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Abstract

The effects of microchannel size, mass flow rate and heat flux on boiling incipience or bubble cavitation in a

microchannel are studied in this paper. The well-known concept of survival of a bubble cavity is extended, and the

classical kinetics of nucleation is introduced to study bubble nucleation in water flowing in a silicon microchannel. The

effects of contact angle, dissolved gas, and the existence of microcavities and corners in the microchannel on bubble’s

nucleation/cavitation temperature are estimated. With this information, a numerical solution is carried out to study the

effects of mass flow rate and heat flux on bubble nucleation/cavitation in microchannels. The results of this analysis

provide further physical insight on boiling heat transfer in microchannels.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Bubble nucleation in microchannels has attracted a

great deal of interest in recent years. One of the reasons

for this interest is because of its application to micro-

electronics cooling due to the miniaturization of the

electronics devices that lead to denser packaging of

components with associated higher heat fluxes [1]. An-

other reason for recent interest is because of its appli-

cations to vapor bubble actuation with pulsed heating in

MEMS [2], e.g., ink jet printers [3], micropumps [4],

micro-bubble motors and micro-bubble valves [5], etc.

The onset of bubble nucleation usually requires that

the device temperature exceeds the saturation tempera-

ture of the liquid corresponding to a given pressure. In

general, the liquid adjacent to the heated surface has to

be superheated for the first bubble to be formed. The

formation of vapor film [1] or vapor bubble [6] may

partially block the microchannel leading to the over-

heating of the IC apparatus. Thus, in the implementa-

tion of phase-change schemes using dielectric coolant for
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cooling of microelectronic chips, the uncertainty of the

initiating nucleate boiling that leads to potential damage

of the device by thermal shocks must be taken into

consideration. Based on Kwak’s theory [7], Zhang et al.

[6] discussed vapor bubbles damped by the pressure

wave traveling in the liquid to explain the absence of

vapor bubbles in a microchannel. Jiang et al. [8] made a

visualization study on flow boiling in microchannels. Qu

and Mudawar [9] performed both experimental and

numerical studies on the effect of flow velocity on the

incipient boiling heat flux in a microchannel. Most re-

cently, Wu and Cheng [10,11] observed for the first time

that three unstable boiling modes exist in parallel mi-

crochannels depending on the amount of heat flux.

There has been a great deal of analyses on bubble

nucleation in pool boiling in macrosystems during the

past few decades [12–15]. In particular, Hsu [12,13] has

proposed a criterion for bubble survival in pool boiling

in a heated cavity. Cole [14] as well as Blander and Katz

[16] have performed analyses on homogeneous and

heterogeneous nucleation on a surface with no cavities

and with microcavities. While some of these analyses can

be applied to microsystems with new interpretation [3],

others are not directly applicable and need modifica-

tions. In this connection, it is important to recognize
ed.
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Nomenclature

Cg solubility of dissolved gas

CP specific heat

h Prancle constant

hfg heat of evaporation

J bubble nuclei density

k Boltzmann constant

Kh Henry’s constant

L length

N0 molecule number per unit volume

P pressure

Pvb partial pressure of vapor phase

Pgb partial pressure of gas phase

qw heat flux

rc critical bubble size

rm equivalent radius of a cavity

T temperature

Tnl nucleation temperature in liquid

Tl liquid temperature of bulk

Tw temperature at wall of microchannel

yb projection height of bubble over wall sur-

face

Greek symbols

h contact angle (�)
b half angle of corner of a microchannel or

cavity (�)
c constant in Eq. (9)

r surface tension

k conductivity

q density

l dynamic viscosity

t kinetic viscosity

Subscripts

b bubble

het heterogeneous nucleation

hom homogeneous nucleation

in parameters at inlet of microchannel

out parameters at outlet of microchannel

s saturated state

v vapor

l liquid

w wall or substrate

2690 J. Li, P. Cheng / International Journal of Heat and Mass Transfer 47 (2004) 2689–2698
that the characteristics of bubble cavitation in micro-

channels are somewhat different from those of the

macrosystems owing to the following reasons:

ii(i) The surfaces manufactured by microfabrication

technology are usually very smooth with sub-micro-

cavities. For example, Lin [2] scanned the surface of

a polysilicon microheater with an atomic force

microscope (AFM) and found the mean square

roughness to be 6.5 nm, which is of the same size

of a critical vapor bubble. Thus, the dominant

mechanism for bubble nucleation in microchannels

is homogeneous nucleation or heterogeneous nucle-

ation on a surface with nano/microsize cavities.

i(ii) Since cross-sections of silicon microchannels are

usually of trapezoidal, triangular, and rectangular

shapes, the existence of corners in these microchan-

nels may play an important role on the bubble

nucleation process.

(iii) The liquid flow motion is likely to be laminar due to

the small size of the microchannel and at low Re
numbers.

The major objective of this paper is to study effects of

microchannel size, mass flow rate, and heat flux on

boiling incipience or bubble cavitation in liquid. To this

end, the vapor temperature for homogeneous nucleation

and heterogeneous nucleation on smooth surfaces

applicable to microchannels will first be determined. The
possible effects for lowering this nucleation temperature

are discussed. In particular, we modify the classical

theory of heterogeneous nucleation on smooth surfaces

to estimate the effect of corners on nucleation tempera-

ture in microchannels. A numerical solution based on

laminar convection heat transfer is obtained to study the

incipient boiling in a microchannel by adopting Hsu’s

concept of bubble survival [12]. The effects of flow rate

and heat flux on incipient boiling in a microchannel are

discussed. The results of this analysis provide further

physical insight on incipient boiling heat transfer in

microchannels.
2. Hsu’s criteria

We now briefly review Hsu’s theory [12,13] for the

survival of a vapor bubble in pool boiling in a cavity on

a heated surface as shown in Fig. 1. Hsu [12] proposed

that the vapor bubble in the cavity will begin to grow if

TlðybÞP Tb ð1Þ

where TlðyÞ is the temperature distribution in liquid near

the heating surface which is given by

TlðyÞ � T1
Tw � T1

¼ dT � y
dT

ð2Þ

where dT is the thickness of thermal boundary. Eq. (2)

was obtained by solving the one-dimensional heat con-



Fig. 1. Hsu’s model for bubble survival in a cavity [12,13].
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duction equation with constant wall temperature

boundary condition. Tb in Eq. (1) is the vapor temper-

ature in the bubble which can be determined from the

Young–Laplace equation and the Clausius–Claperon

equation

dT
dq

¼ T
hfgqv

ð3Þ

to give

Tb � Ts ¼
c12rTs
c2hfgqvyb

ð4aÞ

with

c1 ¼ 1þ cos h; c2 ¼
1

sin h
; yb ¼ c1rc; rc ¼ c2rm;

ð4bÞ

where h is the contact angle for solid–liquid interface, yb
is the projection height of vapor bubble over the surface

and rm is the given surface equivalent radius of the cavity

(see Fig. 1). Based on thermodynamics consideration,

Ward et al. [17] have proved that the necessary (but not

sufficient) condition for the emergency of the trapped

vapor bubble is rc ¼ rm, for contact angle b6 h6 p=2,
which is the thermodynamic mechanism of Hsu’s crite-

ria. Although Hsu’s theory given by Eqs. 2,4a,4b is for

pool boiling in a large cavity and is not applicable to

bubble nucleation in liquid on a smooth surface such as

those in silicon microchannels, his concept on bubble

survival given by Eq. (1) will be extended and applied to

identify incipient flow boiling in a microchannel as will

be discussed in Section 4.
3. Bubble nucleation and cavitation temperatures in a

microchannel

As mentioned earlier, vapor bubbles in microchan-

nels may be generated in liquid (homogeneous nucle-

ation), on a surface or at a corner (heterogeneous

nucleation). In this section, we will discuss the bubble

nucleation temperature and its initial size based on the

classical kinetics of nucleation.
Thermodynamic and mechanical equilibrium on a

curved vapor–liquid interface requires a certain degree

of superheat in order to maintain a given curvature. The

incipience temperature can be computed from the clas-

sical kinetics of nucleation [13–15]:

For homogeneous nucleation in superheated liquids

Jhom ¼ N0

kTnl
h

� �
exp

"
� 16pr3

3kTnlðPb � PlÞ2

#
ð5Þ

For heterogeneous nucleation on surface

Jhet ¼ N 2=3
0 w

kTnl
h

� �
exp

(
� 16pr3x

3kTnlðPb � PlÞ2

)
ð6Þ

where J is the bubble nucleation density. In Eq. (6), the

coefficient w is the surface available for heterogeneous

nucleation per unit bulk volume of liquid phase and x is

the geometric correction factor for the minimum work

required to form a critical nucleus. For heterogeneous

nucleation on a smooth surface with no cavities, these

coefficients are given by

w ¼ 1

2
ð1þ cos hÞ ð7Þ

x ¼ 1

4
ð1þ cos hÞ2ð2� cos hÞ ð8Þ

It follows from Eqs. (5), (6), and (3) that

Tnl � Ts ¼
Ts

hfgqv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16pr3x

3kTnl lnðN c
0kTnlw=J � hÞ

s
ð9Þ

The above equation is applicable for both homogeneous

nucleation (with c ¼ w ¼ x ¼ 1) and heterogeneous

nucleation (with c ¼ 2=3 and w and x given by Eqs. (7)

and (8) respectively). Note also that the nucleation

temperature Tnl determined from Eq. (9) is not sensitive

with the chosen value of J . As commonly adopted in

classical work [14,16], we can choose the value of

Jhom ¼ 1 cm�3 s�1 and Jhet ¼ 1 cm�2 s�1 for computation

of Tnl. After the value of Tnl is determined, the curvature

of the critical bubble nucleus rc for homogeneous

nucleation and heterogeneous nucleation on a surface

can be determined from

rc ¼
2r

Pb � Pl
¼ 2r

PsðTnlÞ � Pl
ð10Þ

Referring to Fig. 1, the value of yb for homogeneous

nucleation is

yb ¼ 2rc ð11Þ

while for heterogeneous nucleation on a smooth surface

is

yb ¼ rcð1þ cos hÞ ð12Þ



Table 1

Properties of water (at 1.013· 105 Pa)

Ts
(K)

r
(Nm�1)

k
(Wm�1 K�1)

ql

(kgm�3)

CP

(kJ kg�1 K�1)

373.15 0.05886 0.683 958.4 4.22

Table 2

The superheat limit and the critical parameters of water

J (cm�3 s�1) Tnl (K) rc (nm) Pv (MPa) Pe (MPa)

1 576.8 3.15 8.72 9.08
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Using the properties of water listed in Table 1, we can

compute the homogeneous nucleation temperature from

Eq. (9) and the critical nucleus radius from Eq. (10) to

give Tnl ¼ 303:7 �C¼ 576.8 K and rc ¼ 3:5 nm, which

are listed in Table 2.

As mentioned previously, the surface of the silicon

microchannels fabricated by microfabrication technol-

ogy is usually very smooth with sub-micron cavities.

Thus, it can be speculated that the nucleation tempera-

ture of the liquid in a silicon microchannel will approach

to the homogeneous nucleation temperature (or the

superheat limit in liquid). Peng et al. [6] have reported a

very high wall temperature, approximately 30 �C lower

than the superheat limit calculated from Kwak’s theory

[7] for methanol during boiling in their triangular mi-

crochannel. However, the nucleation temperatures of

water in other boiling heat transfer experiments in

microchannels [8–11,20] were considerably lower than

the homogeneous nucleation temperature of 303.7 �C as

commonly accepted for water [16,18,19]. In fact, Jiang

et al. [9] observed bubble generation at a subcooled

temperature of 80 �C. This may be owing to the fol-

lowing reasons:

(i) Heterogeneous nucleation on a surface with a large

contact angle

The effect of contact angle on nucleation tempera-

tures Tnl for heterogeneous nucleation in water calcu-

lated from Eqs. (6)–(9), are presented in Fig. 3 where it is

shown that the nucleation temperature decreases as the

contact angle is increased. Although the contact angle h
may vary from 0� to 180�, the maximum contact angle

measured from experiments is less than 140� [14]. For
Fig. 2. Bubble cavitation model at t
this reason, we only compute the values of Tnl and rc for
h ¼ 0� to 140� in this article.

(ii) Effect of corners in a microchannel

In the previous work [9–11], it was observed that

nucleation sites existed at channel corners. It should be

noted that corners of a microchannel can be considered

as pseudo microcavities due to their microscale size,

which will decrease the nucleation temperature for the

heterogeneous nucleation. Referred to Fig. 2, the geo-

metric correction factor x for minimum work required

to form a critical nucleus at a corner (with an angle of

2b) of a smooth microchannel is,

x ¼ b
2p

ð1þ cos hÞ2ð2� cos hÞ ð13Þ

which is obtained from Eq. (8) by the multiplication of

a geometric correction factor 2b=p, representing the

decrease in the bubble volume. Note that for micro-

channels with triangle, rectangle and trapezoidal cross-

sectional areas, 2b � 60�, 90�, 120� respectively.
(iii) Effect of dissolved-gases

It should be noted that in the experiments conducted

for boiling in microchannels [8–11,20], water in the res-

ervoirs was usually driven by a compressed gas [9–11] or

a pump [8,20], which was not degassed before the

experiment. Indeed, Jiang et al. [9] indicated that dis-

solved gas existed in the liquid of their experiments,

which caused subcooled boiling. In this connection, the

effect of dissolved gas on boiling incipience and CHF has

been investigated experimentally by You et al. [21]. Their

results show that the dissolved gas lowers the nucleation

temperature greatly when the dissolved gas content be-

comes high. Massoudi and King [22] studied the effect of

different gas contents under different pressures on the

surface tension of water–gas interface, and showed that

the surface tension of water–N2 had little variation.

Forest and Ward [23] as well as Ward et al. [17] have

analyzed the effect of dissolved gas on the homogeneous

nucleation and heterogeneous nucleation in liquids

respectively. According to Ward and his collaborators

[17,23], the pressure in the vapor bubble is given by

Pb ¼ Pvb þ Pgb ð14Þ

where Pvb and Pgb are the partial pressure of vapor phase
and gas phase respectively. If the isothermal compress-

ibility of liquid is neglected, Ward et al. [17] gave
he corner of the microchannel.
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Pvb ¼ PsðTnlÞ expð�CgÞ ð15Þ
Pgb ¼ KhCg ð16Þ

where Cg is the solubility of the dissolved gas and Kh is

the Henry constant.

Substituting Eqs. (14)–(16) into Eq. (6), a new

expression for the nucleation temperature with the effect

of dissolved gas taken into consideration is obtained as,

Tnl � Ts ¼
Ts expðCgÞ

hfgqv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16pr3x

3kTnl lnðN c
0kTnlw=J � hÞ

s 
� KhCg

!

ð17Þ

Fig. 3 shows the effects of the contact angle h (in the

range from 50� to 110�), the dissolved air and the corner

on the nucleation temperature of water. Curve 1 in Fig.

3 is calculated from Eq. (9) for water. Curve 2 is ob-

tained from Eq. (17) with the saturated dissolved air in

water and with the estimation of the 2% reduction in

surface tension. The solubility of air in water at 100 �C
and 1 atm is 11.5 · 10�3 ml/ml and Kh is 155 · 106 Pa l/

mol [25] and these values were used in the computation.

It can be seen from this figure that the nucleate tem-

perature of water decreases from 270 to 240 �C as the

contact angle is increased from 50� to 110� and the

nucleation temperature will continue to decrease with

further increase of the contact angle. In practice, it is

rather difficult to determine or choose a proper value of

the contact angle [24]. A comparison of curves 1 and 2

shows that the dissolved air can significantly decrease

(about 35 �C) the bubble nucleation temperature. The

three circles in Fig. 3 are the calculated cavitation tem-

peratures of water in triangle, rectangle and trapezoidal
Fig. 3. Effects of dissolved air, corners, and contact angle on

nucleation temperature of water.
microchannels (where 2b � 60�, 90�, 120� respectively)

at a specific contact angle of 90� (as an example), taking

into consideration of the corner effect as well as dis-

solved air. It is shown that the cavitation temperature in

a microchannel with triangular cross-section is the

lowest (about 199 �C) among three kinds of channels.

According to Eq. (10), the initial radius of the bubble

nuclei of water increases from 3.15 to 18 nm when the

nucleation temperature decreases from 303.7 to 199 �C.
(iv) Residual vapor (gas)-trapped microcavities from

the fabrication process

The emergence of vapor (gas) from trapped micro-

cavities due to elevated temperatures is the domain

mechanism for bubble cavitation in comparatively large

macrosystems. The cavitation temperature for this case

can be obtained directly from the Hsu’s theory and Eq.

(4a) if the value of contact angle is given. The calculated

results of temperature for bubble emergence given by

Eq. (4a) with h ¼ 90� (consequently rm ¼ rc from Eq.

(4)) are shown as curve 1 in Fig. 4. With the effect of

dissolved gas taken into consideration, the cavitation

temperature can be obtained directly from Eqs. (10) and

(14)–(16) with the aid of Eq. (3) to give:

Tnl � Ts ¼
Ts expðCgÞ

hfgqv

2r
r

�
� KhCg

�
ð18Þ

Eq. (18), which is applicable for contact angle

b6 h6 p=2 is presented as curve 2 in Fig. 4. It is shown

that the effect of dissolved air will further decrease the

bubble emergence temperature. Thus the temperature

for trapped bubble (with radius greater than 1 lm) to

emerge can be lower than the saturation temperature of

100 �C (subcooled boiling) because of the presence of the

dissolved air, which is much lower than the nucleation
Fig. 4. Temperature necessary for comparatively large air

bubble emergence in a microchannel.
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temperature of water on smooth surface (above 200 �C
as shown in Fig. 3).

From the above discussion, we can conclude that the

nucleation temperature of a fluid may be considerably

decreased because of the following effects: a compara-

tively large contact angle, dissolved gas in liquid, exis-

tence of corners in the microchannel, and randomly

residual vapor (gas) trapped in microcavities. For these

reasons, incipient boiling temperatures of water in

existing microchannel experiments [8–11,20] are much

lower than the superheat limit of 303.7 �C.
Fig. 5. Incipient flow boiling in a microchannel: (a) 3-D model,

(b) 2-D simplified model.
4. Effects of flow motion on bubble nucleation

In this section, we will consider effects of flow motion

on bubble nucleation in microchannels in a MEMS de-

vice. For this purpose, consider a steady flow in a mi-

crochannel heated from below before the incipient

boiling takes place. Note that microchannels in MEMS

devices differ from macrochannels in conventional

applications in two aspects: (1) instead of circular cross-

section, microfabricated microchannels on silicon wa-

fers, have trapezoidal or triangular cross-sectional areas

if they are fabricated by anisotropic wet etching. The

microchannels have rectangular cross-sectional areas if

they are fabricated by DRIE or precise machining; and

(2) instead of heated symmetrically as in macrochannels,

the heat source is often added on one side of the mi-

crochannel.

4.1. Convective heat transfer in flowing liquids

We now consider a steady flow in a microchannel,

with constant heat flux from below and constant wall

temperature from the top, as shown in Fig. 5a. To

simplify the problem, we consider only the 2D flow

as shown in Fig. 5b. If a hydrodynamically fully-devel-

oped flow is assumed, the velocity profile of a single

phase flow before incipient boiling taking place is given

by

uðyÞ ¼ 6um
y
dh

"
� y

dh

� �2
#

ð19Þ

where um ¼ _m=qlA ¼ DPd2h=12llL is the mean flow ve-

locity in the channel, _m is the mass flow rate and A is the

area of cross-section of the microchannels A ¼ dh � dw
(see Fig. 5a).

The energy equation for a hydrodynamically fully-

developed flow is

u
oTl
ox

¼ kl
CPql

o2Tl
oy2

ð20Þ

where u is given by Eq. (19). Eq. (20) is to be solved

subject to the following boundary conditions
y ¼ 0; �kl
oTl
oy

����
y¼0

¼ _qw ð21aÞ

y ¼ dh; Tl ¼ Tw ð21bÞ

x ¼ 0; Tl ¼ Ti ð21cÞ

x ¼ L; �kl
oTl
oy

����
x¼L

¼ 0 ð21dÞ

Since it is not possible to obtain an analytical solution to

Eqs. (20)–(21), a numerical solution with tri-diagonal

matrix algorithm (TDMA) was used to obtain the

temperature distribution Tlðx; yÞ.

4.2. Incipient boiling in a microchannel

In order to study how a bubble in flowing water will

survive in a microchannel based on the present model, a

simulation was carried out for flow in a microchannel

with dh ¼ 60 lm, dw ¼ 60 lm, L ¼ 1 cm and with

Tw ¼ Ti ¼ T1 ¼ 25 �C. If Hsu’s concept for bubble sur-

vival is adopted, nucleation will be initiated when

Tlðx; ybÞP Tnl ð22Þ

which corresponds to Eq. (1) where Tb is replaced by Tnl
that was computed in Section 3. Note that the numerical

results are no longer valid in the region when

Tlðx; yÞP Tnl since the governing equations given by Eqs.

(19)–(20) are applicable only for a single-phase flow.
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To show the effects of mass flow rate and heat flux on

bubble nucleation in a microchannel, numerical solu-

tions of Eqs. (20)–(21) were carried out for the following

two cases:

Case 1: the effect of mass flow rate on incipient

boiling in a microchannel at a constant heat flux

qw ¼ 300 W/cm2 is studied. The numerical results for

velocity profiles and temperature profiles at mass flow

rates of 0, 0.06, 0.6, 6 mg/s are presented in Fig. 6 and

Figs. 7–10 respectively. Fig. 6 shows that the velocity

profiles in the microchannel at the four different mass

flow rates are of parabolic shapes. These velocity profiles

were computed based on Eq. (19) that are independent

of heat flux. Figs. 7–10 show the vertical temperature

profiles at different x locations (100, 1000, 10,000 lm)
Fig. 6. Effects of mass flow rates on velocity profiles.
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Fig. 7. Temperature profiles at different locations at zero mass

flow rate and qw ¼ 300 W/cm2.
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Fig. 8. Temperature profiles at different x locations at a mass

flow rate _m ¼ 0:06 mg/s and qw ¼ 300 W/cm2.
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Fig. 9. Temperature profiles at different x locations at a mass

flow rate _m ¼ 0:6 mg/s and qw ¼ 300 W/cm2.
for four mass flow rates respectively. In these figures, the

horizontal and vertical dot-dashed lines represent the

projection height of vapor bubble yb ¼ 6:3 nm, and

the nucleation temperature of 303.7 �C based on the

homogeneous nucleation model of pure water. The

horizontal dashed lines are plotted to indicate the bubble

size relative to the height of the microchannel. The

vertical dashed lines are plotted to identify the nucle-

ation location based on the criterion given by Eq. (22),

and as discussed earlier, the numerical results are no

longer valid in the region Tlðx; yÞP Tnl i.e., after the

incipient boiling takes place. If the nucleation tempera-

ture is lower than those given by the homogeneous
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nucleation model because of dissolved gas and the

existence of cavities or corners, the vertical dashed lines

will move to the left. Similarly, the horizontal dashed

lines may be higher because of these effects. Note that

temperature distributions in Figs. 7–10 are plotted in a

semilog scale so that the temperature profile near the

wall at y ¼ 0 can be clearly shown. For this reason, the

vertical temperature profiles in these figures are dis-

torted. Fig. 7 shows the temperature profiles are inde-

pendent of x if no mass flow. A comparison of Figs. 7–10

shows that higher mass flow rate will cause lower tem-

perature in the microchannel as expected. Furthermore,

it can be seen that if the height of microchannel is large

compared to yb, the temperature gradient is quite small

when y < 0:1 lm, no matter what the mass flow rate is.

Thus, if the height of microchannel is large enough and

the wall temperature is higher than the nucleation tem-

perature Tnl or Tb, the condition Tlðx; ybÞP Tb will be

satisfied automatically. Therefore, in a relatively large

microchannel or in a macrochannel, we can simply

consider the wall temperature in order to determine

whether boiling would occur. However, it should be

noted that the present model is not applicable when the

height of the microchannel is comparable to the size of

bubble, i.e., a nanochannel. Under this situation,

molecular dynamics simulation is needed to examine the

mechanism of bubble nucleation in such a nanochannel

[26].

The effects of mass flow rates on surface temperatures

along the x-direction at qw ¼ 300 W/cm2 are shown in

Fig. 11. The arrow points to the homogeneous nucle-

ation temperature of 303.7 �C. It is seen from Fig. 11

that for a microchannel with length L ¼ 1 cm at constant

heat flux qw ¼ 300 W/cm2, there exist different heat
transfer modes: at a low mass flow rate ( _m ¼ 0:06 mg/s

for example) most part of the channel will nucleate; on

the other hand at a higher mass flow rate ( _m ¼ 6 mg/s

for example) there will be no bubble nucleation in the

microchannel.

Case 2: the effects of heat flux on incipient boiling at

a constant mass flow rate _m ¼ 0:6 mg/s (i.e., um ¼ 0:167
m/s) are studied. Computations were carried out for heat

fluxes of qw ¼ 250, 300, 350 W/cm2 at the same mass flux

of _m ¼ 0:6 mg/s. The numerical results are presented in

Fig. 12 where it can be seen that no bubble nucleation in
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the microchannel at low heat fluxes; on the other hand,

nucleate boiling occurs in most part of the microchannel

at higher heat fluxes.

From the above discussions, we can conclude that the

governing parameters on bubble nucleation in micro-

channels are: hydraulic diameter and length of the mi-

crochannel, mass flow rate, heat flux on the heater

surface, nucleation temperature in liquids as determined

from Section 3, inlet temperature of the fluid, and top

wall temperature of the microchannel.

4.3. Suppression of forming visible bubbles by flow motion

Mitrovic [27] argued that after bubble nucleation, the

bubbles adhere to the microchannel wall will be swept

away because of the large shear stress and the lift force.

As a result, the bubble size at detachment is smaller at a

smaller channel for a given mass flow rate. This effect

leads to a stronger suppression of visible bubbles for-

mation in flow boiling in a microchannel. Thus, Mit-

roic’s argument together with the present model, shows

that bubble nucleation may be suppressed by a suffi-

ciently high velocity, which may be the reason why some

investigators were unable to observe bubble generation

in microchannels [6].
5. Concluding remarks

The following conclusions can be drawn from this

work:

(1) A large contact angle between the fluid and the

substrate, and the existence of dissolved gas, randomly

residual vapor (gas)-trapped, and corners can effectively

lower the nucleation temperature in a microchannel.

These effects may be responsible for the experimental

observation that the nucleation temperature in a mi-

crochannel is lower than those computed based on

classical theory of homogeneous nucleation temperature

in spite of the fact that the silicon microchannel is

smooth.

(2) The effects of microchannel size, mass flow rate

and heat flux on boiling incipience or bubble cavitation

in a microchannel are studied based on an extension of

Hsu’s concept on the survival of a bubble cavity in pool

boiling and with the aid of kinetics of nucleation and

a convective heat transfer analysis. In particular, the

effects of mass flow rate on incipient heat flux and

temperature distribution during incipient boiling in the

microchannel are presented. It is shown that a large flow

rate may suppress bubble generation in a microchannel.

It should be noted that the numerical model presented in

this paper is a primitive one since heat conduction in the

substrate has been neglected. Because of the high ther-

mal conductivity of the silicon substrate, axial heat
conduction in the substrate may play an important role

in the heat transfer process. A three-dimensional con-

jugate heat transfer simulation should be carried out in

order to compare with experimental results.
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