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Abstract

This paper is the first of a two-part study concerning measurement and prediction of saturated flow boiling heat

transfer in a water-cooled micro-channel heat sink. In this paper, new experimental results are discussed which provide

new physical insight into the unique nature of flow boiling in narrow rectangular micro-channels. The micro-channel

heat sink contained 21 parallel channels having a 231� 713 lm cross-section. Tests were performed with deionized
water over a mass velocity range of 135–402 kg/m2 s, inlet temperatures of 30 and 60 �C, and an outlet pressure of 1.17
bar. Results indicate an abrupt transition to annular flow near the point of zero thermodynamic equilibrium quality,

and reveal the dominant heat transfer mechanism is forced convective boiling corresponding to annular flow. Contrary

to macro-channel trends, the heat transfer coefficient is shown to decrease with increasing thermodynamic equilibrium

quality. This unique trend is attributed to appreciable droplet entrainment at the onset of annular flow regime de-

velopment, and the increase in mass flow rate of the annular film by droplet deposition downstream. Eleven previous

empirical correlations are assessed and deemed unable to predict the correct trend of heat transfer coefficient with

quality because of the unique nature of flow boiling in micro-channels, and the operating conditions of water-cooled

micro-channel heat sinks falling outside the recommended application range for most correlations. Part II of this study

will introduce a new annular flow model as an alternative approach to heat transfer coefficient prediction for micro-

channels.

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

Two-phase micro-channel heat sinks are devices that

feature flow boiling of a liquid coolant through parallel

channels having a hydraulic diameter of 10–1000 lm.
These devices are ideally suited for high-heat-flux dissi-

pation from small surface areas in a broad range of

emerging technologies. The combination of small flow

passage area and flow boiling produce very high heat

transfer coefficients with minimal flow rate and overall

coolant inventory requirements, and provide better

stream-wise temperature uniformity than single-phase

micro-channel heat sinks [1–6].

Deployment of two-phase micro-channel technology

requires a comprehensive fundamental understanding of

virtually all hydrodynamic and thermal aspects of phase

change in small channels. The ability to accurately pre-

dict pressure drop and flow boiling heat transfer for a

given micro-channel geometry and operating conditions

is of paramount importance to both the design and

performance assessment of a micro-channel heat sink.

Because the interest in implementing these devices

is fairly recent, brought about mostly by thermal
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management needs in computer and aerospace electron-

ics, published studies on flow boiling in micro-channels

are quite limited. However, there is an abundance of

studies on flow boiling in mini-channels, which were

Nomenclature

At planform area of heat sink top surface

Bo boiling number

C Martinelli–Chisholm constant

Co convection number

cP specific heat at constant pressure

dh hydraulic diameter of micro-channel

E coefficient in empirical correlations

F coefficient in empirical correlations

ff friction factor based on local liquid flow

fg friction factor based on local vapor flow

Fr Froude number

g gravitational constant

G mass velocity

Hcell height of heat sink unit cell

Hch height of micro-channel

hfg latent heat of vaporization

hnb nucleate boiling heat transfer coefficient

hsp single-phase heat transfer coefficient

htp two-phase heat transfer coefficient

Hw1 thickness of plastic cover plate

Hw2 distance from thermocouple to micro-chan-

nel bottom wall

kf thermal conductivity of water

ks thermal conductivity of copper heat sink

L length of heat sink

Lsat length of saturated region

Lsub length of subcooled region

m fin parameter

_mm mass flow rate

M number of data points

MW molecular weight

MAE mean absolute error

NN Coefficient in empirical correlations

Nu3, Nu4 fully developed laminar Nusselt number for
three and four wall heat transfer

P pressure

Pp;out pump exit pressure

Pr reduced pressure

PW total power input

Pr Prandtl number

DPsat change in vapor pressure corresponding to

DTsat
q00 heat flux

q00ch heat flux based on channel heated perimeter

q00eff heat flux based on heat sink top planform

area

Ref ;Refo Reynolds number based on local liquid flow
and total flow as liquid

Reg Reynolds number based on local vapor

flow

S coefficient in empirical correlations

T temperature

Tsat;tci water saturation temperature at thermo-

couple location

Ttci thermocouple reading (i ¼ 1–4)
Tw;tci channel bottom wall temperature at ther-

mocouple location

DTsat channel wall superheat

DTsub liquid subcooling

v specific volume
_VV volume flow rate

W width of heat sink

Wcell width of heat sink unit cell

Wch width of micro-channel

Ww half-width of wall separating micro-chan-

nels

We Weber number

xe thermodynamic equilibrium quality

Xtt Martinelli parameter based on turbulent

liquid––turbulent vapor flow

Xvt Martinelli parameter based on laminar liq-

uid––turbulent vapor flow

z stream-wise location

Greek symbols

b aspect ratio

g fin efficiency

/f two-phase frictional multiplier based on

local liquid flow rate

l viscosity

r surface tension

Subscripts

0 zero thermodynamic equilibrium quality

cor correlation

exp experimental

f liquid phase

g vapor phase

in inlet

out outlet

pred predicted

sat saturated

sp single-phase

sub subcooled

tci thermocouple (i ¼ 1–4)
tp two-phase
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intended to aid in the design of compact heat exchang-

ers. The hydraulic diameter for mini-channels is typi-

cally on the order of a few millimeters, which is several

times larger than those found in micro-channel heat

sinks. Nonetheless, the findings from mini-channel

studies are useful at pointing out fundamental differ-

ences in flow boiling behavior as hydraulic diameter is

reduced from macro-scale (several centimeters) to the

mini-channel scale, and progressively to micro-channel.

Some of the more relevant studies on flow boiling in

mini/micro-channels are summarized in Table 1. Those

studies clearly point to a departure in small channel

boiling behavior from that of macro channels, and cite

appreciable deviations in predictions of popular macro-

channel heat transfer correlations from mini/micro-

channel data. For example, several studies point to a

decreasing heat transfer coefficient with increasing vapor

quality in the saturated flow boiling region, which is

contradictory to macro-channel trends [10,12–14,20].

Aside from general consensus over these deviations, the

understanding of flow boiling in mini/micro-channels

remains illusive. Furthermore, most mini/micro-channel

studies use refrigerants as coolant, and the number of

published studies using water is very limited. This is

especially concerning since water is becoming the cool-

ant of choice for many high-heat-flux cooling situations

(e.g., lasers and fusion reactor blankets) because its

thermal transport properties are far superior to those of

all known refrigerants.

This two-part study will explore the flow boiling heat

transfer characteristics of water in micro-channel heat

sinks. The primary objectives of this study are to con-

duct a thorough experimental investigation of the heat

transfer characteristics, assess the suitability of previous

empirical correlations, and develop flow-pattern-based

predictive tools for micro-channel heat sink design. In

this Part I of the study, the findings from the experi-

mental investigation are discussed, and fundamental

differences from macro-channel results identified. This is

followed by assessment of six popular macro-channel

correlations and five correlations specifically developed

for mini/micro-channels, through comparison between

correlation predictions and the present experimental

data. In the part II of this study [21], an annular flow

model is developed to describe flow boiling in the satu-

rated region of the micro-channel heat sink, which

provides an alternative theoretical means to predicting

the heat transfer coefficient.

2. Experimental apparatus

2.1. Flow loop

The experimental apparatus employed in this study

was used in a previous study by the authors involving

single-phase micro-channel heat sinks [22]. Fig. 1 shows

a schematic of the flow loop that was configured to

supply deionized water to the micro-channel heat sink

test module at desire operating conditions. A reservoir

served as both a constant pressure reference point for

the loop and a deaeration chamber. The water was cir-

culated through the loop using a variable speed gear

pump. The test module fluid was first routed through a

filter to remove solid particles that may cause blockage

of the micro-channels. The water then entered one of

two rotameters for flow rate measurement. Exiting the

rotameter, the water passed through a heat exchanger,

which was connected to a constant temperature bath, to

bring the water to the desired module inlet temperature.

The spent fluid exiting the test module passed through a

water-cooled condenser to condense any vapor before

the water returned to the reservoir.

2.2. Test module

Fig. 2 illustrates the construction of the test module,

which was composed of an oxygen-free copper micro-

channel heat sink, a G-7 fiberglass housing, a transparent

polycarbonate plastic (Lexan) cover plate, and twelve

cartridge heaters. A cross-sectional view of the assembled

test module is shown in Fig. 3. The planform (top) surface

of the heat sink measured 1.0 cm in width and 4.48 cm in

length. Twenty-one rectangular 231 lm wide and 712 lm
deep micro-slots were formed within the 1-cm width of

the top surface. Below the heat sink top surface, four

Type-K thermocouples were inserted along the center

plane to measure the heat sink�s stream-wise temperature
distribution; they are indicated in Fig. 2 as tc1 to tc4 from

upstream to downstream. Further below was a small

protruding platform around the periphery of the heat sink

to make certain the top surface of the heat sink was flush

with the top surface of the housing as illustrated in Fig. 3.

Three narrow deep slots were cut from the bottom surface

up through most of the heat sink�s height to reduce axial
heat conduction within the heat sink. Twelve holes were

drilled into the heat sink bottom surface to accommodate

the cartridge heaters. These heaters were powered by a 0–

110 VAC variac and their total electrical power was

measured by a precision wattmeter.

The housing contained plenums both upstream and

downstream of the micro-channels to ensure even flow

distribution. Located in the plenums were two absolute

pressure transducers and two Type-K thermocouples for

inlet and outlet pressure and temperature measurement,

respectively. The cover plate was bolted atop the hous-

ing to form the micro-channels. The transparent cover

plate facilitated direct visual access to the two-phase

flow in the micro-channels. After the test module was

assembled, multiple layers of ceramic fiber were wrap-

ped around the heat sink to reduce heat loss to the

ambient.
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Table 1

Summary of previous investigations on flow boiling heat transfer in mini/micro-channels

Author(s) [reference]

(year)

Channel geometry and

size

Cooling fluid Parameter range Dominant heat

transfer mechanism

Remarks

Lazarek and Black [7]

(1982)

Single tube 3.15 mm

i.d.

R-113 G ¼ 125–750 kg/m2 s Nucleate boiling The heat transfer coefficient was independent of xe
for xeP 0. Predictions from Chen [8] and Shah [9]
correlations were compared with experimental

data. Shah correlation [9] showed reasonable

agreement. An empirical correlation was pro-

posed, where the two-phase Nusselt number was

correlated to the boiling number and the liquid

Reynolds number

P ¼ 1:3–4:1 bar
q00 ¼ 1:4–38 W/cm2
DTsub;in ¼ 3–73 �C

Wambsganss et al. [10]

(1993)

Single tube 2.92 mm

i.d.

R-113 G ¼ 50–300 kg/m2 s Nucleate boiling The heat transfer coefficient decreased slightly with

increasing xe for xeP 0. Predictions from 10
empirical correlations were compared with exper-

imental data. The Lazarek and Black correlation

[7] showed the best agreement

Pout ¼ 1:24–1:6 bar
q00 ¼ 0:88–9:075 W/cm2
xe ¼ 0–0:9
Tin ¼ 20–50 �C

Tran et al. [11] (1996) Single tube 2.46 mm

i.d. Single rectangular

channel 4:06� 1:7 mm

R-12 G ¼ 44–832 kg/m2 s Nucleate boiling at

wall superheats >2.75

�C, forced convective
boiling at wall super-

heats <2.75 �C

The heat transfer coefficient was independent of xe
for xeP 0:2. Predictions of three large tube corre-
lations were unsuccessful at predicting the data.

An empirical correlation was proposed, where the

heat transfer coefficient was correlated to the

boiling number, Weber number, and liquid to

vapor density ratio. No significant geometrical

effect was found between the circular tube and

rectangular channel

P ¼ 5:1; 8:2 bar
q00 ¼ 0:36–12:9 W/cm2
xe ¼ 0–0:94

Kew and Cornwell

[12] (1997)

Single tubes 1.39–3.69

mm i.d.

R-141b Nucleate boiling, con-

fined bubble boiling,

convective boiling,

partial dry-out

For larger tubes (2.87 and 3.69 mm i.d.), the heat

transfer coefficient decreased slightly or remained

constant with increasing xe for xe6 0:2, but
increased for xeP 0:2. For the smaller tube (1.39
mm i.d.), the heat transfer coefficient increased

with increasing xe at low G for xeP 0, but
decreased rapidly at high G for xeP 0. Predictions
from six empirical correlations were compared

with experimental data; none showed good agree-

ment

Ravigururajan [13]

(1998)

54 parallel rectangular

channels 0:27� 1:0
mm

R-124 _VV ¼ 35–300 ml/min The heat transfer coefficient decreased monoton-

ically with increasing xe and increasing wall
superheat for xeP 0

PW ¼ 20–300 W
xe ¼ 0–0:5

Yan and Lin [14]

(1998)

28 parallel tubes 2 mm

i.d.

R-134a G ¼ 50–200 kg/m2 s The heat transfer coefficient decreased with in-

creasing xe for xeP 0 for several test conditions,
and was affected by heat flux, fluid saturation

temperature, and mass velocity. An empirical

correlation was proposed, which had a form

similar to that of the Kandlikar correlation [15]

q00 ¼ 0:5–2 W/cm2
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Bao et al. [16] (2000) Single tube 1.95 mm

i.d.

R-12, HCFC 123 G ¼ 50–1800 kg/m2 s Nucleate boiling The heat transfer coefficient was independent of xe
for xeP 0. Predictions from ten empirical correla-
tions were compared with experimental data. The

Cooper pool boiling correlation [17] showed rea-

sonable predictions

P ¼ 2–5 bar
q00 ¼ 0:5–20 W/cm2
xe ¼ 0–0:9

Lee and Lee [18]

(2001)

3 single rectangular

channels 20 mm wide

0.4, 2 and 2 mm deep

R-113 G ¼ 50–200 kg/m2 s Forced convective

boiling

The heat transfer coefficient increased with in-

creasing xe for xeP 0:15. A correlation was devel-
oped based on an annular flow model for low G
(Ref 6 200), where the heat transfer coefficient was
correlated to the single-phase heat transfer coeffi-

cient, channel aspect ratio, and modified two-

phase frictional multiplier. Kandlikar correlation

[15] was recommended for high G (Ref > 200)

q00 ¼ 0–1:5 W/cm2
xe ¼ 0:15–0:75

Yu et al. [19] (2002) Single tube 2.98 mm

i.d.

Water G ¼ 50–200 kg/m2 s Nucleate boiling at

wall superheats <8 �C,
transition boiling at

wall superheats >8 �C

Predictions of Chen correlation [8] were compared

with experimental data. The predicted results were

well centered but showed relatively large scatter.

An empirical correlation was proposed for the

nucleate boiling region, where the heat transfer

coefficient was correlated to the boiling number,

Weber number, and liquid to vapor density ratio

P ¼ 2 bar
Tin ¼ ambient to 80 �C

Warrier et al. [20]

(2002)

5 parallel rectangular

channels 0.75 mm

hydraulic diameter

FC-84 G ¼ 557–1600 kg/m2 s The heat transfer coefficient decreased monoton-

ically with increasing xe for xeP 0. Predictions of
six empirical correlations were compared with

experimental data; none showed good agreement.

An empirical correlation was proposed for satu-

rated flow boiling heat transfer, where the heat

transfer coefficient was correlated to the single-

phase heat transfer coefficient, boiling number and

vapor quality

q00 ¼ 0–5:99 W/cm2
Tin ¼ 26; 40; 60 �C

W
.
Q
u
,
I.
M
u
d
a
w
a
r
/
In
tern

a
tio
n
a
l
J
o
u
rn
a
l
o
f
H
ea
t
a
n
d
M
a
ss
T
ra
n
sfer

4
6
(
2
0
0
3
)
2
7
5
5
–
2
7
7
1

2
7
5
9



The wattmeter used to measure the electrical power

input to the cartridge heaters had an accuracy of 0.5%.

Error associated with the thermocouple readings was

smaller than �0.3 �C, and measurement uncertainty of
the pressure transducers and flow meters was better than

3.5% and 4%, respectively.

Prior to performing flow boiling experiments, a series

of single-phase tests were conducted within the same

flow rate range. Comparison between electrical power

input and water enthalpy increase during the single-

phase tests proved heat loss was less than 4%. All heat

Fig. 1. Schematic of flow loop.

Fig. 2. Test module construction.

Fig. 3. Cross-section of test module assembly.
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flux data presented in this study were therefore based on

the measured electrical power input.

2.3. Experimental procedure

Prior to conducting a test, the water in the reservoir

was deaerated by vigorous boiling for about one hour to

force any dissolved gases to escape to the ambient.

Afterwards, the flow loop components were adjusted to

yield the desired module inlet temperature, Tin, mass
velocity, G, outlet pressure, Pout, and pump exit pressure,
Pp;out, as indicated in Table 2. The mass velocity G was
determined from measured mass flow rate, _mm. Using the
throttling valve situated upstream of the test module, the

pump exit pressure, Pp;out, was elevated to 2.0 bar to
prevent flow oscillations. Two-phase hydrodynamic in-

stabilities encountered during flow boiling in micro-

channel heat sinks, and means of preventing those

instabilities have been addressed in a previous study by

the authors [23].

After the flow became stable, the heater power was

adjusted to a level below incipient boiling. The power

was then increased in small increments as the flow loop

components were constantly adjusted to maintain the

desired operating conditions. Once steady-state condi-

tions prevailed, the inlet and outlet pressures, Pin and
Pout, inlet and outlet temperatures, Tin and Tout, and heat
sink temperatures, Ttc1 to Ttc4, were all recorded at 0.5 s
intervals for 5 min. In the present study, the input heat

flux level is represented by an effective heat flux,

q00eff ¼
PW
At

; ð1Þ

based on the top planform area, At ¼ 1:0� 4:48 cm2,
of the heat sink.

Each test was terminated when the thermodynamic

equilibrium quality, xe, reached about 0.2 at the channel
exit.

2.4. Data reduction

As indicated in Table 2, water was supplied into the

heat sink in a subcooled state (Tin < Tsat) for all test
conditions. The micro-channels can therefore be divided

into two regions: an upstream subcooled inlet region

and a downstream saturated region; the location of zero

thermodynamic equilibrium quality (xe ¼ 0) serves as a

dividing point between the two regions. The length of

the two regions can be evaluated from

Lsub ¼
_mmcP;fðTsat;0 � TinÞ

q00effW
ð2Þ

and

Lsat ¼ L� Lsub; ð3Þ

where Tsat;0 is the saturation temperature at the location
where xe ¼ 0. In the present study, Tsat;0 is evaluated
using the measured inlet pressure, Pin, assuming pressure
drop across the subcooled region is small. Eqs. (2) and

(3) indicate as the heat flux increases for a constant mass

flow rate, Lsat increases at the expense of Lsub.
Determination of the local flow boiling heat transfer

coefficient requires knowledge of local fluid temperature,

micro-channel wall temperature, and heat flux. Since

subcooled boiling may occur upstream of the point of

zero thermodynamic equilibrium quality, the heat

transfer coefficient can be accurately evaluated only at

stream-wise locations which are in the saturated region

(xeP 0), and where the heat sink temperatures were
measured by thermocouples tc1 to tc4. For the present

test conditions, the two upstream thermocouples were

mostly within the subcooled region. Therefore, only

saturated heat transfer coefficient results that were ob-

tained at locations ztc3 and ztc4 of the two downstream
thermocouples are of interest.

To evaluate the boiling heat transfer coefficient, a

two-dimensional unit cell comprised of a single micro-

channel and surrounding solid is examined at axial lo-

cations where the heat sink thermocouples are situated.

The unit cell is illustrated in Fig. 4 and its dimensions

are given in Table 3. Unlike circular tubes that are em-

ployed in most flow boiling studies, the present config-

uration is complicated by nonuniformity of heat flux

and wall superheat around the perimeter of the rectan-

gular micro-channel. While it may be desirable to eval-

uate the distribution of heat transfer coefficient, such an

endeavor requires wall temperature measurements along

the entire perimeter. Such measurements were not pos-

sible because of the extreme difficulty in fabricating

multiple surface micro-sensors that do not interfere with

the boiling process in a micro-channel. Therefore, a

mean heat transfer coefficient, htp, averaged over the
heated perimeter of the micro-channel, was obtained

using the fin analysis method. This is a technique that

Table 2

Operating conditions for present study

Coolant Inlet temperature, Tin
(�C)

Mass velocity, G
(kg/m2 s)

Outlet pressure, Pout
(bar)

Pump exit pressure, Pp;out
(bar)

Deionized water 30.0 135–400 1.17 2.0

60.0 135–402 1.17 2.0
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was employed by previous investigators to determine the

flow boiling heat transfer coefficient in narrow channels

with serrated fins [24] and with offset strip fins [25,26]. A

comprehensive discussion on the application of the fin

analysis method to evaluate the mean heat transfer co-

efficient for single-phase water flow in micro-channel

heat sinks is available in a previous study by the authors

[27]. Basically, this method models the solid walls sep-

arating micro-channels as thin fins and adopts specific

approximations such as one-dimensional heat diffusion.

It also employs a single mean convective heat transfer

coefficient value along the entire heated perimeter.

Applying the fin analysis method to the unit cell

shown in Fig. 4 yields the following energy balance

q00effWcell ¼ htpðTw;tci � Tsat;tciÞðWch þ 2gHchÞ: ð4Þ

The left-hand side of Eq. (4) represents heat input to the

unit cell, and the right-hand side the rate of heat removal

by flow boiling from the channel walls, neglecting the

miniscule heat loss from the insulating plastic cover

plate. The thin fin approximation is applied to the

channel side walls by introducing the fin efficiency

g ¼ tanhðmHchÞ
mHch

; ð5Þ

where m is the fin parameter,

m ¼

ffiffiffiffiffiffiffiffiffiffi
htp
ksWw

s
: ð6Þ

In Eq. (4), Tw;tci represents the temperature of the
channel bottom wall, which can be calculated by as-

suming one-dimensional heat diffusion.

Tw;tci ¼ Ttci �
q00effHw2

ks
: ð7Þ

Tsat;tci in Eq. (4) is based on the local pressure. The
pressure at the location of xe ¼ 0 is set equal to mea-
sured Pin, and the pressure at the channel outlet to
measured Pout. Linear interpolation is employed to de-
termine the pressure at the thermocouple locations, from

which the saturation temperature Tsat;tci is determined.
This procedure for estimating the saturation tempera-

ture is justified by the relatively small pressure drop

(<0.2 bar) associated with the present experiments.

Once Tw;tci and Tsat;tci are determined, the value of
mean flow boiling heat transfer coefficient, htp, can be
readily determined from Eq. (4).

3. Results and discussion

3.1. Boiling curves

Fig. 5 shows typical boiling curves obtained at the

four thermocouple locations for Tin ¼ 60 �C and

G ¼ 255 kg/m2 s. In these curves, q00eff is plotted versus
the difference between channel bottom wall temperature

Tw;tci and Tin, where Tw;tci is obtained from Eq. (7). At low
heat fluxes, the slopes of all boiling curves are fairly

constant, indicative of single-phase heat transfer. As the

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

Fig. 5. Boiling curves at ztc1 to ztc4 for Tin ¼ 60 �C and G ¼ 255
kg/m2 s.

Table 3

Dimensions of micro-channel heat sink unit cell

Ww (lm) Wch (lm) Hw1 (lm) Hch (lm) Hw2 (lm)

118 231 12,700 713 2462

2762 W. Qu, I. Mudawar / International Journal of Heat and Mass Transfer 46 (2003) 2755–2771



heat flux increases, the slope of the boiling curve at ztc4
begins to increase first, indicating flow boiling had

commenced at that location. With further increases in

heat flux, the increase in slope associated with the ini-

tiation of flow boiling is detected at upstream thermo-

couple locations as well, evidence of upstream

propagation of the boiling front.

3.2. Saturated flow boiling heat transfer coefficient

Fig. 6(a) and (b) shows the variation of the saturated

flow boiling heat transfer coefficient htp at the axial lo-
cation of thermocouple tc4 with thermodynamic equi-

librium quality xe for inlet temperatures of 30 and 60 �C,
respectively. Five mass velocities within the range of 135–

402 kg/m2 s were tested for each inlet temperature. The

overall range of htp, 20–45 kW/m2 �C, is fairly similar to
that measured by Yu et al. [19], 10–50 kW/m2 �C; the
latter is for water flow boiling in a single mini-tube.

It is widely accepted that saturated flow boiling in

channels is governed by two mechanisms: nucleate

boiling and forced convection boiling [28]. In the nu-

cleate boiling dominant region, liquid near the heated

channel wall is superheated to a sufficient degree to

sustain the nucleation and growth of vapor bubbles. The

heat transfer coefficient in this region is dependent upon

heat flux, but generally far less sensitive to mass velocity

and vapor quality. The nucleate boiling region is nor-

mally associated with the bubbly and slug flow patterns,

and the forced convection boiling region with the an-

nular flow pattern. In the forced convection boiling

dominant region, large htp causes suppression of bubble
nucleation along the heated wall, so the heat is trans-

ferred mainly by single-phase convection through the

thin annular liquid film and carried away by evaporation

at the liquid–vapor interface. The heat transfer coeffi-

cient in this region is dependent upon coolant mass ve-

locity and vapor quality, but fairly independent of heat

flux.

It follows from the above discussion that the mea-

sured variation of saturated flow boiling heat transfer

coefficient with mass velocity, vapor quality, and heat

flux, coupled with the observed two-phase flow pattern,

constitute the physical basis for identifying the domi-

nant heat transfer mechanism in a micro-channel. As

indicated in Fig. 6(a) and (b), htp increases appreciably
with increasing G for a given xe and decreases with in-
creasing xe for a constant G. The latter trend is unique to
mini/micro-channel flow boiling as will be discussed in a

later section.

To fully understand the heat transfer mechanism, the

influence of heat flux on htp should also to be addressed.
Unfortunately, this effect cannot be decoupled from that

of xe due to the limited number of heat sink temperature
measurements performed along the stream-wise direc-

tion. xe at a given location increases with increasing in-
put heat flux q00eff when G is kept constant. The observed
trend of decreasing htp with increasing xe, Fig. 6(a) and
(b), implies htp may also decrease with increasing q00eff .
This trend does not support the nucleate boiling mech-

anism, which is normally associated with a significant

increase in htp with increasing q00eff due to intensification
of bubble nucleation along the channel wall. Further-

more, previous visualization studies of flow boiling in

micro-channels reveal the annular flow pattern is dom-

inant for moderate to high heat fluxes [4,5,23]. All these

facts lead to the conclusion that forced convection

boiling is the dominant mechanism for the saturated

region in the present micro-channel heat sink.

As shown in Table 1, a few investigators indicated the

dominant heat transfer mechanism for mini-channels is

nucleate boiling, based largely on a strong dependence

of the heat transfer coefficient on heat flux and a weaker

dependence on G and xe [7,10,11,16]. The apparent dis-
crepancy between these findings and those of the present

Fig. 6. Saturated flow boiling heat transfer coefficient versus

thermodynamic equilibrium quality at ztc4 for (a) Tin ¼ 30 �C
and (b) Tin ¼ 60 �C.
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study may be attributed to several fundamental differ-

ences between the earlier studies and the present. First,

the dominant nucleate boiling mechanism in mini-

channels was attributed by Lazarek and Black [7] and

Wambsganss et al. [10], who used R-113 as working

fluid, to high boiling number, 2:3� 10�4 to 7:6� 10�3
and 5:0� 10�4 to 2:5� 10�3, respectively. A boiling
number, Bo, for the present rectangular micro-channel

geometry can be defined relative to mean heat flux along

the heated perimeter,

Bo ¼ q00ch
Ghfg

; ð8Þ

where

q00ch ¼
q00effWcell

Wch þ 2Hch
: ð9Þ

Eq. (8) yields a boiling number range for the present

study of 2:2� 10�4 to 7:8� 10�4, which is significantly
lower than the previous two studies.

Second, flow boiling of water in micro-channels is

drastically different from that of refrigerants. A recent

study by Mukherjee and Mudawar [29] demonstrated

fundamental differences in flow boiling behavior in

micro-channels between water and FC-72; the latter is a

fluorochemical coolant with thermophysical properties

fairly similar to those of R-113. They pointed out that

the low surface tension and small contact angle of flu-

orochemicals produce bubble departure diameters that

are one to two orders of magnitude smaller than those

for water. This means fluorochemicals (including most

refrigerants) may sustain nucleate boiling over a signif-

icant portion of the micro-channel length, including the

high vapor quality region, while vapor bubbles in water

will grow to engulf much of the channel�s cross-section
and trigger a rapid transition to annular flow near the

axial location of xe ¼ 0.
As mentioned in the previous section, the present

data point to a decreasing heat transfer coefficient with

increasing xe. This trend is consistent with several pre-
vious experimental studies [10,12–14,20]. Ravigururajan

[13] attributed this phenomenon to possible blockage of

the channel width (for a rectangular channel) by vapor

bubbles. Kew and Cornwell [12] and Warrier et al. [20],

on the other hand, explained this trend by local dry-out

beneath the vapor bubbles.

Alternatively, this trend may be explained by the

unique behavior of annular flow in micro-channels. In

annular flow, the vapor flows along the core of the

channel, while liquid is comprised of two portions: the

annular film along the channel wall, and droplets that

are entrained in the vapor core. As indicated above, flow

boiling of water in micro-channels features abrupt

transition to annular flow and the absence of bubbly

flow at moderate to high heat fluxes [4,5,23]. It is

therefore possible that a large amount of liquid droplets

are broken off into the vapor core at the onset of annular

flow development. The deposition of droplets upon the

annular liquid film increases the film thickness in the

stream-wise direction, resulting in the observed trend of

decreasing htp with increasing xe. In part II of this study
[21], this important postulation will be incorporated into

an annular flow model to predict the saturated flow

boiling heat transfer coefficient.

This and other peculiarities of flow boiling in micro-

channel emphasize the need to develop new tools to

predict micro-channel heat sink thermal performance.

However, before such tools can be developed, it is pru-

dent to assess the feasibility of previous correlations in

predicting the present heat transfer coefficient results.

The next section will explore the suitability of such

correlations by differentiating between those developed

for conventional macro-channels from those for mini-

and micro-channels, due to the obvious differences in

boiling behavior resulting from channel size.

4. Assessment of empirical correlations

4.1. Rationale

Eleven empirical correlations for the saturated flow

boiling heat transfer coefficient in macro channels are

selected and summarized in Table 4. It should be noted

that most such correlations were developed for circular

tubes. Application of these correlations to rectangular

channels is fairly straightforward where all four walls

transfer heat to the coolant. However, the micro-channel

heat sink used in the present study, like most practical

heat sinks, involve heat transfer along only three walls,

since the channel top wall is typically adiabatic. To ac-

commodate the difference, a correction factor is intro-

duced.

htp ¼ htp;cor
Nu3
Nu4

; ð10Þ

where htp;cor is the heat transfer coefficient evaluated
directly from a correlation, and Nu3 and Nu4 are the
single-phase fully developed laminar Nusselt numbers

for the conditions of three and four wall heat transfer,

respectively [35,36],

Nu3 ¼ 8:235ð1� 1:883b þ 3:767b2 � 5:814b3

þ 5:361b4 � 2:0b5Þ; ð11Þ

and

Nu4 ¼ 8:235ð1� 2:042b þ 3:085b2 � 2:477b3

þ 1:058b4 � 0:186b5Þ: ð12Þ

This correction approach was used by Phillips [37] and

Choquette et al. [38] to evaluate the mean heat transfer
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Table 4

Flow boiling heat transfer correlations

Correla-

tion

Reference Heat transfer coefficient, htp MAE (%)

1 Chen [8] (1966),

Edelstein et al. [30] (1984)

htp ¼ Nu3
Nu4

ðEhsp þ ShnbÞ 43.9

hsp ¼ 0:023ðRefÞ0:8ðPrfÞ0:4 kf
dh
; hnb ¼ 0:00122

k0:79
f

c0:45
P;f

v0:24g
r0:5l0:29

f
h0:24
fg

v0:49
f

� �
DT 0:24sat DP 0:75sat

E ¼ 1þ 1
X 0:5tt

� �1:78
; S ¼ 0:9622� 0:5822 tan�1 RefE1:25

6:18�104

� �h i
Ref ¼ Gð1�xeÞdh

lf
; Prf ¼ cP;flf

kf
; Xtt ¼ 1�xe

xe

� �0:9
vf
vg

� �0:5
lf
lg

� �0:1
2 Shah [9,31] (1976,1982) htp ¼ Nu3

Nu4
maxðE; SÞhsp 53.7

hsp ¼ 0:023ðRefÞ0:8ðPrfÞ0:4 kf
dh

For NN > 1:0; S ¼ 1:8=NN 0:8; E ¼ 230Bo0:5ðBo > 3� 10�5Þ or E ¼ 1þ 46Bo0:5ðBo < 3� 10�5Þ

For 0:1 < NN 6 1:0; S ¼ 1:8=NN 0:8; E ¼ F Bo0:5 expð2:74NN�0:1Þ

For NN 6 0:1; S ¼ 1:8=NN 0:8; E ¼ F Bo0:5 expð2:47NN�0:15Þ

F ¼ 14:7 ðBoP 11� 10�4Þ or F ¼ 15:43ðBo < 11� 10�4Þ

NN ¼ Co ðFrf P 0:04Þ or NN ¼ 0:38Fr�0:3f Co ðFrf < 0:04Þ

Co ¼ 1�xe
xe

� �0:8
vf
vg

� �0:5
; Frf ¼

v2
f
G2

gdh

3 Gungor and Winterton [32]

(1986)

htp ¼ Nu3
Nu4

ðEhsp þ ShnbÞ 50.1

hsp ¼ 0:023ðRefÞ0:8ðPrfÞ0:4 kf
dh
; E ¼ 1þ 24000Bo1:16 þ 1:37 1

Xtt

� �0:86
hnb ¼ 55P 0:12r ð� log10ðPrÞÞ

�0:55M�0:5
W q000:67ch ; S ¼ ð1þ 1:15� 10�6E2Re1:17f Þ�1

If Frf 6 0:05, replace E by EFr0:1�2Frff and S by SFr0:5f , respectively

4 Kandlikar [15] (1990) htp ¼ Nu3
Nu4
maxðE; SÞhsp 49.4

hsp ¼ 0:023ðRefÞ0:8ðPrfÞ0:4 kf
dh
; E ¼ 0:6683Co�0:2f ðFrf Þ þ 1058Bo0:7

S ¼ 1:136Co�0:9f ðFrfÞ þ 667:2Bo0:7

f ðFrf Þ ¼ 1ðFrf P 0:04Þ or f ðFrf Þ ¼ ð25Frf Þ0:3 ðFrf < 0:04Þ

5 Liu and Winterton [33] (1991) htp ¼ Nu3
Nu4

ððEhspÞ2 þ ðShnbÞ2Þ0:5 35.1

hsp ¼ 0:023ðRefoÞ0:8ðPrf Þ0:4 kf
dh
; E ¼ 1þ xePrf

vg
vf
� 1

� �h i0:35
; Refo ¼ Gdh

lf

hnb ¼ 55P 0:12r ð� log10ðPrÞÞ
�0:55M�0:5

W q000:67ch ; S ¼ ð1þ 0:055E0:1Re0:16fo Þ�1

If Frf 6 0:05, replace E by EFr0:1�2Frff and S by SFr0:5f , respectively
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Table 4 (continued)

Correla-

tion

Reference Heat transfer coefficient, htp MAE (%)

6 Steiner and Taborek [34] (1992) htp ¼ Nu3
Nu4

½ðEhspÞ3 þ ðShnbÞ3
1=3 46.2

hsp ¼ 0:023ðRefoÞ0:8ðPrf Þ0:4 kf
dh
; E ¼ ð1� xeÞ1:5 þ 1:9x0:6e ðvg=vfÞ0:35

h i1:1
hnb ¼ 25; 581 W/m2 K, S ¼ F

q00
ch

1:5�105

� �0:8�0:1 expð1:75PrÞ
dh
0:01

� ��0:4
f ðMWÞ

F ¼ 2:816P 0:45r þ 3:4þ 1:7

1�P7r

h i
P 3:7r ; f ðMWÞ ¼ 0:72

7 Lazarek and Black [7] (1982) htp ¼ Nu3
Nu4
30ðRefoÞ0:857ðBoÞ0:714 kf

dh

h i
36.2

8 Tran et al. [11] (1996) htp ¼ Nu3
Nu4
8:4� 105ðBo2Wef Þ0:3 vg

vf

� ��0:4
	 


; Wef ¼ vfG2dh
r 98.8

9 Lee and Lee [18] (2001) htp ¼ Nu3
Nu4

ðEhspÞ 272.1

hsp ¼ Nu4
kf
dh
; E ¼ 10:3b0:398 /0:598f

/f ¼ 1þ C
Xvt

þ 1
X 2vt

� �0:5
; C ¼ 6:185� 10�2Re0:726fo

Xvt ¼ ff
fg

� �0:5
1�xe
xe

� �
vf
vg

� �0:5
; fg ¼ 0:079

Re0:25g
; Reg ¼ Gxedh

lg

ff ¼ 24
Ref
1� 1:355b þ 1:947b2 � 1:701b3 þ 0:956b4 � 0:254b5
� �

b ¼ Wch
Hch

10 Yu et al. [19] (2002) htp ¼ Nu3
Nu4
6:4� 106ðBo2Wef Þ0:24 vg

vf

� ��0:2
	 


19.3

11 Warrier et al. [20] (2002) htp ¼ Nu3
Nu4

ðEhspÞ 25.4

hsp ¼ Nu4
kf
dh
; E ¼ 1:0þ 6Bo1=16 þ f ðBoÞx0:65e

f ðBoÞ ¼ �5:3ð1–855BoÞ
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coefficient in flow developing regions of single-phase

micro-channel heat sinks. As discussed above, the

dominant flow pattern and heat transfer mechanism in

water micro-channels are annular flow and forced

convection boiling, respectively. Use of Eq. (10) in the

present study to correct for three versus four-sided

heating is justified by the fact that heat is transferred

from the channel wall to the two-phase mixture first by

single-phase convection to the liquid film. Addition-

ally, the liquid film flow is mostly laminar because of

the low water flow rate and small size of a micro-

channel.

4.2. Macro-channel correlations

The first six correlations in Table 4 are based on flow

boiling experimental data for macro-channels. Fig. 7

compares correlation predictions and experimental data

at ztc4 as a function of thermodynamic equilibrium
quality, xe, for Tin ¼ 60 �C and G ¼ 255 kg/m2 s. It is
quite apparent that the trend predicted by all six corre-

lations is drastically different from that of the present

data. Most notably, the correlations predict an increas-

ing htp with increasing xe, while the data show the
opposite trend. Furthermore, the correlations under-

predict the data in the low xe range, and over-predict it
in the high xe range.
The predictive capability of these correlations is

further illustrated in Fig. 8(a) to (f) for all operating

conditions of the present study. Aside from the devia-

tions apparent in the variation of predicted-to-measured

heat transfer coefficient ratio with xe, these figures, as
well as Table 4, include, for each correlation, the mean

absolute error (MAE), defined as

MAE ¼ 1
M

X htp;pred � htp;exp
�� ��

htp;exp
� 100%; ð13Þ

whereM is the number of data point. The mean absolute
error of the macro-channel correlations ranges from

35.1% to 53.7%.

The discrepancy between the predictions of the six

correlations and present data can be attributed to sev-

eral factors. First, while these correlations are based on

fairly sizeable experimental databases, the size of test

tubes employed in their development is much larger than

a micro-channel. As in most two-phase systems, ex-

trapolating a correlation to operating conditions beyond

those for which the correlation was originally developed

can lead to appreciable error. A second reason for the

discrepancy is these correlations are based on turbulent

single-phase heat transfer correlations, such as the

Dittus–Boelter correlation, in modeling the annular flow

region since turbulent flow is prevalent in macro-chan-

nels. However, flow in a micro-channel is mostly laminar

because of the small channel size and low flow rates

used. For example, the inlet Reynolds number for the

present tests ranged from 60 to 300.

4.3. Mini/micro-channel correlations

The last five correlations in Table 4 (correlations 7–

11) are all based on saturated flow boiling heat transfer

in mini/micro-channels. Comparisons between correla-

tion predictions and the present data are shown in Figs.

9 and 10(a)–(e). Predictions of the correlations by Tran

et al. (correlation 8) and Lee and Lee (correlation 9)

have been excluded from Fig. 9 as the former predicts

very small, and the latter very large values compared to

the data. With a mean absolute error (MAE) of 36.2%,

the performance of the Lazarek and Black correlation

(correlation 7) is close to those of the macro-channel

correlations. The correlation by Yu et al. (correlation

10) provides the best agreement (MAE of 19.3%) with

the data among all eleven correlations tested. However,

as shown in Figs. 9 and 10(d), this correlation does not

capture the correct trend of heat transfer coefficient htp
with xe. On the other hand, the correlation by Warrier
et al. (correlation 11), provides a closer prediction of the

trend, but with a greater MAE of 25.4%.

It is important to emphasize that deviations from the

experimental trends are not necessarily related to

weaknesses in the correlations themselves, but more to

the unique nature of flow boiling in micro-channels, and

the operating conditions of water-cooled micro-channels

falling outside the recommended application range for

most correlations.

These findings clearly point to the need to develop

new predictive tools that can both capture the correct

trend of htp with xe, and yield more accurate predictions.
This is precisely the goal of part II of this study [21].

Fig. 7. Comparison of saturated flow boiling heat transfer co-

efficient data with macro-channel correlation predictions at ztc4
for Tin ¼ 60 �C and G ¼ 255 kg/m2 s.
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5. Conclusions

This paper is part I of a two-part study devoted to

flow boiling heat transfer of water in a two-phase micro-

channel heat sink. In this paper, new experimental

findings were discussed, complemented by identification

of several unique features of flow boiling in a micro-

channel, and assessment of the suitability of previous

empirical heat transfer correlations to predicting the

measured trends. Key findings from the study are as

follows.

(1) The saturated flow boiling heat transfer coefficient in

a water-cooled micro-channel heat sink is a strong

function of mass velocity, and only a weak function

of heat flux. This and prior studies by the authors

point to annular flow as the dominant two-phase

Fig. 9. Comparison of saturated flow boiling heat transfer co-

efficient data with mini/micro-channel correlation predictions at

ztc4 for Tin ¼ 60 �C and G ¼ 255 kg/m2 s.

Fig. 8. Comparison of saturated flow boiling heat transfer coefficient data with predictions of macro-channel correlations of: (a) Chen

[8,30]; (b) Shah [9,31]; (c) Gungor and Winterton [32]; (d) Kandlikar [15]; (e) Liu and Winterton [33] and (f) Steiner and Taborek [34].
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flow pattern in micro-channels at moderate to high

heat fluxes. These observations lend credence to

the hypothesis that the dominant heat transfer

mechanism for water micro-channel heat sinks is

forced convective boiling and not nucleate boiling.

(2) The saturated flow boiling heat transfer coefficient de-

creases with increasing thermodynamic equilibrium

quality. This trend is in sharp contradiction with that

of macro-channels. This unique behavior is attributed

to the strong influence of liquid droplet entrainment

and deposition within the annular flow region.

(3) Predictions of six popular macro-channel heat trans-

fer correlations and five correlations specifically de-

veloped for mini/micro-channels were compared to

the present data. Significant deviations in overall

trend point to a need for new predictive tools that

can both capture the correct micro-channel heat

transfer trends and yield more accurate predictions.

Fig. 10. Comparison of saturated flow boiling heat transfer coefficient data with predictions of mini/micro-channel correlations of: (a)

Lazarek and Black [7]; (b) Tran et al. [11]; (c) Lee and Lee [18]; (d) Yu et al. [19] and (e) Warrier et al. [20]. Note different scale for Fig.

10(c).
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