

developed boiling (OFB) was defined as the first occurrence of

nucleate boiling in all sections of the microchannels including

the main channels (Lsp section in Fig. 5a) and the auxiliary chan-

nels. When heat fluxes exceeded the OFB, explosive bubbles grew

inside the microchannels leading to direct condensation of vapor

slugs. Once vapor slugs directly contacted the sub-cooled liquid,

they started to shrink due to the direct condensation. These vapor

slugs completely collapsed in the microchannel when the conden-

sation rate was sufficiently high as shown in Fig. 5b. As a result, the

high frequency self-sustained two-phase oscillations were success-

fully created and a dramatic enhancement in flow boiling heat

transfer was observed. The detailed oscillation mechanism was

reported in previous study [29].

4.2. Two-phase heat transfer

Two-phase heat transfer coefficient as a function of effective

heat flux and vapor quality is depicted in Fig. 7. The heat transfer

coefficient initially increased with heat flux during fully developed

boiling and then gradually decreased.

The bubble ebullition cycle began in the vicinity of the nozzles

(highlighted by a dashed line in Fig. 5b). When the heat flux was

below the threshold required inducing explosive boiling, and

hence, activating two-phase oscillations, the single-phase region

(Lsp) and two-phase region (Ltp) had distinct boundaries (Fig. 5a).

With increasing heat flux, fully developed nucleate boiling gradu-

ally dominated in the region upstream of the nozzles and in the

auxiliary channels (Fig. 5c). The corresponding heat transfer coeffi-

cients were observed to increase considerably until reaching a

peak that varied for different mass fluxes. As the vapor quality in-

creased, the two-phase heat transfer coefficients reached their

maximum between exit qualities, v, between 0.15 and 0.3. The

maximum heat transfer coefficient achieved in this study was

approximately 120 kW/m2 K at G = 430 kg/m2 s and G = 480 kg/

m2 s. The mechanism responsible for this high heat transfer coeffi-

cient is believed to be related to the strong mixing induced by the

high frequency TPOs resulting from the vapor slug growth and

collapse process. The magnitude of the TPO frequency was

Fig. 5. (a) Single-phase flow and two-phase flow in the present microchannel

architecture. (b) Bubble growth at incipient boiling stage, v = 0.10. (c) Vapor slugs

in all sections of microchannel during fully developed boiling, v = 0.27. (d)

Persistent vapor slug was observed, which cannot be removed in the front section

of a main channel when boiling was approaching CHF, v = 0.49.

Table 1

Uncertainties of major parameters.

Name of variables Errors

Flow rate, Q 0.05%

Voltage on the heater, V 0.10%

Current on the heater, I 0.10%

Ambient temperature, Ta 0.1 �C

Electrical power on the heater, P 0.20%

Electrical resistance, R 0.20%

Average temperature, T 0.8 �C

Heat transfer coefficient, �h 2.20%
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approximately 100 Hz and the highest frequency in the present

microchannel architecture was over 600 Hz [29]. Heat transfer in

microchannels during flow boiling is greatly enhanced by the

strong mixing induced at such high frequencies. This is because

of the high frequency of liquid rewetting, mixing promoted advec-

tion, and evaporation, and the induced nucleation of bubbles

[29,35].

The gradual decline of the heat transfer coefficient is linked to

the formation of vapor slugs with exit qualities above a certain

threshold value in the main channels between the cross-junction

and the inlet (white areas in Fig. 5d) at high heat fluxes where

the high frequency TPOs have not affected the flow. The absence

of the high frequency TPOs mixing, forced convection and rewett-

ing caused nearly 50% of microchannel volume filled by vapor,

and hence, a dramatic decrease in the heat transfer coefficient.

The appearance of such a vapor slug can be a combined result of

a declined condensation rate and an increased evaporation rate

at high heat flux. Optimization of the location and number of

cross-junctions could improve this situation by increasing direct

condensation rates.

4.3. Comparisons between the present architecture and microchannels

with reentry cavities (RCs) and IRs

Comparisons among the current microchannel architecture and

those microchannels with RCs [32] and IRs [23,36] were made and

are shown in Figs. 8 and 9. In Fig. 8, three types of architectures

were compared to reveal the mechanism governing heat transfer

enhancement. These three different structures have identical

microchannel dimensions and IRs. The baseline microchannel

structure only has IRs and is denoted by IR architecture. The second

type of microchannel structure with IRs and RCs is termed RC archi-

tecture. Experimental data for RC architecture in Ref. [32] were se-

lected because they had the similar dimensions in the main

channels and IRs. Furthermore, all experimental data were reduced

by the same method. RCs have been demonstrated to enhance flow

boiling in microchannels [32,37,38] as shown in Fig. 8.

There are three primary approaches to enhance flow boiling

heat transfer: cavitations induced by IRs [36], artificial cavities

[32,37,38], and strong mixing. As illustrated in Fig. 8, the IR archi-

tecture had the lowest performance and the RC architecture is in

between the IR and the present microchannel structures. The RC

architecture in Ref. [32] performed better than the IR because it

had a much higher nucleation site density. However, the enhanced

the nucleation site density cannot explain the highest heat transfer

rate obtained on the present microchannel structure that has less

nucleation site density than the RC architecture does. The primary

mechanism behind the highest heat transfer rate should be the in-

duced mixing by the self-sustained high frequency TPOs.

At low vapor qualities, deviations in heat transfer coefficient be-

tween the present microchannel architecture and the RC architec-

ture developed by Kos�ar et al. [32] are insignificant as shown in
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Fig. 8a. Although the heat transfer coefficient was dramatically in-

creased during fully developed boiling, the heat transfer coefficient

in the present microchannels rapidly decline after reaching a max-

imum heat transfer coefficient and eventually overlapping with the

boiling curve reported in [32]. Such an enhancement is believed to

be a result of the induced mixing at low vapor qualities. The

enhancement of the RCs is not significant at low heat fluxes for

both designs. Furthermore, the heat transfer coefficient in the pres-

ent heat exchangers are lower prior to reaching fully developed

boiling than these reported in [32] for moderate mass fluxes

(Fig. 8b).

The number of RCs are much larger in Ref. [32] than in the cur-

rent microchannel architecture. Therefore, enhanced nucleation by

RCs in [32] resulted in a higher heat transfer coefficient compared

to the present architecture when nucleate boiling dominated, as

the present design consisted of only two artificial nucleation sites

at the center of main channels. As a result, its HTCs were close to

that of the IR architecture qualities corresponding to nucleate boil-

ing. However, heat transfer rate in the present microchannel struc-

ture is well above that reported in [32] for vapor qualities above

0.15, which suggests that the strong induced mixing inside the

microchannels plays a critical role in enhancing two-phase heat

transfer. In summary, heat transfer coefficient in the present

microchannel architecture was enhanced by up to 149% (Fig. 8a)

and 120% (Fig. 8b) with approximately identical mass fluxes and
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heat fluxes compared to the IR configuration and 87% and 57%

compared to the RC configurations developed in [32].

The pressure drop-mass flux (Dp-G) curves for heat fluxes of 150

and 250W/cm2 are shown in Fig. 9. A pressure drop reduction be-

tween 71% and 90% compared to IR configuration for mass flux

ranging from 400 to 1400 kg/m2 s were observed. The primary

objectives of the microchannel architecture were to create sustain-

able high frequency TPOs to promote flow boiling and to reduce

hydraulic resistance by managing vapor slug expansion rate and

by introducing bypasses. The significant reduction of the pressure

drop can be a result of the effective elimination of the confinements

of compressible vapor bubbles enabled by high frequency bubble

collapse as detailed in Section 4.5 as well as the increased cross-

sectional area from the auxiliary channels (Fig. 1f). For mass fluxes

below 400 kg/m2 s, the Dp-G curves of the two configurations

gradually converged because pressure drop of single-phase vapor

flow is dominated at high exit vapor quality.

Additionally, as illustrated in Fig. 9, the ONB in the present

microchannels were observed to be greatly reduced compared to

microchannels with smooth walls for a given heat flux. This is be-

cause the nozzles on both walls of the microchannels also serve as

artificial nucleation sites as discussed in Section 4.1.

4.4. Two-phase flow instabilities

The Dp-G curves in Fig. 10a are used to analyze the Ledinegg

instability in microchannels. At high mass fluxes and for fixed heat

flux, the pressure drop initially decreases with decreasing mass

flux (segment a–b in Fig. 10a) before reaching a minimum termed

the onset of flow instability (OFI). In microchannels, it has been

Fig. 11. High frequency two-phase oscillations powered by bubble growth/collapse processes at a heat flux of 100 W/cm2 for a mass flux of 400 kg/m2 s.
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argued that the OFI corresponds to a mass flux only slightly less

than the ONB. As the mass flux continue to decrease past the OFI,

the pressure drop-mass flux slope changes course and becomes

negative (Segment c–e in Fig. 10a). As discussed in Boure et al.

[1], when this happens, i.e., when

@ðDpÞ

@G
6 0 ð12Þ

the system is susceptible to the Ledinegg instability, which is linked

to the parallel channel instability [5]. In addition, upstream com-

pressible volume instability can be significant at the micro scale.

Such flow instabilities are characterized by low frequencies and

large amplitudes of flow rate, pressure drops, and heat transfer

coefficients [1,3] and usually result in premature CHF. IRs or orifices

have been developed and demonstrated as an effective method to

mitigate two-phase flow instabilities [2,4,10,21,39] by reshaping

the Dp-G curve such that the curve is rendered positive. The Dp-G

curves of the present heat exchanger at two heat fluxes, q00
eff ¼ 150

and 250 W/cm2 are compared to microchannels with IRs in Fig. 9.

The slopes of these two Dp-G curves from microchannels with IRs

are positive, which enables high CHF by suppressing flow oscilla-

tions [7], but, with a significant penalty in the form of elevated pres-

sure drop [7,22,23]. It has been observed that the slopes in the

current systems were greatly moderated (the slope of Dp-G curve

at 150 W/cm2 is even positive). As a result, two-phase instabilities

in terms of pressure drop were suppressed. High CHF was demon-

strated, i.e., 552 W/cm2 at a moderate mass flux of 480 kg/m2 s

(Fig. 6), with a significant pressure drop reduction compared to

microchannels with IRs. Transient pressure drops and wall temper-

atures at a mass flux of 380 kg/m2 s and effective heat flux of

296.6 W/cm2 are shown in Fig. 10b. At such a high heat flux, pres-

sure drop and wall temperature have been observed to fluctuate

within 1.2% (1 kPa) and 1.5% (2 �C), which verify the stability of

the system.

4.5. Visualization study

To obtain better fundamental knowledge of the processes gov-

erning the heat transfer enhancement discussed above, a visualiza-

tion study was conducted using a high-speed imagery system

(Phantom V7.3) attached to Olympus microscope (BX-51). Fig. 11

shows seven frames selected from sequential images in 8 ms incre-

ments at 10,000 frames per second to represent the entire bubble

ebullition processes near a cross-junction where two auxiliary

channels and a main-channel were connected. The interactions be-

tween vapor slugs in auxiliary channels and subcooled liquid in the

entrance of the auxiliary channels are illustrated in Fig. 12.

Fig. 11 shows how vapor slugs filling auxiliary channels A and B

triggered a bubble growth cycles (marked as time t = 0). A thin li-

quid film between the bubble slugs and the walls was observed.

The vapor slugs in the auxiliary channels only expanded toward

the inlet, i.e., toward the subcooled region of the main channel,

due to the restriction of the converging nozzles. The vapor slug

in auxiliary channel Bwas observed to shrink due to direct conden-

sation at 0.6 ms. The large vapor slug in the main channel collapsed

due to direct condensation, which was induced by the subcooled

flow through auxiliary channel B by fluid pulses at 1.4 ms. The

movement of two-phase interfaces, which were observed andmea-

sured by high speed camera, determines the superficial velocity of

the fluid. The velocity of the liquid jetting was evaluated to be

nearly five times higher than the average liquid velocity from the

inlet, i.e., accelerated. Alternatively, the vapor slug in auxiliary

channel A started to shrink at 2.8 ms and completely collapsed at

3.9 ms, which led to a jetting flow via a converging nozzle and fur-

ther shrinkage of the vapor slug in the main channel. This jetting

flow is similar to water hammer in microchannels [28], however,

it is self-sustainable. The measured frequency of these pulses in

the auxiliary channels and the main channel were approximately

100 and 200 Hz, respectively, at a heat flux of 100 W/cm2 with a

mass flux of 400 kg/m2-s. The highest oscillation frequency

achieved in the present microchannel architecture was over

613 Hz [29]. Such high frequency two-phase oscillations were

shown not to affect the system temperature and pressure drop.

The third fluid pulse during this observation period was formed

and accelerated into the cross-junction at 7.1 ms. A large vapor

slug in the main channel was observed to completely collapse or

had been removed at 8 ms, which significantly limits the impacts

of bubble expansion rate and confinements as well as the influence

of capillary force on two-phase flows in the microchannel. The

walls in the microchannels can be wetted by high frequency

two-phase oscillations, which, consequently, enhance heat transfer

because of the thin film evaporation and convection. It should be

noted that nucleate boiling heat transfer was also greatly enhanced

due to induced cavitations during the collapse of large vapor slugs

[29].

Flow reversal driven by the rapid vapor slug expansion in the

auxiliary channels was observed. The complete process of a vapor

slug expansion and collapse due to direct condensation is shown in

Fig. 12. Flow reversal appeared at time 0 ms. The vapor slug ex-

panded toward the subcooled fluid in the inlet region due to the

restriction of the nozzles. The volume of vapor slug reached a max-

imum value at 2.1 ms when the evaporation and direct condensa-

tion heat transfer was approaching equilibrium. Disappearance of

the vapor slug fronts and the reassumed subcooled flow in the aux-

iliary channels indicated the collapse of vapor slug as well as the

completion of the vapor slug ebullition process.

Fig. 12. Vapor slug expansion and collapse in the entrance area. The working

condition is at a heat flux of 150 W/cm2 for a mass flux of 400 kg/m2 s.
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5. Conclusions

In this study, a new type of microchannel architecture was

developed and built to enhance flow boiling in microchannels

through self-sustained TPOs. Experiments demonstrated that this

microchannel architecture can considerably enhance flow boiling

heat transfer rate, achieve high flow boiling stabilities in terms of

working temperature and pressure drop, and enhance CHF with a

significant reduction in the pressure drop compared to microchan-

nels with RCs and IRs. A visualization study was conducted to

better understand the enhancement mechanisms. The main con-

clusions are summarized below:

� High frequency bubble growth/collapse process in microchan-

nels can be passively excited and sustained to create two-phase

flow oscillations and hence to generate strong mixing. This, in

turn, is an effective methodology to enhance flow boiling heat

transfer by promoting thin film evaporation, nucleate boiling,

and advection.

� The pressure drop can be significantly reduced through effective

management of confinements of compressible vapor slugs and

the high frequency collapse of vapor slugs.

� Flow boiling was observed to be stable in terms of working tem-

perature and pressure drop.

� Optimized configuration of the present microchannel architec-

ture by improving the direct condensation capabilities will fur-

ther improve flow boiling in microchannels.

� Since no extra activation method or moving parts were intro-

duced, the present microchannel architecture can achieve com-

pact and efficient cooling systems at lower cost and with higher

reliabilities compared with active approaches.
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