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Abstract

Experimental investigation of a heat sink for cooling of electronic devices is performed. The objective is to keep the

operating temperature at a relatively low level of about 323–333 K, using a dielectric liquid that boils at a lower

temperature, while reducing the undesired temperature variation in the both streamwise and transverse directions. The

experimental study is based on systematic measurements of temperature, flow and pressure, infrared radiometry and

high-speed digital video imaging.

The heat sink has parallel triangular microchannels with a base of 250 lm. Experiments on flow boiling of Vertrel

XF in the microchannel heat sink are performed to study the effect of mass velocity and vapor quality on the heat

transfer, as well as to compare the two-phase results to a heat sink cooled by single-phase water flow. � 2002 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Recent advances in semiconductor technology have

led to the significant increase in power densities en-

countered in microelectronic equipment [1]. Traditional

cooling by air [2] is not sufficient for high heat fluxes,

and other means of thermal management must be con-

sidered. Among these, cooling by heat transfer to single-

phase and boiling liquids flowing in microchannels is

one of the promising directions.

A number of experimental and theoretical investiga-

tions have been performed and published recently,

concerning various aspects of this problem. Among the

subjects considered in the past, one can mention single-

phase convection heat transfer and phase change in

microchannels as compared to convection and boiling in

larger-size tubes, and dependence of these phenomena

on the size and shape of the microchannels.

One drawback of a microchannel heat sink is a rel-

atively high temperature rise along the microchannels

compared to that for the traditional heat sink designs. In

the microchannel heat sink, the large amount of heat

generated by the electronic device is carried out from the

package by a relatively small amount of coolant. So, the

coolant exits at a relatively high temperature. Large

temperature rise produces thermal stresses in elements

and packages due to the differences in the coefficient of

thermal expansion, thus undermining the device’s reli-

ability. This temperature rise may be accompanied by a

complex pattern of spatial temperature variations that

can produce potentially destructive thermal stresses

along the interface between the chip and the substrate or

heat sink. This is one of the key justifications for seeking

a nearly isothermal heat sink.

Furthermore, a large temperature gradient is unde-

sirable for the electronic performance since many elec-

tronic parameters are adversely affected by a substantial

temperature rise. For instance, in electronic devices,

electrical–thermal instability occurs within a high tem-

perature region, because the basic elements of electronic

circuits have a switching time that decreases with in-

creasing temperature.
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The Complementary Metal-Oxide Semiconductor

(CMOS) technology is today the dominant technology

for microprocessors and memories. Temperature varia-

tion may cause circuit imbalances in CMOS devices that

result from dependence of transistor switching speed on

temperature. Physical modeling of these phenomena can

be found, for example, in the work by Workman et al.

[3], who examined the temperature and self-heating ef-

fects in Silicon-On-Insulator (SOI) CMOS devices.

The nonuniform temperature also leads to variation

in the resistance and capacitance of interconnection lines,

often resulting in a significant delay in signal propaga-

tion. This phenomenon may be the dominant factor de-

termining the performance of electronic circuits [4].

In the microchannel heat sink design that involves a

single-phase fluid, bulk temperature rise along the chan-

nel can be controlled by increasing the pressure head

and thus forcing the coolant to move faster through the

channel. This, of course, requires more pumping power,

may generate more noise, and requires bulkier packag-

ing. A two-phase microchannel heat sink, in which the

latent heat is utilized to achieve a uniform temperature

profile on the heating surface, is an alternative method

for eliminating temperature variations. It becomes pos-

sible, however, only when the boiling temperature of the

liquid is below the operating temperature of the unit. For

a water/water vapor cooling scheme, it would be possi-

ble, by changing the operating pressure, to lower the

boiling point of the water to the appropriate range of

about, say, 50 �C. However, water cannot be brought in

contact with active electronics, and an insulating, or

‘‘dielectric’’, liquid must be used.

As reviewed and discussed by Peng and Wang [5],

heat transfer to liquids in microchannels is quite differ-

ent from that for conventional-sized channels. In par-

ticular, bubbles undergo a significant volume change

(relative to the channel) and the flow is highly tran-

sient as opposed to the steady or quasi-steady flow

boiling. Recently, an experimental investigation of the

flow boiling of a liquid flowing through triangular mi-

crochannels by Peng et al. [6] showed that the wall su-

perheat for the onset of boiling is very low, and there is

almost no partial nucleate boiling regime. As a result,

pressure fluctuations took place and heat transfer in the

microchannels was not uniform. It was reported by Peng

and Wang [5] that triangular microchannels could pro-

mote flow boiling heat transfer more effectively than

rectangular microchannels.

Previous studies on heat transfer to a two-phase

capillary flow in a heated microchannel provide esti-

mates of the effects of capillary, inertial, frictional, and

gravity forces on the velocity distribution and tempera-

ture field along a single capillary [7]. One can note,

however, that in order to provide effective cooling, a set

of parallel microchannels should be used rather than a

single channel. Two-phase flow in parallel pipes, for

which the feed is from a common manifold, displays

interesting phenomena, as the two phases may split

unevenly when entering the parallel piping. An experi-

mental study has been performed by Ozawa et al. [8,9]

on two-phase flow systems in parallel pipes of 3.1 mm

in diameter. They attempted to simulate the flow in

boiling channels by injection of air and water along

the pipes. Their conclusion was that injection of air

had a destabilizing effect on the pressure drop oscilla-

tions. A nonuniform distribution of a working fluid in-

side the parallel channels leads to variation of the local

heat transfer coefficients and, as a result, to a nonuni-

form temperature of the cooled surface in the transverse

direction.

Nomenclature

a length, m

A area, m2

Bogap ‘‘gap’’ Bond number

Dh hydraulic diameter, m

I electric current, A

_mm mass velocity, kg=s m
2

P pressure, Pa

q00 heat flux, W=m
2

T temperature, K or �C
u velocity, m/s

v volume flow rate, m3=s
V voltage, V

x vapor quality

Greek symbols

a heat-transfer coefficient, W=m
2
K

D difference

q density, kg=m
3

u heat transfer ratio

r surface tension, N/m

Subscripts

c cross-section

h heated area

‘ liquid

in inlet

m maximum

s saturation

v vapor

w wall
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The present work is a part of a longer research pro-

gram of our group which aims at systematic theoretical

and experimental study of flow and heat transfer phe-

nomena in microchannel heat sinks for electronic cool-

ing [10–15]. In particular, a one-dimensional model of

the flow in a single heated capillary was proposed by

Peles et al. [13]. The effect of the liquid velocity, heat flux

and fluid properties on the temperature within the liquid

and vapor domains has been studied, and the parame-

ters corresponding to the flow instability were deter-

mined.

Hetsroni et al. [14,15] report on an experimental

thermal microsystem consisting of a heater, microchan-

nels, inlet and outlet plena. They studied the nonuniform

temperature distribution on the heated surface. Water

was used as working fluid. Twenty-one parallel trian-

gular microchannels of hydraulic diameter 0.103 mm

and length 10 mm were etched in the silicon substrate.

The heat fluxes were as high as q00 ¼ 160–400 kW=m
2
,

corresponding to the cooling needs of the advanced

microelectronic chips. However, as mentioned above,

water cannot be used in contact with active electronics,

and a dielectric liquid should be used instead.

According to the objectives of the present study,

DuPont Vertrel XF fluid has been chosen as the working

fluid. Vertrel XF is dihydrodecafluoropentane, C5H2F10.

It is used, in particular, for oxygen system cleaning and

light soil removal from solvent-sensitive substrates.

Thermodynamic, heat transfer and dielectric properties

of Vertrel XF are given in Table 1. It is a dielectric fluid

characterized by nonflammability, chemical and thermal

stability, and low toxicity. According to the manufac-

turer, Vertrel XF has ‘‘zero’’ ozone depletion potential,

and is accepted by the US Environmental Protection

Agency (EPA) as a substitute for ozone-depleting sub-

stances.

The specific enthalpy of vaporization of Vertrel XF is

much lower than that of water, 130 vs. 2676 kJ/kg at

atmospheric pressure, respectively. For this reason, the

heat fluxes used in the present study are lower than those

for water. We note here that the heat fluxes in the pre-

sent investigation were still much higher than those used

most recently by Watson et al. [16] in their numerical

investigation of chip scale package arrays. In that work,

modeling is performed of an advanced flip chip assembly

[17]. Each module of the assembly had the projected

area of 1� 1 cm2 and power dissipation of 0.2–1.0 W.

In the recent study by Sathe et al. [18], heat fluxes were

in the same range as in the present investigation. Still,

the properties of Vertrel XF do not make it possible to

utilize this fluid in cooling of advanced microprocessors

with average heat fluxes of about 30–50 W=cm
2
.

The present experimental study is based on system-

atic measurements of temperature, flow and pressure,

infrared radiometry and high-speed digital video imag-

ing. Experiments on flow boiling of Vertrel XF in the

microchannel heat sink were performed for a range of

mass velocity _mm ¼ 148–290 kg=s m
2
. The outlet pressure

was 1 bar. The tests were conducted to study the effect of

mass velocity and vapor quality on heat transfer, as well

as to compare the two-phase results to a single-phase

water flow. It is shown below that in convective boiling

of Vertrel XF, a rather high heat transfer coefficient is

achieved, while maintaining a relatively low surface tem-

perature determined by the saturation properties of the

cooling fluid.

2. Experimental set-up and procedure

2.1. Experimental facility

The experimental facility and flow loop are shown

in Fig. 1. The loop consists of a liquid peristaltic pump,

piping, test module, entrance and exit tanks. Working

liquid at 20–22 �C was pumped from the entrance tank

Table 1

Properties of Vertrel XF at atmospheric pressure

Boiling point 52 �C
Liquid density 1520 kg=m3

Surface tension 14:1� 10�3 N/m

Molecular weight 252

Dynamic viscosity at 25 �C 0:67� 10�3 Pa s

Specific heat at 25 �C 1.13 kJ/kg K

Enthalpy of vaporization at

boiling point

130 kJ/kg

Thermal conductivity at 25 �C 0.071 W/m K

Breakdown voltage, liquid (0.1

in. thickness)

29 kV

Breakdown voltage, vapor (0.1

in. thickness)

12 kV

Specific resistivity 1:1� 10�6 X m
Fig. 1. Experimental facility.
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through the inlet plenum to the microchannels in the test

module, and from the microchannels through the outlet

plenum to the exit tank.

The temperature of the working fluid was measured,

at the entrance and exit of the test module, by 0.3 mm

type-T thermocouples, with an accuracy of 0.1 K. Pres-

sures were measured, at the inlet and outlet of the test

module, by silicon pressure sensors, with sensitivity 3.3

mV/kPa, response time 1.0 ms and accuracy of 1.5%.

The flow rate of the working fluid was measured with

an accuracy of 0.5%. The data were collected by a data

acquisition system.

2.2. Test module

The test module, Fig. 2, was fabricated from a

square-shape silicon substrate 15� 15 mm2, 530 lm
thick, and utilized a Pyrex cover, 500 lm thick, which

served as both an insulator and a transparent cover

through which flow patterns and boiling phenomena

could be observed. In the silicon substrate, 21 parallel

microchannels were etched. The cross-section of each

channel is an isosceles triangle with a base of a ¼ 0:25
mm. The angles at the base are 55�. An electrical heater

of 10� 10 mm2, made of a thin film resistor, had been

deposited on the surface of the silicon, and served to

simulate the heat source. The input voltage and current

were controlled by a power supply and measured with

an accuracy of 0.5%.

2.3. Visualization

760 Thermal Imaging Radiometer was used to study

the temperature field on the electrical heater. Its re-

cording rate is 25 frames per second, with a resolution of

256 pixels per line. Since in the present study the fre-

quency of bubble growth in the microchannels was

much higher than the recording rate of the radiometer, it

was used for measurements of the steady state temper-

ature field on the heated bottom of the test module, with

an accuracy of 0.1 K.

The liquid–vapor flow in the microchannels was

studied using a microscope and a high-speed video sys-

tem. Recordings of up to 1000 frames per second have

been obtained.

2.4. Experimental procedure

Before performing experimental tests, the flow loop

was prepared for operation, including deaeration of the

fluid. Then, the pump was brought to a stop and the

heater was powered by direct current, providing q00 ¼
5:2 kW=m

2
. The microchannels were filled by the fluid,

which remained motionless. During the heating, the

maximum temperature on the heater rose from 293 to

323 K. Under these conditions, the difference among the

mean surface temperatures of seven channels at the

middle of the module (#7–13) did not exceed 0.2 K.

For a normal testing procedure, the pump was turned

on and the electrical power to the heater was adjusted

to a desired level by a variable voltage controller. The

module was then allowed to reach a steady state, which

was achieved within 4–5 min from the moment the flow

conditions had stabilized.

2.5. Data reduction

The parameters used in the data reduction and

analysis are summarized below:

Heat flux, q00. In order to determine the heat flux

from the heater to the working fluid, the heat losses due

to conduction, convection and radiation were taken into

account. The heat flux transferred to the fluid was de-

fined as q00 ¼ uIV =Ah, where I and V are the input cur-

rent and voltage, u is the ratio of the heat transferred

to the working fluid to the total heat generation, and Ah

is the heated area, defined as the projected area equal to

the heater plate area (1� 1 cm2), as used by Peng and

Peterson [19]. For each set of steady-state experimental

conditions, the energy balance (based on the measure-

ments of the inlet and outlet temperatures) was estab-

lished, and the value of u was calculated.

Mass velocity of the single-phase flow, _mm. The mass

velocity was calculated as _mm ¼ vq=Ac, where v is the

volumetric flow rate, q is the fluid density, and Ac is the

overall cross-section area of the microchannels.

Mass vapor quality at the outlet plenum, x, was

calculated from the equation of change in the enthalpy

of a liquid–vapor system during evaporation in the mi-

crochannels.

Hydraulic diameter of the microchannel, Dh, was

calculated from its cross-section area and wetted pe-

rimeter.

2.6. Temperature on a heated wall of the microchannel

The following procedure was used to determine the

wall temperature of the microchannel from an infraredFig. 2. Test module.
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image of the heater. Positions on the heated wall were

determined using the TherMonitor image-processing

software. They are projections of the channel axes on the

back surface to which the heater is attached. Hence,

we have the straight lines on the bottom of the heated

module corresponding to the streamwise axes of each

microchannel. Along each line, the temperature on the

heated wall was determined. This temperature is used in

the solution for the temperature distribution inside the

silicon die, as explained below.

Symmetry considerations make it possible to distin-

guish the basic element that repeats itself on the silicon

die shown in Fig. 2. This basic element is a bar the length

of which equals the length of the die, having a pentag-

onal cross-section (Fig. 3). Heat conduction along the

element (x-direction) was neglected compared to the

heat transfer from the heated surface to the chan-

nels. Thus, the Laplace equation was solved in a two-

dimensional domain shown in Fig. 3. Due to symmetry,

it was assumed that the heat fluxes through the planes at

y ¼ 0 and y ¼ a vanish. At the plane z ¼ 0, where the

heater is attached, a uniform heat-flux boundary con-

dition is used. The plane at z ¼ b, where the Pyrex glass

is attached, is assumed adiabatic.

At the inclined surface of the microchannel wall,

convection boundary condition should have been im-

posed. This, however, could not be done because the

heat transfer coefficient was not known. Instead, the

temperature on the channel wall was estimated by an

iterative procedure. The input value of this temperature

was adjusted in the course of the solution, until the

calculated temperature of the heated surface has become

equal to that measured in the experiments for the given

heat flux.

Because of the shape of the domain, the problem has

been solved numerically, using the Fluent 5.3 software

package. The grid, built of quadrilateral mesh elements,

was generated using the Gambit 1.2 software. The basic

number of elements in the two-dimensional domain was

266. Grid-independence of the solution has been verified

using grids of various densities. The results did not show

any significant effect of the grid on the results.

The software makes it possible to calculate heat

fluxes through any specified surface. Thus, the resulting

heat flux through the inclined wall of the channel was

calculated and compared to the input heat flux at z ¼ 0.

Convergence of the solution was assumed when the

difference between the two fluxes was less than 0.1%.

Fig. 3 shows a typical temperature distribution inside

the silicon die, for the wall heat flux of 36 kW=m2
. One

can see that for a measured temperature of 60 �C at the

heated surface of the die, the temperature of the channel

wall is about 0.25 �C lower. This small temperature

difference is a result of the high thermal conductivity of

the silicon and small thickness of the die.

The effect of the inlet fluid subcooling was taken into

consideration in a manner similar to that discussed in a

study by Katto [20], utilizing the boiling length – which

is the heated length for a uniformly heated surface from

the location of mass vapor quality x ¼ 0 to the end of

heated length. In the present study, the boiling length

was determined as the section of the microchannel in

which the temperature is higher than saturation tem-

perature, Ts. An average value of the wall tempera-

ture over the boiling length, Tw, was utilized in the

boiling curves and in calculations of the heat transfer

coefficient.

3. Results and discussion

3.1. Visualization of thermal patterns on the heated

surface

The temperature distribution on the heated wall de-

pends on the material and design of the module, flow

rate in the microchannels, the heat flux, and the type of

working fluid. The infrared images of the heated side of

the test module are shown in Figs. 4 and 5 for a single-

phase water flow and a two-phase Vertrel XF flow in the

same test module, respectively. In these figures the flow

is from the bottom to the top. The area of the heater (the

marked square) is clearly shown, and the thermal image

analysis is restricted to this square area of 10� 10 mm2.

Figs. 4(a) and (b) show an infrared image and a histo-

gram of the temperature distribution on the heater for a

single-phase water flow, used as the reference base. The

maximum temperature on the heater was Tm ¼ 60 �C.
Figs. 5(a) and (b) show an infrared image for the flow

boiling of Vertrel XF and a histogram of the tempera-

ture distribution at the same values of Tm. One can see

both from the images and the histograms that the use

of Vertrel XF allows a much more uniform temperature

distribution as compared to water flow.Fig. 3. Temperature distribution inside the silicon die.
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3.2. Flow boiling of Vertrel XF – temperature distribution

on the heated surface

The values of the maximum wall temperature, Tm, in
a certain channel vs. the number of the channel are

presented in Fig. 6, for different values of the wall heat

flux, at _mm ¼ 148 kg=m
2
s. As mentioned above, the fluid

temperature in the entrance tank was 20–22 �C.
One can see from Fig. 6 that there exists certain

temperature variation across the channels. Closer to

the center, the channels have maximum temperatures,

slightly higher than the temperatures of the peripheral

channels. For example, at q00 ¼ 36 kW=m
2
the variation

for channels #3–17 is within 1 K, while the outer chan-

nels #1 and #21 are about 3 K cooler. This is a result of

conduction heat transfer across the module and lateral

heat losses. This conclusion is further supported by the

results of Fig. 7, which show the temperature difference

DT ¼ Tm � Tin in each channel for the flow boiling of

Fig. 6. Maximum surface temperatures in each microchannel,

at _mm ¼ 148 kg=m2 s: ðrÞ q00 ¼ 22:6 kW=m2; x ¼ 0:04; ðjÞ
q00 ¼ 26:5 kW=m2; x ¼ 0:08; ðNÞ q00 ¼ 31:9 kW=m2; x ¼ 0:14;

ð�Þ q00 ¼ 36:0 kW=m2; x ¼ 0:18.

Fig. 4. Single-phase water flow at _mm ¼ 148 kg=m2
s, Tm ¼ 60 �C: (a) infrared image of the heater; (b) histogram of temperature

distribution.

Fig. 5. Flow boiling of Vertrel XF at _mm ¼ 148 kg=m2
s, Tm ¼ 60 �C: (a) infrared image of the heater; (b) histogram of temperature

distribution.
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Vertrel XF, where Tin is the temperature of the heated

wall at the entrance of each channel. One can see that

for Vertrel XF boiling at the heat flux of q00 ¼ 36 kW=
m2, the value of DT is always in the range 4–5 K, i.e.,

each channel has almost the same temperature rise.

The data obtained for a single-phase water flow at

the same value of the heat flux are also shown in Fig. 7

for comparison. For single-phase water cooling at

_mm ¼ 148 kg=m
2
s the value of DT is in the range 16–24

K. Computation for single-phase water flow shows that

Ds ¼ 5 K may be achieved at mass velocity of _mm ¼
370 kg=m

2
s. This is 2.5 times higher than the mass

velocity for Vertrel XF flow boiling. The corresponding

Reynolds number, based on the hydraulic diameter of a

microchannel, Dh, and the mean water velocity inside it,

u, is Re ¼ 50. The measurements performed in the same

experimental set-up [15] show that the pressure drop,

DP , is proportional, under these conditions, to the mean

velocity, u. This result indicates that the flow is laminar,

in agreement with the data reported by Peng and Wang

[21], who conclude that the transition occurs at the

Reynolds numbers of approximately 200–700. Since for

a laminar pipe flow the pumping power is proportional

to the product of the volume flow rate and the pressure

drop, i.e., to vDP , it would be at least six times higher

for the water flow than for the flow of Vertrel XF.

3.3. Heat transfer

The boiling curves are presented in Fig. 8 as a

dependence of the heat flux q00 on the superheat,

DT ¼ Tw � Ts. In the figure, the curve for pool boiling

conditions is also shown for comparison. One can see

that the wall heat flux q00, as shown vs. DT , significantly
increases when the mass velocity increases, while the

shape of the curves remains essentially the same.

Fig. 9 depicts the dependence of the heat transfer

coefficient a on the vapor quality x. For electronic de-

vices cooled by flow boiling in the channels care must be

taken to avoid partial dryout inside the channel at high

values of x. One can see from Fig. 9 that in the range of

the relatively small values of x, the heat transfer coeffi-

cient decreases monotonically with an increase in the

vapor quality.

Fig. 10 shows the dependence of the heat transfer

coefficient a on the heat flux q00. Increase in the mass ve-

locity leads to an increase in the heat transfer coefficient.

At the same liquid mass velocity, the heat transfer coef-

ficient decreases when the heat flux increases. A similar

trend was observed by Peng et al. [22] in some cases of

flow boiling of methanol in rectangular microchannels.

This behavior is quite different from that observed in flow

boiling in larger channels and tubes, see [23].

3.4. Flow visualization

Flow visualization by means of the high-speed video

recording was performed in order to complete the

Fig. 7. Difference between the maximum and minimum tem-

perature on the heated wall in each channel, at _mm ¼ 148 kg=m2
s,

q00 ¼ 36:0 kW=m2; x ¼ 0:18: ð�Þ water; ðrÞ Vertrel XF.
Fig. 8. Flow boiling of Vertrel XF: dependence of the wall su-

perheat on the heat flux, for different mass velocities as com-

pared to pool boiling: ð�Þ pool boiling; ð�Þ _mm ¼ 148 kg=m2
s;

ðMÞ _mm ¼ 220 kg=m2
s; ð�Þ _mm ¼ 290 kg=m2

s.

Fig. 9. Flow boiling of Vertrel XF: dependence of the heat

transfer coefficient on the vapor quality: ð�Þ _mm ¼ 148 kg=m2
s;

ðMÞ _mm ¼ 220 kg=m2
s; ð�Þ _mm ¼ 290 kg=m2

s.
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physical picture of the phenomena. Since the process is

very rapid, the recording rate was as high as 1000 frames

per second. An example of the results is shown in Fig.

11, for the mass velocity of _mm ¼ 148 kg=m
2
s, heat flux

of q00 ¼ 36 kW=m
2
and vapor quality of x ¼ 0:18.

The images show the flow pattern at the exit of tri-

angular channel #11, as observed through the Pyrex

cover, i.e., we see the channel through its base. The gray

area at the center of each frame is a part of the micro-

channel. The dimensions of this gray area are 0.25 mm

in the transverse direction, i.e., the width of the channel

at its base, and 0.5 mm along the channel. The white

areas to the left and right of the gray area correspond to

the spaces between the microchannels. In the images, the

flow is from the bottom to the top. Note that at the

higher vapor qualities, recorded area of the channel is

brighter. Thus, the darkest color corresponds to the

single-phase liquid.

The term ‘‘microchannel’’ is quite loosely applied in

the literature to modern cooling devices having hy-

draulic diameters from tens to several hundred mi-

crometers, see [24]. It is expected, however, that the

channel diameter at which microchannel effects become

important will depend on some measure of the rela-

tionship between capillary and gravitational and/or in-

ertial forces. Boiling of liquids in microchannels was

analyzed by Peng et al. [6], Peng and Wang [21], Peng

and Peterson [25], Yuan et al. [26].

In the present study, the hydraulic diameter of the

channel is Dh ¼ 0:13 mm, i.e., it is smaller than the pa-

rameter fr=½gðqL � qVÞ
g
1=2

[27,28], where r is the sur-

face tension, qL and qV are the liquid and vapor

densities, respectively, and g is gravitational con-

stant.Thus, it is reasonable to expect that the effect of

space confinement on boiling heat transfer may become

significant. Yao and Chang [29] suggested as a criterion

the ‘‘gap’’ Bond number, Bogap, which characterizes the

squeezing effect on a bubble due to the confinement. The

gap Bond number in our case can be defined as a ratio

of the channel characteristic size, Dh, to the parameter

fr=½gðqL � qVÞ
g
1=2

. For low Bond numbers, of the

order of unity or less, the squeezing effect is important.

In the present study, Bogap is about 0.1.

Two hypothetical concepts, ‘‘evaporating space’’ and

‘‘fictitious boiling’’, were proposed to describe and ex-

plain the physical processes and fundamental phenom-

ena of boiling in microchannels [6]. These concepts

contain several idealizations, for example, heat transfer

to the bubble occurs from the entire solid surface rather

than from a localized heated region, as in the present

experiments. We observed that bubbles nearly filled the

cross-section and started growing along the tube axis.

The time of bubble formation was extremely short.

According to the definition by Yuan et al. [26], we refer

to this stage as the ‘‘elongated bubble stage’’. Yuan et al.

[26] showed theoretically that the length of the channel

and the position of the elongated bubble in it are im-

portant factors determining the lifetime and maximum

volume of the bubble. These theoretical predictions

agree qualitatively with our previous [15] and present

results of flow pattern visualization. It was observed that

a uniform heating produced elongated bubble clusters

at different positions along the microchannel.

Fig. 11(a) shows a single-phase fluid flow passing

through a triangular microchannel. Fig. 11(b) shows the

beginning of evaporation. One can see that the vapor

phase is restricted to the area close to the vertex of the

triangular cross-section. The volume of the vapor phase

continues to grow during a certain time interval and

eventually occupies most of the cross-section area, Fig.

11(c). Comparison between Figs. 11(c) and (d) indicates

that after some time the part of the cross-section occu-

pied by the vapor phase decreases. Fig. 11(e) shows that

the single-phase liquid flow takes place once again.

From Figs. 11(a)–(e) one can conclude that the residence

time of the vapor fraction is about 0.05 s. The results

show that the fluid occupies the surface over a signifi-

cantly longer period of time. Under the conditions ex-

isted when Figs. 11(a)–(e) were taken, this time period

is about 1.5–2 s. Such behavior leads to pressure and

temperature fluctuations in the microchannels.

3.5. Pressure and temperature oscillations in parallel

microchannels

We investigated this behavior by simultaneous mea-

surements of the pressure drop between the inlet and

outlet plena, and of the temperature of the two-phase

flow at the outlet plenum of the test module.

A two-phase frictional multiplier was employed to

correlate the pressure drop of two-phase flow. Its defi-

nition is U ¼ DP‘v=DP‘ where DP‘v is the two-phase flow
pressure drop, and DP‘ is the pressure drop of a single-

phase fluid passing through the channels with the mass

Fig. 10. Flow boiling of Vertrel XF: dependence of the heat

transfer coefficient on the heat flux: ð�Þ _mm ¼ 148 kg=m2
s; ðMÞ

_mm ¼ 220 kg=m2
s; ð�Þ _mm ¼ 290 kg=m2

s.
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Fig. 11. Video images of the flow boiling of Vertrel XF in a microchannel.

Fig. 12. Pressure drop and temperature oscillations inside the test module, at _mm ¼ 148 kg=m2
s, q00 ¼ 32:0 kW=m2

, x ¼ 0:14.
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flow rate equal to that of the total two-phase mixture

[30]. Experimental data could be described by the de-

pendence U � ðx=½1� x
Þ0:9.
Figs. 12(a) and (b) illustrate the pressure and tem-

perature fluctuations, respectively. The curves were ob-

tained at the liquid mass flow rate of 148 kg=m2
s, heat

flux of 32 kW=m
2
, and vapor quality of 0.14. The tem-

poral behavior of the pressure drop measured during 15

s in the whole boiling system shows fluctuations. This

feature is a result of vapor formation in each micro-

channel, and it provides insight into the temperature

behavior shown in Fig. 12(b).

The auto-correlation functions for pressure and

temperature fluctuations are presented in Fig. 13. It

is clear from Fig. 13 that the temporal behavior of the

temperature fluctuations corresponds to that of the

pressure fluctuations. When the heat flux increases from

32 to 36 kW=m
2
and the vapor quality increases from

0.14 to 0.18, the amplitude and frequency of both the

pressure and temperature fluctuations increase, as may

be seen by comparing Figs. 14(a) and (b) with Figs. 12(a)

and (b).

Peng et al. [31] investigated the role of perturbations

which originated under conditions of boiling in micro-

channels. They suggested that the pressure waves would

be generated in microchannels and could depress the

development of the vapor phase.

3.6. Pressure drop

Fig. 15 shows experimental results for the pressure

drop DP as a function of the maximum device temper-

ature Tm, for different values of the inlet flow rate. Note

that the maximum surface temperature was achieved at

different values of the heat flux depending on the inlet

flow rate. As expected, while the wall temperature is

lower than the saturation temperature, single-phase flow

takes place, and the pressure drop decreases slightly with

the temperature rise, because the viscosity decreases.

When Tm is higher than Ts, two-phase flow takes place

and the pressure drop increases.

Fig. 13. Auto-correlation functions for pressure and tempera-

ture fluctuations.

 

Fig. 15. Pressure drop vs. maximum temperature, at different

mass flow rates: ð�Þ _mm ¼ 148 kg=m2
s ðRe 
 20Þ; ðMÞ _mm ¼ 220

kg=m2
s ðRe 
 30Þ; ð�Þ _mm ¼ 290 kg=m2

s ðRe 
 40Þ.
 

 

Fig. 14. Pressure drop and temperature oscillations inside the test module, at _mm ¼ 148 kg=m2
s, q00 ¼ 36:0 kW=m2

, x ¼ 0:18.
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4. Conclusions

Experimental investigation of a heat sink for elec-

tronics cooling at relatively low heat fluxes was per-

formed. The cooling fluid, utilized in this study, made it

possible to maintain the temperature on the heated

surface in the range 323–333 K.

Comparison of temperature nonuniformity on the

heated surface under conditions of flow boiling with the

single-phase water convective heat transfer has been

done. For cooling by Vertrel XF, the maximum tem-

perature difference on the surface did not exceed 4–5 K,

whereas for cooling by water this difference was about

20 K, at comparable flow rates.

Flow instability in uniformly heated microchannels

was investigated experimentally. The growth and col-

lapse of the vapor fraction has been analyzed. The in-

stabilities caused fluctuations in the pressure drop and

decrease in the heat transfer coefficient. It was found

that the temporal behavior of temperature fluctuations

corresponds to that of pressure fluctuations. The maxi-

mum values of the pressure fluctuations did not differ

significantly from the pressure drop across the channels.
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