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Abstract

Experiments were performed to measure the incipient boiling heat flux in a heat sink containing 21 rectangular (231
pm wide and 713 pm deep) micro-channels. Tests were performed using deionized water with inlet liquid velocities of
0.13-1.44 m/s, inlet temperatures of 30, 60 and 90 °C, and an outlet pressure of 1.2 bar. Using a microscope, boiling
incipience was identified when the first bubbles were detected growing at, and departing from the micro-channel wall
near the outlet. A comprehensive model was developed to predict the incipient boiling heat flux, accounting for the
complexities of bubble formation along the flat and corner regions of a rectangular flow channel, as well as the like-
lihood of bubbles growing sufficiently large to engulf the entire flow area of a micro-channel. The model is based on a
bubble departure criterion, which combines both mechanical considerations (force balance on a bubble) and thermal
considerations (superheating entire bubble interface). The model shows good agreement with the experimental re-

sults. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Micro-channel cooling has emerged in recent years as
a highly effective means for dissipating large amounts of
heat from small areas. It has been proposed for cooling
high power density devices such as microprocessors and
laser diode arrays. A micro-channel heat sink typically
contains a large number of parallel micro-channel cool-
ant passages ranging in size from 10 to 1000 pm. Liquids
such as water and fluorochemicals are two types of
coolant that are favored with micro-channel heat sinks.
Micro-channel heat sinks are classified into single-phase
or two-phase, depending on whether boiling occurs in
the micro-channels.

Single-phase micro-channel heat sinks have been
studied quite extensively during the last two decades [1-
6]. Test results have demonstrated the technical merits
of single-phase micro-channel heat sinks compared to
macro cooling systems, namely, the ability to produce
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very large heat transfer coefficients, small size and vol-
ume per heat load, and small coolant inventory re-
quirements.

Two-phase micro-channel heat sinks offer those same
attributes while providing the following important ad-
vantages over their single-phase counterparts:

(1) Much higher convective heat transfer coefficients are
possible once boiling commences inside the micro-
channels.

(2) Better temperature uniformity is achieved with a
two-phase micro-channel heat sink. Given the small
coolant flow rates used in micro-channel heat sinks,
applying a high heat flux to a single-phase heat sink
can result in an unusually large stream-wise temper-
ature rise in both the cooling liquid and heat sink,
which can be very detrimental to temperature sensi-
tive devices. A two-phase heat sink relies upon
latent, rather than sensible, heat exchange which
helps maintain stream-wise temperature uniformity
at a level set largely by the coolant’s saturation tem-
perature.

(3) Two-phase micro-channel heat sinks require much
smaller coolant flow rates than single-phase heat

0017-9310/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0017-9310(02)00106-0


mail to: mudawar@ecn.purdue.edu

3934 W. Qu, I. Mudawar | International Journal of Heat and Mass Transfer 45 (2002) 3933-3945

Nomenclature

A cross-sectional area of micro-channel

A, planform area of heat sink top surface

Ap projected area of bubble

¢ point half-way from nucleate site to bubble
tip

cp specific heat at constant pressure

Cq drag coeflicient

Cs empirical coefficient in Eq. (9)

Fy drag force

F, surface tension force

hy height of bubble

he distance from point ¢ to wall or corner

Aeell height of unit cell

hen height of micro-channel

I/ thickness of cover plate

By thickness from unit cell bottom wall to
micro-channel bottom wall

Hy, dimensionless height of micro-channel

H, dimensionless thickness of cover plate

Hy» dimensionless thickness from unit cell bot-

tom wall to micro-channel bottom wall

k thermal conductivity

/ length of micro-channel

N number of micro-channels in heat sink

P. length of bubble contact line

P, inlet pressure

Py outlet pressure

Py total power input

q" heat flux based on planform area of heat
sink top surface

q’ incipient boiling heat flux

b radius of departing bubble

Rey, bubble Reynolds number defined in Eq. (8)

T temperature

Tac temperature at center of micro-channel bot-
tom wall

T liquid inlet temperature

Tout liquid mean exit temperature

Tat saturation temperature

T dimensionless temperature

u axial liquid velocity

U axial liquid velocity at half-way point ¢
Uin liquid inlet velocity

Uout mean liquid exit velocity

Uout min Minimum mean outlet velocity for which
bubble will interact with surrounding micro-
channel walls

U dimensionless velocity

v volume flow rate

w width of heat sink

Weell width of unit cell

Weh width of micro-channel

Wy half-width of wall separating micro-chan-
nels

Wy dimensionless half-width of wall separating

micro-channels
y cartesian coordinate
Y dimensionless cartesian coordinate
z cartesian coordinate
Z dimensionless cartesian coordinate

Greek symbols

0o equilibrium contact angle
0., advancing contact angle
0, receding contact angle
I dynamic viscosity

o density

a surface tension
Subscripts

f liquid

in inlet

1 Lexan cover plate

min minimum

out exit

s copper heat sink

sinks. This is made possible by the two-phase heat
sink permitting partial or complete consumption of
the liquid by phase change. Much larger flow rates
are needed with single-phase heat sinks to lessen
the stream-wise temperature increases in both cool-
ant and device surface.

Two-phase micro-channel heat sinks are also more
effective than macro two-phase cooling systems at (1)
greatly reducing coolant flow rate requirements and (2)
dissipating the unprecedented power densities, as high as
27,000 W/cm?, required in nuclear fusion and defense
applications [7,8]. These ultra-high-flux heat sinks,

which require enormous pressure drop, are beyond the
scope of practical heat sink devices for which the present
study is intended.

It is obvious that effective design and safe operation
of two-phase micro-channel heat sinks require a strong
fundamental understanding of all aspects of boiling and
two-phase flow in micro-channels. Only a limited num-
ber of studies have been devoted to this topic [9-17].
Bowers and Mudawar [9-11] explored the pressure drop
characteristics and critical heat flux (CHF) for R-113 in
mini-channel (2.54 mm) and micro-channel (510 pm)
heat sinks. A pressure drop model was developed which
accounted for the single-phase and two-phase regions, as
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well as inlet and exit effects. The model predictions were
in good agreement with the experimental results. CHF
values in excess of 200 W/cm? were possible with both
heat sinks using miniscule flow rates. Peng and Wang
[12] investigated the boiling characteristics of subcooled
water through 600 x 700 pm” micro-channels. Their re-
sults indicate that, once initiated, nucleate boiling
quickly became fully developed. Jiang et al. [14] con-
ducted visualization studies on boiling of water in tri-
angular micro-channels with nominal widths of 50 and
100 pm. At low heat fluxes, individual bubbles were
observed growing and departing inside the micro-chan-
nels. Increasing the heat flux triggered an abrupt change
in flow pattern to unstable slug flow. Further increases
in heat flux culminated in stable annular flow. Interest-
ingly, the bubbly flow regime, common to macro flow
boiling systems, was never observed. Ravigururajan [15]
studied boiling and two-phase flow of R-124 in heat
sinks containing parallel and diamond-oriented rectan-
gular 1000 x 270 pm? micro-channels. The heat transfer
coefficient decreased with increases in wall superheat
and exit vapor quality. Kennedy et al. [16] studied in-
cipient boiling and onset of flow instability (OFI) for
subcooled water flow in uniformly heated micro-tubes
with diameters of 1.17 and 1.45 mm. For the smaller
channel, significant deviation was found between ex-
perimental results and prior incipient boiling correla-
tions. Zhang et al. [17] studied boiling of water in
rectangular micro-channels with hydraulic diameters
from 25 to 60 um and aspect ratios from 1.0 to 3.5, and a
nearly constant heat flux boundary. Nucleation and
small bubble growth were observed inside the micro-
channels. Higher heat fluxes resulted in annular two-
phase flow.

The aforementioned studies provide valuable insight
into several aspects of boiling and two-phase flow in
micro-channels. However, the understanding of two-
phase micro-channel flow remains elusive, considering
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the lack of reliable predictive tools for practical heat
sink design. Compounding this problem is the observa-
tion made by many of these investigators, that the flow
patterns, correlations and models available for macro
two-phase systems are unsuitable to micro-channel

flows.

This study focuses on measuring and predicting the
incipient boiling heat flux in a micro-channel heat sink.
This phenomenon is particularly important in micro-
channel flows for several reasons. First, the ability to
predict this condition is of paramount importance both
as an upper design limit for heat sinks that are intended
for single-phase cooling only, and as a lower limit for
two-phase heat sinks intended for maximum heat dissi-
pation. Second, incipient boiling in micro-channels seems
to mark an abrupt transition from liquid flow to two-
phase slug flow, which is not commonly encountered in
macro two-phase systems. Thirdly, understanding this
phenomenon is an integral part of a micro-channel heat

sink design methodology.

In this paper, a comprehensive model is developed to
predict the incipient boiling heat flux. This model ac-
counts for all the complexities of bubble formation
along the flat and corner regions of a rectangular flow
channel, including the likelihood of bubbles growing
sufficiently large to engulf the entire flow area of a
micro-channel. The model predictions are validated with
experimental data for water covering a broad range of

velocity and subcooling.

2. Experimental apparatus and procedure

2.1. Test facility

As shown in Fig. 1, deionized water was circulated
from a reservoir in a closed flow loop that was config-
ured to achieve precise pressure, temperature, and flow
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Fig. 1. Flow loop.
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rate control at the test module. The water was circulated
through the loop by a gear pump, and controlled by
throttling valves located both upstream of the test
module as well as in a bypass. The test module flow first
passed through a filter to prevent any solid particles
from blocking the micro-channels. The flow then entered
an inline heater to modulate the water temperature close
to the desired module inlet temperature. Exiting the in-
line heater, the water was routed into one of two ro-
tameters for volume flow rate measurement. The flow
then entered a heat exchanger, which was connected to a
constant temperature bath, for fine temperature control
just upstream of the test module. A throttling valve was
installed downstream of the test module to control the
water outlet pressure. A water-cooled condenser was
situated downstream of this valve to condense any vapor
exiting the test module before the water returned to the
reservoir.

The test module consisted of a micro-channel heat
sink, housing, cover plate, and 12 cartridge heaters as
illustrated in Fig. 2. Fig. 3 shows a cross-sectional view
of the assembled test module. The micro-channel heat

Cover Plate
(Polycarbonate Plastic)

Outlet
Plenum

Outlet
Outlet
Pressure Port

Inlet
Plenum

Outlet
Thermocouple

Housing
Inlet (G-7 Fiberglass Plastic)
Thermocouple

Micro-Channel Heat Sink
(Oxygen-Free Copper)

e Cartridge Heaters
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Fig. 2. Test module construction.
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Fig. 3. Cross-section of test module assembly.

sink was fabricated from a single-block of oxygen-free
copper. The planform (top) surface of the heat sink was
1.0 cm wide and 4.48 cm long. Using a precision sawing
technique, 21 rectangular micro-slots, measuring 231 um
wide and 712 pm deep, were equidistantly machined
within the 1-cm width of the heat sink. Four Type K
(Chromel-Alumel) thermocouples were inserted below
the heat sink top surface to measure the axial tempera-
ture distribution inside the heat sink. Twelve 6.35 mm
diameter holes were drilled into the bottom surface of
the heat sink to accommodate the cartridge heaters.
These cartridge heaters were powered by a 0-110 VAC
variac and their total power dissipation measured by a
precision wattmeter.

The heat sink housing was made from high-temper-
ature G-7 fiberglass plastic. The central part of the
housing was removed where the heat sink was inserted.
A small protruding platform machined around the pe-
riphery of the heat sink ensured the top surface of the
heat sink was flush with the top surface of the housing as
shown in Fig. 3. RTV silicone rubber was applied along
the interface between the housing and the heat sink to
prevent leakage. The housing contained plenums both
upstream and downstream of the micro-channels to en-
sure even distribution of the flow between micro-chan-
nels as well as even exit mixing. Two absolute pressure
transducers were connected to the inlet and outlet ple-
nums via pressure taps to measure the inlet and outlet
pressures, respectively. Also located in the inlet and
outlet plenums were two Type-K thermocouples to
measure the inlet and outlet temperatures of the water,
respectively.

A cover plate made from transparent polycarbonate
plastic (Lexan) was bolted atop the housing. The cover
plate and micro-slots in the heat sink top surface formed
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closed micro-channels as shown in Fig. 3. An O-ring in
the housing maintained a leak-proof assembly. A mi-
croscope was situated above the cover plate to observe
bubble formation inside the micro-channels as illus-
trated in Fig. 1.

2.2. Experimental procedure

The water was first deaerated using an immersion
heater situated inside the reservoir. The water was
brought to a vigorous boil for at least one hour to force
any dissolved gases to escape to the ambient. The flow
loop components were then adjusted to yield the desired
micro-channel inlet temperature, 7j,, outlet pressure,
Poy, and coolant inlet velocity, u;,. The latter was de-
termined from measured volume flow rate, V.

i

N_AC7 (1)

Uin =

where N and A, are the number of micro-channels and
cross-sectional area of a single micro-channel, respec-
tively. Table 1 gives the operating conditions of this
study.

After the flow became stable, the heater power was
set to a point well below the incipient boiling heat flux.
The power was then increased in small increments while
the flow loop components were constantly adjusted to
maintain the desired micro-channel inlet and exit con-
ditions. At each power level, the heat sink was allowed
to reach steady-state conditions, following which the
inlet pressure, P,, outlet temperature, 7,,, heat sink
temperatures, and heater power, Py, were all measured.
The input heat flux, ¢”, was based on the top planform
area, 4, = 1.0 x 4.48 cm?, of the heat sink.

-7

"

2)

The flow inside the micro-channels was visually
monitored with the aid of the microscope. The bubbles
first appeared near the exit of several micro-channels.
The heat flux measured at this point was defined as the
incipient boiling heat flux, ¢/. Each test was terminated
34 power increments beyond the incipient boiling
condition.

Table 1
Operating conditions of present study
Cooling Inlet Inlet Outlet
liquid temperature, velocity, pressure,
Tin (OC) Uin (m/s) Pout (bar)
Deionized 30.0 0.13-1.19 1.2
water 60.0 0.16-1.34 1.2
90.0 0.17-1.44 1.2

2.3. Measurement uncertainty

Heat loss to the ambient was estimated to be less than
1% of the total power input, which was confirmed by
excellent agreement between electrical power input and
measured enthalpy change of water flow in single-phase
tests previously performed by the authors [6] using the
same experimental apparatus. Therefore, heat losses
were assumed negligible, and the cartridge heater elec-
trical power, measured by a 0.5% accuracy wattmeter,
was used for all heat flux calculations. The rotameters
were calibrated at the desired water temperature using
the standard weighting method, and the accuracy was
determined to be better than 4%. The pressure trans-
ducers were calibrated against a known standard and the
uncertainty in the pressure measurements was less than
3.5%. Error associated with the thermocouple mea-
surements was smaller than £0.3 °C.

3. Incipient boiling model
3.1. Bubble departure criterion

Boiling incipience in large channels has been studied
extensively for several decades [18,19]. The onset of
nucleate boiling (ONB) criterion was commonly em-
ployed to predict the boiling incipience in large channels.
Classical ONB models are based on the assumption that
a bubble will grow beyond the mouth of a cavity only if
the surrounding liquid is sufficiently superheated to
maintain mechanical equilibrium at the bubble interface.
What has been commonly observed at incipient boiling
for subcooled flow in large channels is small bubbles
nucleate, grow and collapse while still attached to the
wall, as a thin bubble layer forms along the channel wall
[20].

Visual observation in the present study proved bub-
ble behavior at incipient boiling in micro-channels is
quite different from that in large channels. At incipient
boiling, a small number of nucleation sites appeared
simultaneously close to the exit of several (typically five
to eight) micro-channels, with one or two sites per
micro-channel. The majority of the first bubbles were
observed on the channel bottom wall, though a few
bubbles did appear on the sidewalls. After nucleation,
bubbles first grew to detachment size before departing
into the liquid flow. The detachment size was compa-
rable to that of the micro-channel cross-section for
lower velocities and decreased progressively with in-
creasing velocity. The detached bubbles moved to the
downstream plenum where they collapsed.

These visual observations prove that boiling incipi-
ence in the micro-channel heat sink was accompanied by
both bubble growth and departure. This indicates that
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the classical ONB criterion may not be adequate for
describing incipience conditions in micro-channels.

Several mechanistic models for bubble detachment
can be found in the literature [21-25]. All these models
are based on two key assumptions: (1) bubble departure
will occur when the forces tending to detach the bubble
overcome those which hold it onto the wall, and (2) a
bubble can only grow and detach if the liquid near the
bubble tip (lowest temperature point along the bubble
interface) is at least equal to the saturation temperature.

The same hypotheses are adopted in the present
model development. It is obvious that boiling incipience
is a local phenomenon, which strongly depends on both
the hydrodynamic and thermal conditions at the micro-
channel exit. This dependence, especially with a bubble
size sometimes comparable to that of the micro-channel,
necessitates a detailed understanding of the velocity and
temperature distributions in the liquid at the micro-
channel exit. To facilitate this analysis, a two-dimen-
sional unit cell containing a single micro-channel and
surrounding solid is examined. Symmetry allows the
results to be easily extended to the entire heat sink. Fig.
4 illustrates the unit cell, the corresponding coordinate
system, and key notations. Dimensions of the unit cell
are given in Table 2.

3.2. Mechanical considerations
3.2.1. Force balance on bubbles

In this study, the postulations about bubble shape
and forces of Al-Hayes and Winterton [23] are adopted

hw1
Y
A
hcell hch' y
A //
hw2
V A
W Wen W Thermocouple
N Weell o plane

a: Channel Bottom Wall
A: Unit Cell Bottom Wall

Fig. 4. Two-dimensional heat sink unit cell.

Table 2

Dimensions of unit cell
Wy (Hm) Weh (lJ'm) hwl (Hm) hch (Hm) th (Hm)
118 231 12,700 713 2464

and modified to account for the complexities of bubble
growth in a rectangular micro-channel, including bubble
growth to a size comparable to that of the micro-chan-
nel, and bubble growth at or near the micro-channel
corners. Given the rectangular shape of the micro-
channel, vapor bubbles can be grouped into bottom
wall bubbles, sidewall bubbles, and corner bubbles. The
bubbles are treated as truncated spheres with contact
angles at the wall equal to the equilibrium contact angle
0y as illustrated in Fig. 5(a). A corner bubble can be
formed if the nucleate site is located exactly at the
channel corner, or if a site is in the vicinity of a corner,
and the bubble touches the neighboring wall during its
growth.

It is commonly postulated that a bubble is subject to
three forces: buoyancy force, drag force and surface
tension force. The buoyancy force is neglected in the
present analysis due to the horizontal flow orientation.

Sidewall
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Flow
Ba Or
/7.
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Fig. 5. (a) Apperance of departing bubbles along micro-chan-
nel cross-section, and (b) steamwise deformation of a bubble.
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The drag force, Fy, is proportional to the dynamic
pressure of the liquid and projected area of the bubble
facing the flow [23].

1
Fy= CdEPfoAp’ (3)

where Cy is the drag coefficient, 4, is the projected area
of the bubble, and u, is the velocity at a point ¢ half-way
from the nucleation site to the bubble tip, as shown in
Fig. 5(a).

he=—2. 4

For bottom wall and sidewall bubbles,
A, = r2(n — 0y + cos Oy sin 0), (5)

and for corner bubbles,

A, = re(n— 20y +2cos Oy sinlp) for 0<0p < %,
(6a)

and
A, =7 %Tn — 0y + cos 0y ( cos Oy + sin )

for g < < g (6b)

The drag coefficient Cy4 can be calculated from [23]
Cy = & for 4 < Rey, < 20, (7a)

Rey,

and
Cqy = 1.22 for 20 < Rey, < 400, (7b)

where Re, is the bubble Reynolds number defined as

Rey = prte(2ry) (8)
He
According to Al-Hayes and Winterton [23], the sur-
face tension force is a result of contact angle variations
along the contact line due to the influence of the liquid
flow. In this study, the surface tension force acting on
the bubble is evaluated as

nn\z|)

1
F, = CSZaPc(cos 0, — cos0,), 9)
where P., 0, and 0, are the length of the contact line,

receding contact angle and advancing contact angle,
respectively. For bottom wall and sidewall bubbles,

P. = 27try, sin 0, (10)

and for corner bubbles,

P, = 4nry,sin0, for 0<90§§7 (11a)
and
) cos b L T
P, = 4rysin 0y |n — arccos | — for ~ <0< 5
sin 0, 4 2
(11b)

0, and 0, are modified contact angles at the bubble up-
stream and downstream stagnation points, respectively,
as illustrated in Fig. 5(b), which can be calculated from
the following correlations proposed by Winterton [24]
for water:

0a = 0o + 107, (12a)
and
0, = 0, — 10°. (12b)

C; in Eq. (9) is an empirical coefficient given by [23]

58
, = 14, 1
C=g 50 (13)

where 6, is in degrees.

3.2.2. Velocity field

As indicated earlier, the detailed velocity distribution
at the micro-channel exit is required to evaluate the drag
force according to Eq. (3). Fully developed single-phase
liquid flow is assumed just upstream of the bubble, ne-
glecting any disturbances introduced by the bubble
generation. The velocity field can be determined from
the analytical solution for fully developed laminar flow
in a rectangular duct [26].

— 7] cos (
AW
cosh ( 2,%'““)
¢ i

(14)
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where uy, is the mean velocity at the micro-channel
exit,

1
Uout :A—C/ACudAC. (15)

A dimensionless velocity, U, is defined as the ratio of
local velocity u to the mean exit velocity, toy;.
v=". (16)

Uout

It is evident from Eq. (14) that the dimensionless ve-
locity, U, depends solely on spatial variables. A contour
map for U along the micro-channel cross-section is
shown in Fig. 6.

3.2.3. Departing bubble size
The drag force and surface tension force are assumed
to be in balance at the point of bubble departure.

F =F, (17)
Substituting Egs. (3) and (9) into Eq. (17) and rear-

ranging terms yields for bottom wall and sidewall bub-
bles

U Contours

300

200

100

z [um]
T

-100

-200

-300

- .
400 50 0 50 100
y [um]

Fig. 6. Dimensionless liquid velocity contours at micro-channel
exit.

» G o msin0y(cos 0. — cos0,)
YT Cq pr T — By + cos B sin b,

(18)

and for corner bubbles,

~ Cs o 2msin0y(cos 0, — cos0,)

2p = — — <0< X
UTo = o o w— 20, + 2cosfosiny, T OShSg
(19a)
and
o o Z{n — arccos (Zﬁfgg )] sin By cos B, — cos 6,)
v T O¢ (3m/4) — 0y + cos Oy( cos Oy + sin Op)
Y Y
for — <0< =. 1
or 4 0 2 ( 9b)

Given the velocity field, nucleation site position, and
all relevant material properties, the radius of a departing
bubble, ry,, can be calculated by solving Egs. (18), (19a)
or (19b). It should be noted that u. is also a function of
r, due to the dependence of point ¢ on bubble geometry,
which makes these equations too complex to be solved
analytically. A numerical code was therefore developed
to solve these equations. Fig. 7 illustrates the variation
of r, for bubbles at the bottom wall center, the sidewall
center, and the channel corner, as a function of exit
mean velocity u,,;. Two equilibrium contact angle val-
ues, 30° and 80°, are used. It is expected that the actual
equilibrium contact angle for water on a copper surface
would be in between those two values. Once 7y, is known,
the geometry of the bubble can be easily specified.

3.2.4. Minimum velocity criterion

Fig. 7 shows the bubble size increases with decreasing
Uoui- There exists a minimum u,,, for each bubble loca-
tion, below which the bubble will grow beyond the
confines of the micro-channel, and the bubble shape can
no longer be treated as a truncated sphere. This condi-
tion defines a lower velocity limit, #y; min, below which
the present model will no longer be feasible. Although
only one or two sites are activated within a micro-
channel, the location of the site along the micro-channel
wall is not readily known. To account for all possible

250 T T T T T T
Water
T,,=104.81°C
200 P .=1.2 bar 1
Bubble at sidewall center
R R et Bubble at bottom wall center|
150 S S — — — — Corner bubble f

r, lum]

0
0.2 0.4 0.6 0.8 1.0 1.2 14 16
u,, [m/s]

Fig. 7. Variation of bubble departure radius with mean liquid
exit velocity for 6, = 30° and 80°.
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Fig. 8. Variation of u,y, min With equilibrium contact angle.

nucleation sites, the minimum velocity corresponding to
every possible departing bubble along the wall was cal-
culated and the highest value chosen as the uoyt, min CIi-
terion for the micro-channel. This was done by selecting
a large number of nucleation sites spaced equidistantly
along the micro-channel wall, and conducting the min-
imum velocity calculations for each site. This analysis
revealed uoy, min 1S always equal to the minimum iy,
corresponding to the corner bubble, since this bubble is
the first to fill the micro-channel as u,,, decreases. Fig. 8
Sshows oy, min generally increases with increasing 6.
However, a local maximum in #ey, min can be found
along the curve, which corresponds to the transitional
point of 6, = 45°. The reason for this transition is that
the corner will be engulfed by the bubble once 6, exceeds
45°, as illustrated in Fig. 5(a).

3.3. Thermal considerations

3.3.1. Temperature field

The temperature field at the micro-channel exit can
be determined by solving a two-dimensional conjugate
heat transfer domain which includes conduction in the
solid region and convection to the liquid. Assuming fully
developed single-phase laminar flow, the energy equa-
tions corresponding to the different regions of the heat
sink unit cell, Fig. 4, can be written as follows:

2 2 /"
ke or + or — T Wee (M) for the liquid region,
0y 022

Ac Uout
(20)
2 2
ks (6675 + %%) =0 for the copper heat sink,  (21)
and
T XT
1(6—)/2 + @) =0 for the Lexan cover plate. (22)

The boundary conditions applied to the unit cell are
constant heat flux, ¢”, at the bottom boundary (wall A),
and adiabatic conditions along all other boundaries.

Rather than directly solving Egs. (20)-(22), a more
universal approach [27,28] is adopted in the present
model. First, the following dimensionless parameters are
introduced:

= k(T — Ty
Y = y 7 7= z 7 T -0 ( . o l)
Weell Weell q " Weell
u
U=—, 23
Uout ( )

where T, is the mean exit temperature,
1
Tout = ——— / ul dA.. (24)
UoutAc ¢

Eqgs. (20)-(22) together with the boundary conditions
can now be nondimensionlized as

ST T 2
il (6 + g ) =Yl i/ for the liquid region, (25)

k\or2"oz2) 4
FT T .
a2 + 7 0 for the copper heat sink, (26)
and
27 27
l% (% + %) =0 for the Lexan cover plate, (27)

with the boundary conditions,

oT Wen Wen
= Y =—W, — Y =
% 0 at v 2 and Wy + 7
oT H,
&:()atZ:le-‘rTh, 'dnd
oT H,,

e =latZ=—Hy— -2
oz ™ 275

(28)

where all the micro-channel dimensions are nondimen-
sionalized with respect to we.

A numerical scheme utilizing the finite difference
method was developed to solve Egs. (25)-(27) subject
to the boundary conditions in Eq. (28) to determine the
dimensionless temperature field. A detailed description
of the numerical techniques employed in this model are
provided by Qu and Mudawar [6], Weisber et al. [27]
and Patankar [28,29]. Like the dimensionless velocity, U,
T is also a function of spatial variables only. Fig. 9
shows the resulting dimensionless temperature field, 7,
across the micro-channel cross-section.

3.3.2. Superheating requirement and lowest bubble inter-
face temperature

According to the second requirement for bubble de-
tachment discussed earlier, a bubble should remain in a
superheated liquid layer prior to departure. To meet this
requirement, the lowest temperature along the departing
bubble’s interface should be larger than, or at least equal
to the saturation temperature. In large channels, the
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Fig. 9. Dimensionless liquid temperature contours at micro-
channel exit.

bubble tip can be assumed the lowest temperature point
along the bubble interface. However, this is not a valid
assumption for bubbles in micro-channels, especially for
bubbles near but not exactly at the corners. The tem-
perature distribution around the bubble interface is
therefore required in order to identify the lowest tem-
perature point along the bubble interface. This can be
accomplished once both the geometry of the departing
bubble and the temperature field are determined.

3.4. Procedure for predicting incipient boiling heat flux

Based on the above analysis, the procedure to pre-
dicting the incipient boiling heat flux, ¢/, in the micro-
channel heat sink can be summarized as follow:

(1) uoy is set to be equal to the inlet velocity u;, in the
present study due to the small liquid density varia-
tions between the inlet and exit. u,, is then com-
pared tO uoy min, Since the present model is not
valid where ug, 1s smaller than uy; min-

(2) The velocity field at the micro-channel exit is deter-
mined using Eq. (14).

(3) The bubble departure radius, ry, is determined for a
large number of nucleate sites equidistantly spaced
along the micro-channel wall by solving Egs. (18),
(19a) or (19b).

(4) The dimensionless temperature field, 7, is deter-
mined across the heat sink unit cell.

(5) A small value is assigned to ¢”, and the mean exit
temperature, Ty, is determined from the simple en-
ergy balance

prP,fuinNAc(Tout - Tin) = 61”141~ (29)

The liquid temperature, 7, field is then determined
by substituting ¢” and T, into the dimensionless
temperature, 7, field.

(6) The lowest temperature along the bubble interface is
calculated for each nucleation site along the micro-
channel wall.

(7) The value of heat flux, ¢”, is increased and steps (5)
and (6) repeated until a bubble satisfies the super-
heat criterion, with the lowest temperature along
its interface just exceeding the saturation tempera-
ture. The ¢” value at this condition is postulated to
be the incipient boiling heat flux, ¢/, for the micro-
channel heat sink.

3.5. Model predictions

The first bubble to satisfy the superheat criterion was
determined to be a bottom wall bubble (hottest wall of
micro-channel), which was located close to the channel
corner. Interestingly, this bubble satisfies the superheat
before the corner bubble does. This can be explained by
the dimensionless temperature contour map shown in
Fig. 9. This map shows the highest temperature is en-
countered at the channel corner where the temperature
gradient is smallest due to weak heat transfer. This
means a bubble near the corner region is much easier to
nucleate than bubbles elsewhere along the micro-chan-
nel walls. The reason the corner bubble does not nu-
cleate first is because its large radius (see Fig. 7) will
cause it to penetrate deeper into the cooler liquid than a
smaller bubble nucleating at the bottom wall close to the
corner. This model prediction agrees well with visual
observations as the majority of the first bubbles ap-
peared on the channel bottom wall.

Fig. 10 shows the measured incipient boiling heat
flux, ¢/, increases with increasing inlet velocity, u,, and
decreasing inlet temperature, 7;,. Fig. 10 also displays
greater sensitivity in the variation of ¢/’ with u;, for lower
inlet temperatures. Also shown in Fig. 10 are the pre-
dictions based on the present model. Two different
equilibrium contact angles are assumed, 30° and 80°,
since the actual contact angle should be within this range
for water on a copper surface. Fortunately, the differ-
ences between predictions using the two contact angles
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Fig. 10. Comparison of incipient boiling heat flux data and
model predictions.

are not significant, and good agreement is shown be-
tween the predictions for both angles and the incipient
boiling heat flux data. The uoy, min Criteria correspond-
ing to the two contact angles are also indicated in Fig.
10. The incipient boiling heat flux predictions are only
valid for u;, > tout. min-

This variation of ¢/ with T;, and wu;, can be partially
explained by combining Egs. (23) and (29), considering
the lowest temperature point along the interface of the
first bubble to depart as the reference point for T, and
setting T equal to Ty,.

Tsat - Tl
Tchll/ks) + (At/pfcp,fuinNAc) ’

q = ( (30)

For a constant uj,, T is also constant since the geometry
of the bubble depends solely on the flow velocity. Eq.
(30) indicates ¢/ will increase with decreasing T;,. On the
other hand, holding T}, constant and increasing u;, will
increase ¢;. However, increasing u;, can also cause an
increase in T due to the reduction in bubble radius,
which yields the opposite trend in ¢!'. Detailed calcula-
tions revealed the effect of increasing u;, is more domi-
nant than the increase in T, resulting in an overall
increase in g

The heat sink outlet subcooling at incipient boiling is
presented in Fig. 11 as a function of the inlet velocity,
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Fig. 11. Variation of measured outlet subcooling at boiling
incipience with inlet velocity.
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Fig. 12. Variation of incipient boiling superheat at center of
bottom wall with inlet velocity.

u;ip. This outlet subcooling is the difference between the
saturation temperature, Ty, based on outlet pressure,
P,y, and the measure outlet temperature, T,,. Fig. 11
shows the outlet subcooling increases with increasing
inlet velocity, u;,, and decreasing inlet temperature T,.

Unlike uniformly heated channels, where a single
temperature can be used to represent the boiling incip-
ience condition at the exit, the present micro-channel
geometry involves appreciable temperature variations
along the micro-channel wall. The superheat at the
channel bottom wall (wall ¢ in Fig. 4) center at the
boiling incipience point is therefore used as a represen-
tative measure of incipient boiling temperatures for the
micro-channel heat sink. This superheat is defined as
the difference between the temperature at the center of
the channel bottom wall, T,., and the saturation tem-
perature, Ty. T,. was determined by substituting the
measured ¢/ and T, into the calculated dimensionless
temperature, T, field. Like the incipient boiling heat flux
trends in Fig. 10, Fig. 12 shows T, increases with in-
creasing inlet velocity, ui,, and decreasing inlet temper-
ature, T;,.

4. Conclusions

In this study, experiments were performed to measure
the incipient heat flux in a micro-channel heat sink. The
experimental work is complemented by the development
of a new mechanistic model based on bubble departure
criteria to predict the incipient boiling heat flux. Key
findings from the study are as follows:

(1) At incipient boiling, a small number of nucleation
sites appear simultaneously close to the exit of sev-
eral (typically five to eight) micro-channels, with
one or two sites per micro-channel. Instead of col-
lapsing locally, as they do in large channels, those
first bubbles grow and depart into the liquid flow.
Bubble departure size is comparable to that of the
micro-channel for small velocities and decreases pro-
gressively with increasing velocity.
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(2) Both the incipient boiling heat flux and outlet subco-
oling increase with increasing inlet velocity and de-
creasing inlet temperature.

(3) The channel bottom wall superheat at incipient boil-
ing increases with increasing inlet velocity and de-
creasing inlet temperature. The measured superheat
values (3-21 °C) prove no significant superheat is re-
quired to initiate boiling inside the micro-channel
heat sink.

(4) A mechanistic model was constructed to predict the
incipient boiling heat flux. The model is based on a
bubble departure criterion, which combines both
mechanical considerations (force balance on a bub-
ble) and thermal considerations (superheating entire
bubble interface). This model is capable of predict-
ing the size of bubbles departing from both the flat
surfaces and corner regions, the temperature field
around the bubble interface, and the location of
the first bubble to depart. The model predictions
show good agreement with the incipient boiling heat
flux data.

(5) The model points out many peculiarities of boiling
incipience in micro-channels such as bubbles grow-
ing to the size of the micro-channel for low velocities
(see Fig. 7). Another example of the unique nature
of incipience in rectangular micro-channels is first
bubble departure along the bottom wall near, but
not at the hottest corners, because of the complex
combined effect of bubble size and surrounding tem-
perature field on the bubble departure.
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