
lable at ScienceDirect

International Journal of Thermal Sciences 49 (2010) 1073e1085
Contents lists avai
International Journal of Thermal Sciences

journal homepage: www.elsevier .com/locate/ i j ts
Scale effects on flow boiling heat transfer in microchannels:
A fundamental perspective

Satish G. Kandlikar
Mechanical Engineering Department, Rochester Institute of Technology, Rochester, NY 14623, USA
a r t i c l e i n f o

Article history:
Received 23 October 2009
Received in revised form
20 December 2009
Accepted 25 December 2009
Available online 20 February 2010

Keywords:
Flow boiling
Boiling
Microchannels
Mechanisms
Scale
Scaling
E-mail address: sgkeme@rit.edu

1290-0729/$ e see front matter � 2010 Elsevier Mas
doi:10.1016/j.ijthermalsci.2009.12.016
a b s t r a c t

Flow boiling in microchannels has received considerable attention from researchers worldwide in the last
decade. A scaling analysis is presented to identify the relative effects of different forces on the boiling
process at microscale. Based on this scaling analysis, the flow pattern transitions and stability for flow
boiling of water and FC-77 are evaluated. From the insight gained through the careful visualization and
thermal measurements by previous investigators, similarities between heat transfer around a nucleating
bubble in pool boiling and in the elongated bubble/slug flow pattern in flow boiling are brought out.
The roles of microlayer evaporation and transient conduction/microconvection are discussed. Further-
more, it is pointed out that the convective contribution cannot be ruled out on the basis of experimental
data which shows no dependence of heat transfer coefficient on mass flow rate, since the low liquid flow
rate during flow boiling in microchannels at low qualities leads to laminar flow, where heat transfer
coefficient is essentially independent of the mass flow rate. Specific suggestions for future research to
enhance the boiling heat transfer in microchannels are also provided.

� 2010 Elsevier Masson SAS. All rights reserved.
1. Introduction

Flow boiling is a highly efficient mode of heat removal. At macro-
scale, it provides superior performance compared to single-phase or
pool boiling heat transfer. At microscale, however, this paradigm is
now open to question due to recent advances in single-phase heat
transferwithwater in enhancedmicrochannels that have yielded heat
transfer coefficients in excess of 500,000 W/m2 �C and are able to
remove heat fluxes of 500W/cm2 [1,2]. Such high values have not yet
been reported under flow boiling conditions in microchannels. The
added complexity of a flow boiling loop with microchannels may not
be justified unless the performance is better than that of a simple pool
boiling system or a single-phase system. This article aims at under-
standing the effects of microscale on flow boiling heat transfer in an
attempt to identifymethods to improve the heat transfer performance
to accommodate heat fluxes (beyond 1 kW/cm2) higher than that are
possible today with liquid cooling. Excellent reviews have been pub-
lished periodically on this evolving topic [3e11].

Understanding the transport phenomena occurring at the
wallefluid interface is of great interest in developing enhanced
heat transfer surfaces. In pool boiling for example, several tech-
niques to provide re-entrant nucleation cavities of appropriate
mouth opening and surface substructure to trap gases have yielded
son SAS. All rights reserved.
significant enhancement in heat transfer [12]. In macroscale flow
boiling, high performance compact evaporator surfaces have been
developed through extensive experimentation, e.g. compact plate-
fin evaporators [13] and microfin tubes [14].

A number of recent research efforts on flow boiling in micro-
channels are focused on understanding the underlying mechanisms
[4,5,15e24]. To further explore the scale effects on flow boiling at
microscale, a scaling analysis is first presented in this paper to identify
the effects of various forces. Drawing on some of the earlier published
work, heat transfer in the vicinity of advancing and recedingmenisci is
then analyzed. Based on this analysis and some of the recent work by
other investigators on the high-speed visualization and localized
thermal measurements made at the base of a nucleating bubble in
pool boiling, a comparison is made between the heat transfer mech-
anisms during pool boiling and flow boiling in microchannels. In flow
boiling, a number of useful criteria are proposed in the literature
to characterize the microscale effects such as bubble confinement
[25,26]. Microchannels in this paper are defined as channels with
hydraulic diameters smaller than about 200 mm following the classi-
fication by Kandlikar and Grande [27].

1.1. Useful parametric ranges for flow boiling in microchannels

Flow boiling studies have been conducted in recent years in an
effort to meet the high heat flux removal requirements of IC chips.
Employing flow boiling in ultra-compact evaporators for high heat
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Nomenclature

Ac channel cross-sectional area, m2

Bo Boiling number, defined by Eq. (11)
Ca Capillary number, defined by Eq. (15)
D diameter, m
F

0
Force per unit length, N/m

F
00

Force per unit area, N/m2

g acceleration due to gravity, m/s2

G mass flux, kg/m2s
hfg latent heat of vaporization, J/kg
K1 non-dimensional number by Kandlikar [17],

defined by Eq. (13)
L channel length, m
P Perimeter, m
q heat flux, W/m2

V mean fluid velocity, m/s
Dx change in quality

We Weber number, defined by Eq. (14)

Greek symbols
d liquid film thickness, m
q contact angle
m viscosity, kg/ms
r density of the fluid, kg/m3

s shear stress, N/m2

Subscripts
g gravity
h hydraulic
L liquid
M evaporation momentum
i inertia
v vapor
s surface tension
s shear
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transfer performance is also attractive in many other applications,
such as automotive evaporators and air liquefaction systems. It is
thus important to identify the relevant ranges of parameters
employed in these applications.

In chip cooling applications, heatfluxes up to about 50e80W/cm2

can be handled with aggressive air cooling techniques employing
ducted air flow through compact heat exchanger passages. Liquid
cooling has been effectively applied to remove heat fluxes up to
around 500 W/cm2 [1]. Using refrigerated liquid, heat flux levels can
be further enhanced. There are efforts under way in many academic
and industrial research centers to dissipate heat fluxes beyond 1 kW/
cm2 with single-phase cooling. However, the practical constraints in
providing complex headers and employing large pressure drops
will eventually limit the single-phase liquid cooling option. A much
higher performancewould be expected from a flowboiling system to
become preferable over a single-phase cooling system. Currently,
some of the issues related to instabilities have been resolved in flow
boiling systems, but higher heat fluxes (on the order of 1 kW/cm2 and
beyond) seem to be difficult to achieve. This paper addresses some of
the underlying issues in an attempt to extend the heat removal limits
of flow boiling systems employing microchannels.

2. Scale effect on heat transfer and two-phase flow

2.1. Scale effect on inertia, surface tension, shear, gravity,
and evaporation momentum forces

Flow boiling heat transfer is intimately linked to the wall trans-
port in the presence of a liquidevapor interface. There are fivemajor
forces that come into play. As the channel diameter decreases, the
actual magnitudes of all of these forces will go down. Since the
relative magnitudes of these forces are of interest rather than their
actual values, the forces are normalized with respect to the channel
size. The normalization may be done using the volume, cross-
sectional area or perimeter (diameter) of the microchannel. Since
local values are of interest, normalizationwith respect to volumewill
not provide such information. The forces are expressed in two forms:
(i) force per unit length is useful in considering a force balance on
a bubble on the wall or for analyzing CHF condition at the contact
line, and (ii) force per unit area is useful for studying the effect on
flow patterns, heat transfer and flow instability. The resulting
expressions are presented below:
2.1.1. Inertia force
The inertia force Fi acts over the channel cross-section.

Normalizing this force per unit length (F
0
i) and per unit area (Fi

00
)

we get:

F 0iwrV2D
2

D
¼ G2D

r
(1)

F 00i wrV2D
2

D2 ¼ G2

r
(2)

where r is the density of the fluid (liquid density is appropriate
prior to nucleation, and average density is appropriate in two-
phase flow), V is the mean fluid velocity, and G is the mass flux.

2.1.2. Surface tension force
Surface tension force is considered with the liquidevapor

interface across the entire cross-section. The surface tension force
per unit length (Fs

0
) and per unit area (Fs

00
) are given by:

F 0sw
scosðqÞD

D
ws (3)

F 00sw
scosðqÞD

D2 w
s

D
(4)

where s is the surface tension and q is the contact angle of the
liquidevapor interface on the channel wall.

2.1.3. Shear force
Shear force on a representative surface of length equal to the

channel diameter is employed. The shear force per unit length (Fs
0
)

and per unit area (Fs
00
) are given by:

F 0sw
mV
D D2

D
¼ mV ¼ mG

r
(5)

F 00sw
mV
D D2

D2 ¼ mV
D

¼ mG
rD

(6)

where m is the fluid viscosity. Under the two-phase conditions, the
choice of fluid properties depends on the fluid that is in contact
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with the channel wall. Prior to nucleation, liquid properties are
appropriate.

2.1.4. Gravity (buoyancy) force
The buoyancy force results from the difference in the

vaporeliquid densities, and is a body force, similar to the inertia
force. It is expressed per unit length (Fg

0
) and per unit area (Fg

00
) by

the following equations:

F 0gw
ðrL � rvÞgD3

D
¼ ðrL � rvÞgD2 (7)

F 00gw
ðrL � rvÞgD3

D2 ¼ ðrL � rvÞgD (8)

where g is the acceleration due to gravity.

2.1.5. Evaporation momentum force
As the liquid evaporates, there is a force exerted at the evapo-

rating interface due to the change in momentum caused by the
increase in velocity as the liquid phase changes into vapor phase.
The following expression gives the magnitude of this force per unit
length (FM

0
) and per unit area (FM

00
):

F 0Mw

 
q
hfg

!2
D
rV

(9)

F 00Mw

 
q
hfg

!2
1
rV

(10)

where q is the wall heat flux and hfg is the latent heat of vapor-
ization. The evaporation momentum force acts on the evaporating
interface and plays a major role in its motion. This force depends on
the applied heat flux and has been employed in modeling the CHF
phenomenon in pool boiling [28].

The relative magnitudes of these forces are plotted using the
forces per unit area to illustrate the effect of changing scale (diam-
eter). Fig.1 shows the relativemagnitudes of these forces for water at
atmospheric pressure and channel diameters ranging from 10 mm
down to 10 mm at a relatively low flow rate of G ¼ 50 kg/m2s and
q ¼ 1 MW/m2. The inertia and shear forces are calculated using all
liquid flow. At 10 mm, the gravitational forces are dominant.
Fig. 1. Scale effect of tube diameter on various forces during flow boiling of water,
G ¼ 50 kg/m2s, q ¼ 1 MW/m2.
The shear force appears to be several orders of magnitudes lower
than the inertia force, but in reality, shear force scales differently as it
is applied over the tube wall, whereas other forces are either body
forces or are applied over the liquidevapor interface. It may be
recalled that the ratio of inertia to shear force results in Reynolds
number, which is a large number in macroscale heat transfer appli-
cations. The Reynolds number therefore represents an appropriate
scaling factor for the shear and inertia forces. For the low flow rate
depicted inFig.1, surface tension represents an important force during
flow boiling in microchannels. As the diameter becomes smaller, the
surface tension and viscous forces increase and become dominant.

The effect of mass flux on the forces can be seen in Figs. 2 and 3,
which are drawn for G ¼ 200 and 1000 kg/m2s, respectively. Such
highmassfluxes have been investigated in literature; for example the
highestmassfluxemployedby Steinke andKandlikar [29]withwater
was 1782 kg/m2s, and recently Kosar et al. [30] employed extremely
high mass fluxes up to 53,000 kg/m2s in circular microchannels
ranging from127 to 254 mmindiameter in their CHF studies. It is seen
that as themass flux increases, the relative importance of inertia goes
up significantly, while shear forces also become larger. Gravity, which
is a body force, remains insignificant compared to shear and inertia
forces for channels below about 100e200 mm diameter.

The evaporation momentum force depends on the applied heat
flux. To show the changes in this force at high evaporation rates,
Fig. 1 with q ¼ 1 MW/m2 is replotted in Fig. 4 with q ¼ 10 MW/m2.
Comparing Figs. 1 and 4, it is seen that the evaporation momentum
force becomes quite large, exceeding the inertia and shear forces.
The large evaporation momentum force at high evaporation rates
encountered at the inception of nucleation is responsible for the
rapid interface movement, sometimes causing reversed flow in
microchannels.

Fig. 5 shows a similar force representation for R-123 at
G¼ 200 kg/m2s and q¼ 1MW/m2. It is seen that the surface tension
forces are reduced due to the lower surface tension of R-123 and the
evaporationmomentum force is also reduced due to the lower latent
heat. Nevertheless, surface tension comes out as the dominant force,
with inertia forces being the secondmost significant force. However,
a note on the role of surface tension force is warranted.

The surface tension force acting at the contact line of the three
phases (during rewetting on a dry surface) is applied through the
contact angle. Thewettability of the channel walls and the dynamic
and time-dependent behavior of the contact angle are relevant
physical considerations. Secondly, the nature of liquidevapor
Fig. 2. Scale effect of tube diameter on various forces during flow boiling of water,
G ¼ 200 kg/m2s, q ¼ 1 MW/m2.



Fig. 3. Scale effect of tube diameter on various forces during flow boiling of water,
G ¼ 1000 kg/m2s, q ¼ 1 MW/m2.

Fig. 5. Scale effect of tube diameter on various forces during flow boiling of R-123,
G ¼ 200 kg/m2s, q ¼ 1 MW/m2.
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interface during the two-phase flow is of critical importance. For
illustration, consider a small bubble 10 mm in diameter. When this
bubble is attached to the wall, the strong surface tension forces
would require significant shear and inertia forces to dislodge it from
the wall and eject it in the flow. However, when this bubble is
detached and is flowing, its influence on the flow is quite different
and relatively small. Small diameter bubbles generally do not coa-
lesce easily and tend to grow as large confined bubbles in the
channels for water as seen by Tange et al. [31]. For refrigerants, the
coalescence may be easier due to lower surface tension forces.
The growth of the bubbles in the flow provides a relaxation mech-
anism for the liquid superheat in the bulk flow. Advancing this
concept, microbubble emission in pool boilingwas accomplished by
Li et al. [32] by incorporating micron-sized cavities and developing
nanostructures of pin fins oriented obliquely to the heating surface.
2.2. Scaling parameters e relevant non-dimensional
groups in microscale flow boiling

As pointed out earlier, although the magnitudes of inertia and
shear forces are quite different, they scale differently in the near-
Fig. 4. Scale effect of tube diameter on various forces during flow boiling of water,
G ¼ 50 kg/m2s, q ¼ 10 MW/m2.
wall region, which is of primary interest in flow boiling. The ratio
of the inertia and shear forces results in the Reynolds number,
which is used extensively in fluid flow and convective heat transfer
studies. Reynolds number is much greater than unity in engi-
neering heat transfer and fluid flow applications, and provides the
correct scaling factor for these two forces.

In flow boiling heat transfer, use of empirically derived non-
dimensional groups is quite common. The earliest group used in two-
phase flow pressure drop modeling is the Martinelli parameter, Xtt,
which represents the ratio of the two-phase flow pressure drop to
the pressure drop with only single-phase gas or liquid flowing in the
entire tube. This parameter has found widespread empirical accep-
tance in flow boiling pressure drop aswell as heat transfer modeling.
A detailed discussion of empirical and other non-dimensional
numbers is provided in ref. [17].

Another empirical parameter that is used extensively is the
boiling number, Bo, defined as:

Bo ¼ q
Ghfg

(11)

Boiling number represents the ratio of heat added to that which
is required to evaporate liquid flow into vapor. However, it does
not account for the tube the entire diameter effect and thus has
a different influence depending on the channel dimensions. From
an evaporator design standpoint, comparing the heat input to the
maximum energy that can be carried away by evaporation for
a prescribed change in quality, the maximum boiling number that
can be realized is given by the following relation for a circular
channel:

Bomax ¼ AcDx
PL

¼ 0:25Dx
ðL=DhÞ

(12)

where L is the channel length, Ac is the channel cross-sectional area,
and Dx is the change in quality from inlet to the exit of the channel.
For an exit quality of 1, exceeding the Bomax value will lead to an
equilibrium quality of greater than 1 within the channel. CHF
condition will further limit this value.

While studying nucleation and bubble removal processes,
a comparison of the inertia and evaporation momentum forces is
useful and results in the following non-dimensional number by
Kandlikar, K1, [17] which is derived from theoretical force balance
considerations:
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K1 ¼
 

q00

Ghfg

!2
rL
rV

¼ Bo2
rL
rV

(13)

While the boiling number represents a non-dimensional
quantity incorporating the heat and mass fluxes, K1 represents the
ratio of evaporation momentum to inertia forces encountered
during boiling at microscale. The rate of volumetric change during
evaporation under a given set of heat and mass fluxes is also taken
into account in K1. From Eqs. (12) and (13), it is seen that Bo appears
with the non-dimensional L/Dh ratio in the overall energy transfer
analysis, andwith the density ratio rL/rV during transport processes
at the interface.

Since the gravitational forces have negligible influence during
internal flow boiling at microscale, the other two groups that
combine surface tension force with inertia (Weber number, We)
and viscous (Capillary number, Ca) forces play an important role.

We ¼ LG2

rs
(14)

Ca ¼ mV
s

(15)

However, the effects of the shear stress on the flow characteristics
is still expected to be low as the shear stress is quite small compared
to the other forces. Itmay be noted that the effect of surface tension is
manifested at the contact line as well as in defining the shape of the
liquidevapor interface.
2.3. Flow patterns during flow boiling in microchannels

The interplay among the forces at the liquidevapor interfaces
due to surface tension, inertia, shear, gravity, bubble nucleation and
evaporation is responsible for the flow patterns observed during
flowboiling. As seen from Figs.1e4, for larger tube diameters, above
3 mm, the gravitational forces are dominant. For these macroscale
tubes, a stratified flowpattern is observed at lower total mass fluxes
during two-phase flow in evaporators. The annular flow pattern
also becomes asymmetric in horizontal channels. As the diameter
becomes smaller, the gravitational effects become smaller and
the inertia forces favor the annular flow. Similarly, the churn flow
pattern seen in larger diameter tubes becomes less prevalent as the
channel diameter decreases, and quickly transforms into slug or
annular flow patterns.

The role of heat flux becomes more important in the hydrody-
namics of two-phase flow at microscale. The bubble nucleation
process is initiated by the large degree of wall superheat and
negative subcooling (bulk liquid becomes superheated) [22]. The
liquidevapor interface of a growing bubble provides a relaxation
mechanism in the superheated bulk liquid through evaporation.
This relaxation mechanism represents an important heat transfer
enhancement mode by reducing the effective temperature of the
bulk liquid for single-phase convection (or transient conduction in
the slug as will be shown later) from the heated channel walls.

The effect of channel dimensions on the more prevalent flow
patterns in microchannels are presented next on the basis of
experimental observations reported in the literature.

2.3.1. Bubbly flow
Bubbles generated at the wall detach and move in the bulk flow.

For macrochannels, the bulk liquid reaches the saturation
temperature and the bubbles flow randomly in the cross-section.
As the channel diameter decreases, the bubbles are seen to flow
more regularly in the center and assume elongated shape as found
by Zhao and Bi [33] during the adiabatic flow of air and water for
triangular channels of hydraulic diameters of 2.886, 1.443 and
0.866 mm. Sobierska et al. [34] observed bubbly flow in the sub-
cooled region and at very low qualities for rectangular channels of
Dh ¼ 0.48 and 1.86 mm. Revellin et al. [35] observed single streams
of bubbles which grew in size for R-134a and R-245fa in channels of
Dh ¼ 0.5 mm and are seen only at low mass fluxes. For micro-
channels with Dh ¼ 100 mm, Kawahara et al. [36] noted that bubbly
flow was not seen for airewater mixture as well. Wang et al. [37]
observed bubbly to slug flow transition at high heat fluxes with
very short slug lengths. Harirchian and Garimella [38] observed
that the bubbly flow is observed for channels 400 mm and wider,
but is suppressed in 100 mm diameter microchannels.

2.3.2. Explosive bubble growth
A number of investigators working on microchannel flow

boiling have observed explosive bubble growth, e.g. [6,29,39,40].
The large liquid superheat at the location of bubble nucleation is
responsible for this explosive growth causing instabilities and flow
reversal. Placing inlet restrictors and introducing nucleation cavi-
ties of radii satisfying nucleation criteria are some of the solutions
offered to eliminate or mitigate this behavior.

2.3.3. Elongated bubble/slug flow
Following the explosive growth, the vapor surrounded by a thin

liquid film on the wall occupies the entire channel as an elongated
bubble. The upstream interface dissipates the available liquid
superheat and is followed by a slug of liquid until the next nucle-
ation incidence occurs. This is seen to be a prevalent flow pattern in
microchannel. Steinke and Kandlikar [29] conducted experiments
in parallel rectangular copper microchannels with a hydraulic
diameter of 207 mm using water over heat and mass flux ranges of
5e930 kW/m2 and 157e1782 kg/m2s respectively. They found that
explosive boiling with nucleation followed by slug formation was
observed in the entire range. Under certain conditions, the flowwas
unstable with severe flow reversal was observed with a high-speed
camera. The heat transfer coefficient was very high near the inlet
section and it decreased along the length of the microchannel.
Similar observations are made by a number of investigators
including Yen et al. [41] for water at a mass flux of 295 kg/m2s and
for the lower range of heat fluxes of 1e13 kW/m2s and Hetsroni
et al. [39].

Harirchian andGarimella [38] observed that at higher heatfluxes,
the elongated bubble region is shortened and the flow enters
annular flow regime. There is a liquid film around the vapor core in
the bubble, which occasionally dries out before the next slug arrives.

2.3.4. Annular flow
The elongated bubble continues to grow in length as liquid

evaporates from the film on the channel walls and the upstream
and downstream interfaces. Sometimes the downstream slug is
consumed or breaks off forming the annular flow. The liquid film
thickness and heat transfer in this mode continue to be a topic of
current research.

2.4. Characteristics of elongated bubble/slug flow pattern

The behavior of the liquidevapor interface of a nucleating bubble
as it expands into an elongated bubble and transitions into annular
flow is critical to understanding the flow boiling phenomenon in
microchannels. In this regard, numerical simulation of the interface
region provides useful information. Son et al. [42] and Mukherjee
and Dhir [43] developed a numerical scheme to study the growth
and heat transfer associated with the liquidevapor interface of
nucleating bubbles and their merger. Mukherjee and Kandlikar [44]



S.G. Kandlikar / International Journal of Thermal Sciences 49 (2010) 1073e10851078
extended this model to study the effect of advancing and receding
contact angles and showed that the transient conduction and local
liquid circulation play an important role in the removal of heat and
its dissipation through the phase change process at the interface.

Fig. 6 shows the results for bubble growth in water in a micro-
channel. The nucleating bubble grows rapidly within less than
0.3 ms to form an elongated bubble. The bulk liquid is in a super-
heated state and its energy is being released through rapid evap-
oration at the interface. The numerical results from ref. [44] are
depicted in the same figure along with the photographic images
obtained in ref. [45], showing good qualitative agreement between
the two. Comparing the sequential frames shown in Fig. 6, it is seen
that the receding interface on the right sidemoves faster in the flow
direction and eventually leads to an elongated bubble shape.
The receding interface leaves behind a thinning layer of liquid
wedge on thewall. The liquid film is superheated from the transient
conduction while it was part of the liquid slug. This superheat is
dissipated through evaporation, while the remaining film interacts
thermally with the wall and the vapor core. The growth and
movement of a bubble taking the elongated shape and its rapid
movement downstream (toward right) is depicted in Fig. 7 [44].

The interface on the left side of the bubble in Fig. 7 faces upstream
liquid which is cooler, causing the evaporation rate to slow down.
The interface may recede backward if the upstream compressibility
(including parallel channel effects) permits this movement. The
interface eventually begins to advance in the flow direction. For
systems with low upstream compressibility, the vapor sometimes
moves backward through the liquid core, while liquid film flow
proceeds in the flow direction [29]. For smaller diameter micro-
channels and at higher heat fluxes with inlet stabilizers, this
behavior is not seen. As the advancing interface passes over the
channel wall, heat is transferred by transient conduction from the
wall to the liquid, and the nucleation cavity once again produces
a bubble, continuing the cycle. The liquid is trapped as a slug
between the advancing interface of the previous elongated bubble
and the receding interface of the new bubble as shown in Fig. 8. The
length of the liquid slug depends on the flow velocity and the time
interval between the two successive nucleation events. At higher
heat fluxes, multiple bubbles are seen to form on the heater surface.
These bubbles coalesce and form larger bubbles and eventually
transform into slug and annular flow patterns [37,38]. For the case of
annular flow pattern, presence of a thick film is not beneficial for
Fig. 6. Growth of a nucleating bubble into an elongated bubble during flow boiling of
water inside a microchannel. Numerical simulation results, upper frames [44], and
experimental visualization lower frames [45].
heat transfer. In such cases, it would be desirable to have a slug flow
patternwith rapid succession of liquid and elongated vapor bubbles.

2.5. Stability and flow pattern consideration

The flow patterns and stability during flow boiling are the result
of the forces acting on the evaporating interfaces in amicrochannel.
In this section, the forces discussed above are used to represent the
stability and flow pattern transitions.

Unstable operation during flow boiling in microchannels is
reported by a number of investigators [e.g. 4,6e9,22,29,37,39,40,45].
Before looking into stability criteria, it would be instructive to briefly
review other microscale applications where scaling analysis
provides useful transition criteria for processes involving liquid-
evapor/gas interfaces. Two such applications that are discussed
beloware the formation of droplets or bubbles inmicrochannels and
the transport ofwater through afibrous gasdiffusion layermatrix for
fuel cell application.

The subject of droplet and bubble formation in microfluidic
T-junctions has been extensively studied. Thorsen et al. [46] postu-
lated that the droplet breakup is a result of the surface tension and
shear forces acting on the droplet interface. However using a scaling
analysis, Garstecki et al. [47] developed a model that showed that at
low capillary numbers the droplet breakup is independent of the
surface tension and viscosity of both the fluids. The only controlling
parameters were identified as the channel geometry and the flow
ratesof the twostreams.Foragiventotalpressuredropof thegasflow,
theflow rate is dependent on the length and the viscosity of the fluid,
but the importantparameter is thegasflowrate. Furtherconfirmation
of this hypothesis was obtained by Christopher et al. [48], who
showed that the viscosity ratio did not playa role unless this ratiowas
close to1.Anexcellent reviewonthis topic isgivenbyChristopherand
Anna [49]. More recently, such a force balance and scaling analysis
was used by Songet al. [50] for droplet splitting and liquid dispensing
in electrowetting-on-dielectric microfluidic actuators.

Another application where scaling analysis is being actively
pursued is the flow of water in the gas diffusion layer of a Proton
Exchange Membrane fuel cell in the presence of a countercurrent
flow of reactant gases. In porous medium applications, capillary
number and viscosity ratio of the two fluids are used to generate
a phase diagram that distinguishes between the capillary fingering,
viscous fingering and stable displacement [51]. Recent efforts are
under way to extend this diagram for the fibrous gas diffusion layer
material. Additional effects due to varying surface energy (contact
angle) within thematrix makes the task evenmore challenging, but
the scaling parameters for porous medium seem to be applicable in
fibrous applications as well [52].

In studying flow pattern transitions, Lee and Pan [53] conducted
careful flow visualization experiments with water in 99.8 mmwide
and 20.3 mm deep silicon microchannels over heat and mass flux
ranges of 14.9e372 kW/m2 and 417e625 kg/m2s. Using frame rates
up to 50,000 fps, they confirmed that bubbles nucleated over
specific cavities and then rapidly grew into slugs. Bubbly flow was
not observed under any operating conditions. The nucleation onset
followed the established nucleation criterion of Hsu [54] and cor-
responded to the cavity diameters available on the heater surface.

Flow patterns have been a topic of great interest during flow
boiling inmicrochannels. A recent study of channel dimensions and
heat and mass fluxes on flow patterns and heat transfer is reported
byHarirchian andGarimella [38]. They conducted experimentswith
FC-77 in 400 mmdeep channels withwidths varying from100 mm to
5850 mm. They observed that the flow patterns and heat transfer
trends were similar for channel wider than 400 mm, while a distinct
change was noted for 100 mm wide microchannels. The bubble
nucleation followed by bubbly flow was suppressed in these



Fig. 7. Numerical simulation of bubble growth in a 200 mm square microchannel showing receding (right) and advancing (left) liquidevapor interfaces [44].
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microchannels and slug flow was noted to be the dominant
flow pattern, followed by churn/annular flow. As the mass flux
increased, the slug flow was more prevalent, while increasing heat
flux resulted in churn/annular flow. All the data sets were obtained
under stable operating conditions.

The stability of flow boiling has been a focus of a number of
investigations. Incorporating pressure drop restrictors at the inlet to
each channel and providing artificial nucleation cavities stabilized the
boiling in microchannels [22,55]. Consolini and Thome [56] recently
considered the convective heat transfer in the presence of flow
instabilities. Wang et al. [57] found that the effects of inlet and outlet
headers had a significant effect on the flow boiling stability. Cheng
et al. [58] provide an excellent overview of the stability and flow
patterns in small hydraulic diameter rectangular channels.Wang et al.
[37] conducted experiments to identify the stable and unstable
regions and proposed a map which shows that the flow is stable only
in the region q/G< 0.96 kJ/kg. The region q/G> 2.14 kJ/kgwasunstable
with short-period oscillations and the intermediate region
0.96 < q/G < 0.2.14 kJ/kg was unstable with long-period oscillations.
These regions were associated with specific flow patterns.

As a bubble nucleates and occupies the entire channel, the
stability of the flow depends on the balance of the inertia force of
the liquid and the evaporation momentum force at the liquid-
evapor interface between the expanding bubble and the upstream
liquid. The ratio of these forces is given by the parameter K1
introduced by Kandlikar [17].
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Fig. 8. Representation of different heat transfer mechanisms during elongated bubble/
slug flow patterns showing similarities between nucleate pool boiling and flow boiling
in microchannels.
Following the criteria proposed by Wang et al. [37], and intro-
ducing the properties of water at the mean test section pressure
employed, which was quite close to 1 bar, the stability criteria and
the associated flow patterns may be expressed as follows:

Stable boiling, steady bubbly/slug flow: K1 � 2.9 � 10�4.
Unstable boiling with short-period oscillations, bubbly/annular

alternating: 2.9 � 10�4 < K1 < 1.45 � 10�3.
Unstable boiling with long-period oscillations, annular/mist

alternating: K1 � 1.45 � 10�3.
Wang et al. [57] also found that the type of inlet headers further

modified the boundaries between the two regions. The results for
transitions among flow patterns from Wang et al. [37] and Wang
et al. [57] were both presented on a plot of q vs. G. When the recent
data for FC-77 from Harirchian and Garimella [38] was plotted
on this map, it resulted in extremely large deviations since the
q/G values employed in FC-77 systems are significantly lower as
compared to water. These maps are replotted using the evaporation
momentum and inertia forces with the scaling parameter K1 as the
transition criterion. Fig. 9(a) and (b) show the data fromWang et al.
[37] and Wang et al. [57] respectively. It is seen that the transition
criteria are slightly different between the two header configura-
tions. The data of Harirchian and Garimella [38] is plotted on
this map in Fig. 9(c). It is seen that the entire data set is well
represented on the map and the transition boundaries for the
vertical inlet header configuration from Wang et al. [37] are able to
accurately represent the flow pattern transitions using the
parameter K1.

The size and shape of the microchannel also influence the
transition criteria shown in Fig. 9(c). Furthermore, different
nucleation characteristics on the wall also play a significant
role in flow pattern development. The flow pattern transition and
stability map presented in Fig. 9(a)e(c) are expected to undergo
changes to accommodate these factors as additional data become
available.
3. Mechanistic description of flow boiling

3.1. Heat transfer to the liquid slug trapped between
two elongated bubbles

Heat transfer to the liquid slug trapped between two elongated
bubbles, as seen in Fig. 8, was simulated experimentally and
numerically by a steady meniscus formed on a moving heated
surface [59,60]. Liquid is supplied at a nozzle outlet kept at a close
distance from the heated surface. Fig. 10 shows a photograph of the
meniscus formed between a nozzle and a heated, rotating copper
surface [59]. The liquid circulation and temperature contours



Fig. 9. Flow pattern transition and stability map using evaporation momentum and
inertia forces and Wang et al. [37] criteria; (a) water data of Wang et al. [37] with vertical
(normal) headers, Dh ¼ 186 mm, (b) water data of Wang et al. [57] with vertical (normal)
headers, Dh ¼ 186 mm, (c) FC-77 data of Harirchian and Garimella [38], Dh ¼ 100 mm.

Fig. 10. Photograph of an evaporating water meniscus on a polished rotating copper
heater showing the advancing (left) and receding (right) interfaces [59].

Fig. 11. Liquid temperature profile (a) and velocity vectors (b) inside a meniscus
(moving from right to left at a velocity of 0.1 m/s) over a heated surface. Contact angles
advancing, left interface, qA ¼ 61�, receding, right interface, qR ¼ 48� [60].
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within a moving meniscus were also numerically obtained and are
shown in Fig. 11.

The liquid front at the advancing interface covers the heater
surface and the resulting transient heat transfer is very high at the
leading edge and slowly decreases toward the receding edge. This is
confirmed by the steep temperature gradient near the wall at the
left interface. On the right side, the meniscus is receding and the



Fig. 12. Contributions to (a) local heat transfer rate and (b) total energy transferred
from the different mechanisms during nucleate pool boiling under a single bubble,
redrawn from Myers et al. [62].
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heated liquid from the boundary layer formed over the heater
circulates behind the liquidevapor interface and results in signifi-
cant evaporation. Thus transient conduction followed by release of
energy through evaporation at the interface is identified as the heat
transfer mechanism in this configuration.

Comparing themoving menisci with the slug flow, it is seen that
the two mechanisms are similar. Fig. 8 shows the liquid slug trap-
ped between the two successive elongated bubbles in a micro-
channel. This description resembles with the three-zone model
originally proposed by Jacobi and Thome [18]. However, the heat
transfer in each region is considered here by comparing its relative
counterpart in pool boiling. At the advancing interface in the slug,
liquid comes in contact with the wall, which may be partially dry
or may be covered with a thin liquid film. The liquid behind the
interface begins to be heated due to transient conduction, and
sweeps over the receding interface resulting in significant evapo-
ration, similar to the receding meniscus on a heated surface shown
in Fig. 10. In case of complete dryout of the film, there may be an
additional component due to enhanced heat transfer at the triple
line, but this contribution is expected to be quite small.

4. Comparison between pool boiling and microchannel
flow boiling mechanisms

Significant advances have been made in recent years in our
understanding of pool boiling heat transfer. Demiray and Kim [61]
and Myers et al. [62] conducted extensive microscale experiments
with dielectric fluids using an array of microheaters with 100 mm
resolution and studied the transient heat transfer process on the
heater surface during the bubble ebullition cycle. The individual
heaters were controlled to provide a desired constant heat flux or
constant temperature boundary condition. These studies provide
highly time- and space-resolved descriptions of the heat transfer
process.

Based on their experimental observations, Demiray and Kim
[61] and Myers et al. [62] determined the contributions from
different mechanisms during pool boiling. As the nucleating bubble
grows, heat is transferred by evaporation from the microlayer.
Its contribution reduces significantly as the microlayer evaporates
completely, leaving dry patches at some locations resulting in
a very low heat transfer over the patches. As the bubble begins to
depart, the liquid interface then advances and covers the surface.
This results in a significantly higher heat transfer rate due to
transient heat conduction to the liquid. In casewhere the liquid film
is still present, the advancing liquid replenishes the filmwith cooler
liquid and is able to provide a higher heat transfer due to transient
conduction mode. As the bubble departs, the liquid covers the
entire heating surface and is heated further from transient
conduction forming a superheated liquid layer over the heater
surface. The cycle begins again with the nucleation of the next
bubble. The superheated liquid layer releases its energy by evapo-
ration at the receding liquidevapor interface during the growth
period of the following bubble. The dominantmode of heat transfer
was found to be transient conduction. The microlayer evaporation
contribution was found to be quite small, around 20e25 percent,
confirming the numerical results of Son et al. [42].

Fig. 12(a) and (b) from Myers et al. [62] are redrawn from the
original data to show the contributions from different mechanisms.
The transient conduction raises the liquid superheat, which is
released at the evaporating interface through microconvection.
Thus these two mechanisms of transient conduction and micro-
convection are coupled and hence are combined. It is seen from
Fig. 12(a) that the microlayer evaporation begins following the
bubble nucleation and ends with the appearance of dry spots. The
energy transferred by microlayer evaporation is depicted in
Fig. 12(b) and is seen to be 22 percent of the total energy transfer.
This value is in agreement with the numerical results of Son et al.
[42], who estimated the microlayer contribution to be around 20
percent. Transient conduction occurs in both cases when the liquid
film has been completely dried out, as well as when there is a film
left behind. The advancing liquid brings cooler liquid to the heater
surface in both cases.

Recent publications by Moghaddam and Kiger [63,64] on visu-
alization and simultaneous local heat transfer measurements
under a nucleating bubble through its entire cycle provide addi-
tional useful information. The microlayer contribution was divided
between the conduction from the heater and evaporation from the
initial superheat of the liquid film. It was shown that the initial
superheat was also an important contributor to the heat transfer.
The overall contribution from the microlayer evaporation was in
agreement with earlier results and was also found to be around 20
percent of the total heat transfer.

Another aspect that was highlighted by Moghaddam and Kiger
[63,64] was that the microconvection played a greater role at higher
liquid wall temperatures. An increase in waiting time resulted in an
explosive bubble growth and an increased contribution from the
transient conduction mode. The transient conduction was modeled
somewhat differently, allowing for a gradual rewetting front as the



Fig. 13. Comparison of the flow boiling data for R141b in 60 mm � 200 mm silicon
microchannels with the correlation by Kandlikar and Balasubramanian [72].
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bubble interface recedes prior to departure. This is different from the
transient conduction model of Mikic and Rohsenow [65] in which
the bulk liquid replaced the entire active area equivalent to two
times the departure bubble diameter. The findings by Moghaddam
andKiger indicate that the area for transient conduction is restricted
to about half the departure bubble diameter.

When comparing the nucleate pool boiling with flow boiling
following nucleation of a bubble, significant similarities are noted.
In both systems, a nucleating vapor bubble grows from the evap-
oration at the bulk liquidevapor interface, which provides a relax-
ation mechanism for liquid superheat in the surrounding liquid.
Evaporation from the interface leads to an elongated bubble in
microchannel flow boiling, and the heater surface surrounding the
vapor is covered with a microlayer, similar to the microlayer under
a bubble in pool boiling. The receding and advancing menisci at the
front and back of the elongated bubble are similar to the interfaces
during growth and departure phases of a nucleating bubble in pool
boiling respectively. The transient conduction mechanism during
pool boiling during the departure mode is replaced by the transient
heat conduction to the slug trapped between the two elongated
menisci. Note that the heat transfer in the liquid slug is quite
complex due to transient conduction at the wall; microconvection
induces circulation within the slug and evaporation at the receding
interface upstream. Because of these microconvection and evapo-
ration features, heat transfer in the liquid slugs is quite different
from the conventional entry-region problem. Furthermore, the
liquid slug is continuously accelerating due to evaporation in the
elongated bubble following behind it upstream. The liquid mass in
the slug is also constantly being depleted due to evaporation at the
interfaces, mainly the receding interface, and liquid supply for the
formation of the liquid film.

Another observation can be made regarding the contribution
from the microconvection mechanism. It provides a pathway for
heat to be transported from the superheated liquid layer experi-
encing transient conduction to the liquidevapor interface of the
receding interface. This also helps to increase the heat transfer rate
by reducing the temperature of the liquid behind the advancing
interface experiencing transient conduction.

4.1. Microlayer characteristics

The microlayer formed in pool boiling has been studied exten-
sively. One of the early works by Koffman and Plesset [66] indicates
that the thickness is on the order of 1e5 mm under a nucleating
bubble. Due to evaporation, it assumes awedge shape under a bubble,
and often forms a dry spot in the center at high heat fluxes as the
microlayer is depleted.Moriyama and Inoue [67] reported ameasured
microlayer thickness of 5 mm in a narrow gap of 0.4 mmwith R-134a.
Their thickness predictive model was used by Revellin et al. [68].

Recent work by Zhang et al. [69] provides useful information on
liquid film thickness measurement using laser extinction method in
a microgap as a function of interface velocity. An interesting obser-
vation made from these experiments was that the film thickness
increased with the velocity of the interface. For the interface veloc-
ities of 3e5 m/s, the thickness was around 10 mm for water and
20 mm for ethanol and toluene.

The film thickness in flowboiling inmicrochannels is expected to
be higher during explosive boiling due to higher interface velocities.
The contribution from the microlayer evaporation will therefore be
smaller as compared to the pool boiling, where it contributes
approximately 20 percent to the total heat transferred. The dryout of
themicrolayer has also been observed under the elongated bubble in
flow boiling bymany investigators, including recently byWang et al.
[57] for water in 186 mm hydraulic diameter parallel channels.
These features are identified as some of the limiting characteristics
of flow boiling in microchannels. A more comprehensive compar-
ison between pool boiling and microchannel flow boiling is
presented in [70].
4.2. Contribution from convective boiling mechanism
during microchannel flow boiling

Many researchers have discounted the convective contribution by
observing that the heat transfer coefficient during flow boiling
in microchannels is independent of the mass flux. This reasoning
assumes that the convective heat transfer increases with mass flow
rate, which is true in the case of turbulent flow. But in the case of
laminar flow, as is the case in microchannels over most of the oper-
ating conditions tested, the heat transfer coefficient is independentof
the flow rate. (Although some effect may be present due to devel-
oping flow and two-phase mixing). Furthermore, the variation of
heat transfer coefficient with quality depends on the boiling number
as well as density ratio, providing increasing, flat, or decreasing
trends at low qualities [71].

It is therefore reasonable to use a flow boiling correlation that
includes the convective contribution, and recognizes the increased
nucleate boiling contribution. The correlation by Kandlikar and
Balasubramanian [72] accounts for the increased contribution from
the nucleate boiling mechanism, and the reduced dependence on
the mass flux in the transition region, and a constant heat transfer
coefficient in the laminar region as identified by the respective
Reynolds number ranges. Fig. 13 shows a comparison of the flow
boiling data for R141b in 60 mm � 200 mm silicon microchannels
with the correlation as reported by Dong et al. [73]. Yen et al. [41]
also reported good agreement of their R123 flow boiling data in
190 mm diameter microtubes with the nucleate boiling component
of the original Kandlikar [74] correlation. Further improvements in
the correlation will be needed to better incorporate the turbulence
transition due to the two-phase flow effects and to derive the
appropriate values of the fluid-surface parameter FFl for new fluids
tested in microchannels as these values are not reported in the
correlation. Also, the correlation by Kandlikar and Balasubramanian
[72] was developed as an extension of an earlier correlation [74].
It incorporates the boiling number and density ratio, but not
explicitly as the group K1. It may be beneficial to consider the new
property group K1 in developing future correlations.

Another aspect of interest is the trendof h vs. x. This topic has been
discussed extensively in literature. A flow boilingmapwas presented
by Kandlikar [71] to address this issue. This trend is the result of the
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combination of the nucleate boiling component, which decreases
with x, and the convective contribution, which increases with x. This
increase depends on the density ratio e a larger value will provide
a greater increase due to a higherflowvelocity uponevaporation. The
net result then depends on the relative contribution from these two
components. As stated earlier, the increase in velocity in laminarflow
encountered in microchannels may not yield a higher heat transfer
coefficientwith an increase in flow velocity. As a result, the trend of h
vs. x in microchannels would tend to be flatter or decreasing as
compared to the minichannels or macrochannels.
Fig. 15. Spreading of liquid film to delay localized dryout by spreading liquid held in
the corners as film on the channel walls.
5. Recommendations for future research

� The elongated bubble flow pattern is seen to be a limiting
factor in the heat transfer during flow boiling inmicrochannels.
It is recommended that this flow pattern be avoided or delayed
by nucleating bubbles in the flow while the bulk flow is still
subcooled. This can be accomplished by providing nucleation
sites in the hotter regions of a rectangular microchannel, such
as corners. A schematic showing the flow pattern changes with
nucleation under subcooled conditions is depicted in Fig. 14.

� Microbubble Emission Boiling (MEB), described by Hirono et al.
[75] provides high heat transfer coefficients at higher heat
fluxes in the transient boiling region. It is attractive in micro-
channel flow boiling in the regions where local dryout regions
occur. Preliminary work in this field seems promising [76] and
is recommended for further exploration.

� The next recommendation deals with the dryout region. It is
recommended that the dryout be delayed by providing
hydrophilic walls that draw liquid away from the corner
regions of a microchannel as shown in Fig. 15. Recent studies
conducted on the surface energy effects on pool boiling, e.g.
Phan et al. [77] may be extended to microchannel flow boiling
systems. Another investigation by Khanikar et al. [78]
employing carbon nanotubes coating on the 10-mm wide and
371 mm high minichannel heated wall showed an increase in
pressure drop and an increase in instability. A systematic study
with microchannels equipped with flow stabilization features,
such as restrictors and specific nucleation sites, and nano-
structures is recommended.

� It is recommended that the local temperature under an elon-
gated bubble and liquid slug be measured using the advanced
microfabrication technology that has been employed in pool
boiling by pioneering work by researchers such as [61,62], or
more recently by [63,64]. The application of liquid crystal
thermography [79] and infrared visualization [80,81] of the
substrate to obtain local temperature data with simultaneous
flow visualization in microchannels are promising new tech-
niques which could be implemented to reveal the interrela-
tionships between the two-phase flow dynamics and local heat
transfer. Such information would be immensely useful in
identifying new directions for enhancing heat transfer.
Fig. 14. Microbubbles nucleating in subcooled liquid and forming bubbly flow in
a microchannel.
6. Conclusions

Recent developments in single-phase flow in enhanced micro-
channels have provided significantly higher performance with high
heat flux dissipation and high heat transfer coefficients. In order to
improve the performance offlowboiling systemswithmicrochannels
to match and exceed this level, a fundamental understanding of
the underlying transport processes is needed. A scaling analysis of the
forces indicates that surface tension and evaporation momentum
forces play a dominant role at microscale. Application of the scaling
analysis to identify flow region transitions provided encouraging
results. Elongated bubble/slug flow pattern is seen to be dominant in
microchannels. Heat transfer under this flow pattern is seen to be
similar to that around a nucleating bubble in pool boiling. The
receding and advancing fronts of the elongated bubble are similar to
the respective interfaces of a nucleating bubble during growth and
departure phases. Transient conduction/microconvection is identified
as the major heat transfer mechanism associated with the elongated
bubble/slug flow pattern. Since the liquid flow is laminar in micro-
channels under the operating conditions of engineering interest,
the mass flux independence seen in the flow boiling data may not
necessarily indicate the absence of convective boiling component.
Further research on identifying the effects of turbulence transition in
two-phase flow is suggested. Future research is recommended on
(i) altering nucleation patterns through strategic placement of
nucleation sites, (ii) application of microbubble emission boiling
(MEB) in highly subcooled flow, (iii) providing nanosurface coatings
to enhance nucleation characteristics and reduce dryout, and (iii) use
of liquid crystal and high speed infrared thermography to reveal local
temperature fluctuations in conjunction of high speed flow visuali-
zation for developing heat transfer enhancing strategies.
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