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Abstract

We demonstrated a new silicon microchannel heat sink, composing of parallel longitudinal microchannels and sev-

eral transverse microchannels, which separate the whole flow length into several independent zones, in which the ther-

mal boundary layer is in developing. The redeveloping flow is repeated for all of the independent zones thus the overall

heat transfer is greatly enhanced. Meanwhile, the pressure drops are decreased compared with the conventional micro-

channel heat sink. Both benefits of enhanced heat transfer and decreased pressure drop ensure the possibility to use

‘‘larger’’ hydraulic diameter of the microchannels so that less pumping power is needed, which are attractive for high

heat flux chip cooling. The above idea fulfilled in microscale is verified by a set of experiments. The local chip temper-

ature and Nusselt numbers are obtained using a high resolution Infrared Radiator Imaging system. Preliminary expla-

nation is given on the decreased pressure drop while enhancing heat transfer. The dimensionless control parameter that

guides the new heat sink design and the prospective of the new heat sink are discussed.

� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

In macroscale heat transfer can be enhanced by inter-

rupting the boundary layer formation and providing

more surface area. Louvered fins are examples to fulfill

such heat transfer enhancement in the compact heat

exchanger designs, which are widely used in several

industry applications [1,2]. The available experimental/

numerical studies show that the new boundary layer for-
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mation along the fin surface can have higher heat trans-

fer coefficients [1]. In this paper we use the thermal

boundary layer redeveloping concept in microscale and

propose a new design of the silicon-based microchannel

array with transversal channels.

As an example shown in Fig. 1, the new microchan-

nel heat sink consists of ten parallel longitudinal trian-

gular microchannels and five transverse trapezoid

microchannels, which separate the whole flow length

into six independent zones. Once liquid enters the ten

microchannels of each separated zone, the thermal

boundary layer is in developing due to the short flow

length, ensuring higher heat transfer coefficient. Such
ed.
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Nomenclature

Ac cross-sectional area of each triangular

microchannel, m2

Aw area of sidewalls of each triangular micro-

channel, m2

b sidewall width of each triangular micro-

channel, m

Cp specific heat of water, J/kg �C
Dh hydraulic diameter of the longitudinal

microchannel, m

G mass flux, kg/m2 s

f dimensionless pressure drop

h heat transfer coefficient, W/m2 �C
k thermal conductivity of water, W/m �C
L length of the longitudinal microchannel, m

Lh total heating length, m

Lh,s flow length for each independent zone, m

L+ L+ = L/(DhRe), non-dimensional micro-

channel flow length

Lþh Lþh ¼ Lh=ðDhRePrÞ, non-dimensional heat-
ing length

Lþh;s non-dimensional heating length for each

independent zone

Lþh;tr non-dimensional heating length at which the

local Nusselt number reaches 101% of the

Nusselt number for the fully thermal devel-

oped flow

M mass flow rate of water, kg/s

N number of the longitudinal microchannels

Ns number of the transverse microchannels

Nu Nusselt number

Nus Nusselt number for the heat sink with the

transverse microchannels

Dp pressure drop across the microchannel heat

sink, Pa

Dps pressure drop for the heat sink with the

transverse microchannels, Pa

Pr Prandtl number of water

Q total heating power received by water, W

q project heat flux in terms of the effective

heating area, W/m2

R thermal resistance, �C/W
Re Reynolds number of water

T temperature, �C
Tchip,max chip maximum temperature of the focused

heating area, �C
DTm mean temperature difference between water

and microchannel wall, �C
�u mean velocity of water, m/s

w width of each transverse microchannel, m

W width of the focused heating area, m

x x coordinate along the streamwise flow

direction, m

x+ x+ = x/(DhRePr), non-dimensional abscissa

along the flow direction

y abscissa perpendicular to the flow direction,

m

Greek symbols

m kinetic viscosity of water

q density of water

/ heat transfer enhancement ratio

g heat transfer enhancement ratio

Subscripts

c cross-section

f liquid water

in inlet

i grid in flow direction

j grid in the width direction

out outlet

w wall
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thermal boundary layer redeveloping process repeats for

all of the six independent zones, thus the overall heat

transfer is enhanced. A comparative conventional

microchannel heat sink has all of the same sizes except

that there are no transverse microchannels.
2. Literature survey on microchannel flow and heat

transfer

The objective of this paper focuses on demonstration

of the thermal boundary layer redeveloping mechanism

that can be incorporated in the microchannel heat sink

design. The detailed literature survey of the flow and
heat transfer in microchannels is beyond the scope of

the present paper, but can be found in some review

papers such as [3–5] etc. The literature is becoming rich

in microchannel studies. However, as shown, the results

are often conflicting, especially considering their perfor-

mance as compared to classical flow and heat transfer

relations. The conflicting results are generally coming

from the microchannel fabrication and the measurement

methods that are key to determine the flow and heat

transfer characteristics [6]. The benchmark data is

scarce.

Microscale effects are quite different for gas and

liquid flow in microchannels. Rare gas effect occurs if

the channel size is down to the same order of the mean
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Fig. 1. Silicon heat sink with transverse microchannels (all dimensions are in mm).
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free path of the gas. The pressure drop may have a non-

linear distribution along the flow direction due to the

compressible effect [7]. Liquids have the densities that

may be one thousand times of gas. Liquid molecules

are closely packed with each other. Small size down to

nano or micron scale may induce the slip boundary con-

dition due to the intermolecular force between solid and

liquid particles [8]. In additional to these, any clean li-

quid may contain metal particles that may induce the

electrical-double-layer (EDL) near the solid wall. Pres-

sure-driven liquid flow in microchannels may include

the electrical viscous effect [9]. For the microchannel size

typically applied in MEMS device between 1 lm and

1.0 mm, the above microscale effects may partially, com-
bined, or not influence the flow and heat transfer be-

cause the channel size has so wide range. Up to now it

is still difficult to identify the ‘‘true’’ microscale effect

from the experiment due to the difficulties in

instrumentation.

Very high heat flux chip cooling requires smaller

hydraulic diameter and larger flow rate, leading to very

high pressure drop. Careful attention should be given to

balance the flow and heat transfer for the microchannel

heat sink. Fully developed flow and heat transfer

assumption is valid for very small channel size. How-

ever, when the hydraulic diameter of the microchannels

are relative large, such as larger than 100 lm, they have
longer ‘‘thermal entrance length’’ to reach the thermal
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developed flow. Generally a high heat flux chip may

have the length that is several times of the thermal devel-

oping length. If we can separate the whole flow length

into several independent zones that ensure the thermal

developing flow in each independent zone, the overall

heat transfer can be enhanced, which can partially com-

pensate the hydraulic diameter effect (generally larger

channel size will deteriorate the heat transfer perfor-

mance). Thus it is possible to use ‘‘larger’’ microchannel

size, while the pressure drop is sharply decreased. As

noted, most of the available studies were performed

for the developed flow of the microchannel heat sinks,

very little was conducted on the thermal developing flow

in microscale [6]. Moreover, much attention was paid on

the improved chip temperature measurements using a

high resolution Infrared Radiator Imaging System in

this paper.
T
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Fig. 2. Experimental setup and apparatus.
3. Test section and experimental apparatus

3.1. Description of the microchannel heat sink

Two silicon microchannel heat sinks were fabricated

in clean room environment. One is the heat sink incor-

porating the thermal boundary layer redeveloping con-

cept (Fig. 1) and the other is the conventional one

with the same size but without the transverse

microchannels.

Both silicon wafers are 30 mm in length, 7 mm in

width, 525 lm in thickness. The pyrex glass plate that

is bounded with the silicon wafer has the thickness of

410 lm. The whole length of the parallel microchannels
in longitudinal direction is 21.45 mm, and the total

width coving the ten triangular microchannels is

4.35 mm. The triangular microchannel has the hydraulic

diameter of 155 lm A thin platinum film was deposited

at the backside of the silicon wafer by ‘‘chemical vapor

deposition’’ technique to provide a uniform heat flux.

The thin film has the same length of the longitudinal

microchannels, but has the total width of 4.20 mm,

which is narrower by half triangular microchannel

width, to ensure the safe operation of the silicon wafer

at extremely high heat flux. The silicon wafer has the

effective heating length of 16.0 mm, symmetrical located

about the wafer. The heater was connected to a precision

AC power supply unit and heat generated in the heater

was transferred to the liquid flow from microchannels.

In Fig. 1 five transverse trapezoid microchannels

were uniformly arranged in the flow direction, forming

six independent zones. The centerline distance between

each transverse microchannel is 3.694 mm. Such dis-

tance is close to the thermal developing length for the

velocity of 1 m/s flowing in triangular microchannels.

This configuration design ensures the thermal develop-

ing flow in each independent zone thus higher heat
transfer performance is obtained covering all of the pres-

ent experimental data range.

3.2. Experimental setup and procedure

Fig. 2 shows the experimental setup and the corre-

sponding apparatus. Water is pressed by the nitrogen

gas and flows successively through a liquid valve, a

2 lm filter, the silicon wafer test section, a heat exchan-

ger, and finally returns to a collection container. The

pressure of the water tank is well controlled by adjusting

the high precision pressure regulator valve located be-

tween the nitrogen gas tank and the water tank. The

liquid temperature in the water tank is controlled by a

constant temperature control unit (PID control unit)

with the uncertainty of ±0.5 �C. In order to decrease
the heat loss to the environment and keep the inlet tem-

perature of the test section as the predetermined value,

the high quality heat insulation material was wrapped

on the outer surface of the connection tube between

the outlet of the water tank and the inlet of the test sec-

tion. The steady water mass flow rate was determined by

weighing the mass increment over a longer given period

of time using a high precision electronic balance, which

has the accuracy of 0.02 g. The inlet and outlet temper-

atures were measured by the high precision jacket

thermocouples with the diameter of 1.0 mm. These ther-

mocouples have the measurement errors within ±0.3 �C.
The inlet fluid pressure was measured by a Setra pres-

sure transducer (Model 206), which was calibrated

against a known standard and the uncertainty in the

pressure measurements was less than 1%. All of the pres-

sure and temperature signals were collected by a HP

data acquisition system. At the top of the silicon wafer,

a microscope (Leica series, Germany) was installed to

monitor the flow status through the microchannels. This

is important to keep the single-phase liquid flow in

microchannels at high heat fluxes. Boiling is never

initiated.
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3.3. Chip temperature measurement

Distinct with other studies, the wafer temperatures of

the backside thin film were measured by a high resolu-

tion, high accuracy Infrared Radiator Imaging System

(FLIR ThermaCAM SC3000 IR). This system has a

thermal sensitivity of 0.02 �C at 30 �C, a spatial resolu-
tion of 1.1 mrad, a typical resolution of 320 · 240 over
the focused area, and an image frequency of 50 Hz,

allowing precise determination of the temperature gradi-

ents across the chip surface.

Throughout all of the tests, the IR camera was situ-

ated so that the heating area of the silicon wafer

(16.0 · 4.2 mm2) is in the field of view. Using this tech-
nique, the temperature gradient, the maximum tempera-

ture and the transient response could be detected. The

IR Imaging System was connected to a PC. For each

run case, the PC stores the image file and the corre-

sponding data file which contains 6080 data points re-

lated to the focused thin film heating area.

The measurement of temperature by means of the

radiation power emitted from a surface requires a care-

ful calibration of the emissivity, which depends strongly

on the surface topography and the wavelengths that

are interrogated [10]. The spatial resolution is limited

to the working wavelength of the IR camera that is can-

tered in one of the atmospheric windows 8–9 lm. The
ThermaCAM SC3000 has a GsAs, Quantum Well

Infrared Photon FPA detector working in the spectral

range of 8–9 lm.This is the physical limitation. We use
an addition microlens over the IR camera, forming

the real spatial resolution of 17.5 lm. A very thin

‘‘black lacquer’’ was uniformly coated on the thin film

surface of the silicon wafer. An emissivity of approxi-

mately 0.94 resulted in good measurement accuracies.

The temperature dependence of emissivity within the

considered range can be neglected. Such procedure is

similar to that of Hapke et al. [11]. Using this technique,

the IR Imaging System was calibrated against a set of

known standard temperatures with the accuracy of

0.3 �C.
It is noted that the measured surface temperature is

strongly depended on the emissivity. Other factors, such

as the ambient temperature, the air humidity and the

distance between the camera lens and the silicon wafer

that are put into the software have little influences. Be-

cause the black paint is only focused on the effecting

heating area, there is a stiff emissivity change at the heat-

ing element boundaries. The IR camera sees more area

larger than that of the heating element thus poor read-

ings are obtained with the area beyond the effective heat-

ing surface due to that the ‘‘bright’’ thin Pt film with

lower emissivity is directly exposed in the camera view.

However, these poor readings are not used for the data

process. We are only interested in the temperature read-

ings within the painted heating area.
The experiment covers the following ranges: inlet

pressures of 1–2 bar, pressure drops of 10–100 kPa,

inlet temperatures of 30–70 �C, mass fluxes of 534.79–
4132.85 kg/m2s, and the project heat fluxes of 10–

100 W/cm2, which is defined as the total heating power

that is received by the liquid divided by the effective

heating area. Deionized water is used as the working

fluid.
4. Data reduction

4.1. Dimensionless pressure drop

The data reduction procedure is similar to Wu and

Chen [12]. It is convenient to use the dimensionless pres-

sure drop in this paper instead of the friction factor,

while the later is usually defined for the fully developed

and uninterrupted flow. They have the same form ex-

pressed as

f ¼ Dp � Dh

L
� 1

2q�u2
ð1Þ

where Dp is the pressure drop measured by the pressure
drop transducer across the microchannel heat sink, q is
the liquid density in terms of the mean value of the inlet

and outlet temperatures, Dh and L are the hydraulic

diameter and the whole length of the longitudinal micro-

channels, and �u is the average velocity of water.
Using the measured mass flow rate of water, M, the

dimensionless pressure drop is rewritten as

f ¼ DpDhqN
2A2c

2LM2
ð2Þ

where Ac is the cross-sectional area of each triangular

microchannel, N is the number of the longitudinal

microchannels.

4.2. Overall heat transfer coefficient

The overall heat transfer coefficient for the deionized

water flowing through the longitudinal microchannels is

defined as

h ¼ Q
NAwDTm

ð3Þ

where Aw is the total area of the side walls of longitudi-

nal microchannels. The pyrex glass is assumed to have

an adiabatic condition. Q is the heating power that is

received by water, which is calculated by the energy

conservation equation from the inlet to outlet liquid

temperatures. Using the powermeter readings as the

power input results in uncertainties which maybe differ-

ent from case to case. The heat extracting efficiency g is



Table 1

Measurement errors

Parameters Maximum errors Parameters Maximum errors

Dh 1.29% Dp 0.1%

L 0.01% T 0.5 �C (1.67%)
Lh 0.01% DTm 1.67%

Ac 1.15% Re 2.96%

Aw 0.77% f 3.33%

M 1.02% Nu 2.93%
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defined as Q divided by the total heating power. Cover-

ing the present data range g is in the range of 90% to

96%. It acquires the lower range for the lower heating

power and higher end for the higher heating power, con-

sidering the total heat loss to the environment.

The mean temperature difference DTm between the

channel wall and the water is calculated by

DTm ¼ T w � 1
2
ðT in þ T outÞ

¼
P152

i¼1
P40

j¼1T ij

6080
� 1
2
ðT in þ T outÞ ð4Þ

where T w is the average wall temperature, Tij is the chip

local temperature measured by the IR Imaging System

at each point in the heating area (black painted area).

The heating area totally forms 6080 data points, i is

the longitudinal grid and j is the transverse grid. Totally

there are 152 grids for i direction and 40 grids for j direc-

tion. For simplicity, the temperature differences between

the thin film and the side wall of the microchannels is ne-

glected due to the very large thermal conductivity of the

silicon wafer. Tin and Tout are the inlet and outlet bulk

temperatures of water.

The average Nusselt number in terms of various mea-

surements is written as

Nu ¼ MCpDhðT out � T inÞ
NkAwDTm

ð5Þ

where Cp and k are the specific heat and the thermal con-

ductivity of water. The mean temperature of water

(Tin + Tout)/2 was used to characterize the physical prop-

erties of water, including q, m, k, and Cp, which are

assumed to be independent of pressure. In order to per-

form the comparative analysis between the wafer heat

sinks with and without the transverse microchannels,

the data reduction follows the same procedures for the

two heat sinks.

4.3. Local heat transfer coefficient

The local heat transfer coefficients and Nusselt num-

bers are obtained in terms of local temperatures in x–y

coordinates

hðx; yÞ ¼ Q
NAwðT wðx; yÞ � T fðxÞÞ

ð6Þ

Nuðx; yÞ ¼ hðx; yÞDh

k
ð7Þ

In Eq. (6), the local liquid temperature Tf is assumed

to have a linear distribution along the flow direction.

The local Nusselt number in terms of various measure-

ments finally yields:

Nuðx; yÞ ¼ MCpDhðT out � T inÞ
NAwkðT wðx; yÞ � T fðxÞÞ

ð8Þ
4.4. Error analysis

In terms of Eqs. (2), (5) and (8), the errors accounting

for f, Nu, and Nu(x,y) come from the measurement

errors of a set of parameters, that are listed in Table 1.

Performing the standard error analysis [13], the maxi-

mum uncertainties in determining these parameters are

given in Table 1. It is seen that the maximum errors

due to the measurements are less than 3.33%, 2.93%,

2.93% for f, Nu and Nu(x,y) respectively. Even though

all the temperatures measured by the thermocouples

and the IR camera are carefully calibrated, the maxi-

mum errors of 0.5 �C are used for the error analysis.

Normalizing such error with respect to the minimum in-

let liquid temperature such as 30 �C yields the maximum
possible error of 1.67% for the temperatures.
5. Experimental results and discussion

5.1. Chip temperature and Nusselt number distribution

for the conventional heat sink

A typical run case for the project heat flux high up to

104 W/cm2 is shown in Fig. 4, in which Fig. 4a–c are for



Fig. 4. Chip temperatures and local Nusselt numbers for the conventional heat sink (Tin = 30.9 �C, Q = 69.7 W, G = 3705.8 kg/m2s,
Dp = 99.8 kPa, Re = 871, q = 104 W/cm2; (a) IR color image for the temperatures; (b) three-dimensional temperatures; (c) chip

temperatures versus flow length and (d) Nusselt numbers versus flow length).
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the chip temperature distributions, Fig. 4d for the Nus-

selt number distributions. The fully developed hydraulic
flow is maintained due to the Prandtl number much

greater than unity. However, the thermal developing
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flow is maintained because Lþ
h ¼ 0:0275 which is only

half of the transition value of Lþ
h ¼ 0:05 at which the

thermal developed flow is approached [14].

The color IR image (Fig. 4a) intuitionisticly illustrates

the chip temperature and its gradient in x–y plane of the

focused heating area. The temperatures in a three-dimen-

sional form shown in Fig. 4b behave the ‘‘horseback’’

shape with apparent positive gradient in x-direction but

slight gradient in y-direction. It is seen that the chip tem-

perature along the flow direction is not linear. The tem-

perature difference between the chip and the liquid is

increased with increasing x but reaches the maximum va-

lue at x = 14 mm, close to the end of the heating area at

x = 16 mm. A slight negative gradient is observed from

x = 14 mm to x = 16 mm, attributed to the thermal con-

duction in solid silicon near the end of the heating area

in x-direction. The chip temperatures are slightly higher

at the chip center region (little differences were identified

between y/W = 0.256 and y/W = 0.513). But they are

slightly lower at y = 0 (the margin of the heating loca-

tion), also attributed to the thermal conduction in solid

silicon in y-direction. The temperature difference be-

tween y/W = 0 and y/W = 0.513 is about 4–5 �C.
As observed in Fig. 4d the following phenomena

could be identified: (1) The Nusselt numbers are much

higher at the ‘‘entrance region’’. The thermal developing

region is longer than half of the total heating length. (2)

The Nusselt numbers are higher at the margin of the

heating area at y/W = 0 and y/W = 1, corresponding to

the lower temperatures at these locations due to the ther-

mal conduction in solid silicon. (3) A very slight positive

gradients of the Nusselt numbers occur at the end of the

heating area (x/Lh = 1), also due to the thermal conduc-

tion in the solid silicon. (4) The Nusselt Numbers

approach uniform in the center of the heating sera in

y-direction. For instance, they tend to collapse to a sin-

gle curve at y/W = 0.256 and y/W = 0.513.

When x+ > 0.013, the local Nusselt numbers at the

chip center region can match the theoretical solution

for the circular tube at the constant heat flux condition

in macroscale predicted by [14].

It is noted that for the flow and heat transfer analysis

at high heat flux conditions, careful attentions should be

given on the liquid property variations. Under such con-

ditions if the liquid temperatures increase 20 �C, the
liquid Prandtl number decreases by 35% from 30 �C to
50 �C, which affects the development of the thermal

boundary layer. In terms of the present experimental

observations, the future numerical modelings should in-

clude the whole silicon wafer as the calculation domain,

and account for the liquid physical property variations.

Flow and heat transfer in all of the microchannels shall

be coupled with the whole silicon wafer.

For all of the case tested, the measured parameters

are exactly symmetry about the centerline of y/W = 0.5

This is also true for the new microchannel heat sink.
5.2. Chip temperature and Nusselt number distribution for

the heat sink with transverse microchannels

Verifying Figs. 4 and 5a–d, the chip temperatures and

Nusselt numbers have the following similar behaviors

for both heat sinks with and without the transverse

microchannels: (1) Non-linear distribution along the

flow length. (2) Parameter gradients occur at the mar-

gins of y/W = 0, y/W = 1, x/Lh = 0, and x/Lh = 1, due

to the thermal conduction in solid silicon at the junction

between the heated and the un-heated area. However,

the chip temperatures and Nusselt numbers for the heat

sink with the transverse microchannels display the cycle

behavior along the flow length (see Fig. 5a–d), support-

ing the periodic thermal boundary layer redeveloping

concept. Note in Fig. 3b that there are four independent

zones in the focused heating area. Thus four cycles of the

chip temperatures and Nusselt numbers along the flow

length occur. At the four transverse trapezoid micro-

channel regions, four thin horizontal ‘‘brighter line’’

can be identified (see Fig. 5a), resulted from the smaller

flow velocity in the transverse microchannels. Narrow

the width of the transverse trapezoid microchannel and

increase the thickness of the silicon wafer can definitely

reduce or release such local temperature gradient and

the corresponding thermal stress.

In Fig. 5d, it is shown that the first zone has larger

Nusselt numbers. The second, third and fourth zones

repeat the very similar distributions. Each cycle of the

Nusselt number corresponds to each independent zone.

The smaller flow velocity in the trapezoid microchannel

induces smaller Nusselt number. But they have a step in-

crease once liquid reenters the parallel longitudinal

microchannels, followed by a slow decrease until the

liquid enters the next transverse microchannel. The

relative short length of the thermal boundary layer Lþ
h;s

for each independent zone provides higher Nusselt

numbers.

5.3. Comparisons between the two microchannel heat

sinks

5.3.1. Heat transfer enhancement of the new microchannel

heat sink

In order to further identify the benefits that we can

obtain from the new microchannel heat sink, a pair of

comparative run cases are given in Fig. 6a–d, which

are based on the similar flow conditions for both heat

sinks, with same inlet liquid temperature of 30 �C, effec-
tive heating power of 70 W and mean flow velocity of

3.2 m/s. The color IR images (see Fig. 6a–b) intuitionis-

ticly illustrate that the new heat sink lowers the chip

temperatures. The chip temperatures and the Nusselt

Numbers show smaller differences between the two

wafers in the first zone. However, the new heat sink

can decrease the temperatures by 14 �C maximally in



Fig. 5. Chip temperatures and local Nusselt numbers for the new heat sink (Tin = 29.8 �C, Q = 69.1 W, G = 1469.3 kg/m2 s,

Dp = 20.2 kPa, Re = 345, q = 103 W/cm2; (a) IR color image for the temperatures; (b) three-dimensional temperatures; (c) chip

temperatures versus flow length and (d) Nusselt numbers versus flow length).
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other regions. The Nusselt numbers, which are higher

for the new heat sink, display the cycle behavior for

the four independent zones. In each independent zone,
the Nusselt numbers are lower in the transverse micro-

channel regions, but will have a sharp increase followed

by a slow decrease. The overall Nusselt number for the



Fig. 6. Comparisons between two heat sinks: (a) for conventional heat sink Tin = 29.5 �C, Q = 69.8 W, G = 3216.9 kg/m2 s,

Dp = 82.2 kPa; (b) for new heat sink, Tin = 29.8 �C, Q = 69.8 W, G = 3238.9 kg/m2 s, Dps = 60.3 kPa; (c) chip temperatures along the
flow length for the two heat sinks; and (d) Nusselt numbers along the flow length for the two heat sinks.
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new heat sink is 7.954, which is increased by 26.4% com-

pared with the conventional one. For all of the run cases
tested, even though the chip temperatures are higher

relative to the neighboring region in the transverse
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microchannel regions, but they are still quite lower than

those in the corresponding regions for the conventional

heat sink.

For a given geometry design of the new heat sink, the

heat transfer enhancement is controlled by the dimen-

sionless parameter, Lþ
h;s ¼ Lh;s=ðDhRePrÞ, for each inde-

pendent zone. Neglecting the total widths of the

transverse microchannels, we have

Lþ
h;s ¼ Lþ

h =ðN s þ 1Þ ð9Þ

Theoretically the heat transfer enhancement ratio /
is defined as the overall Nusselt number for the new heat

sink divided by that for the conventional one without

the transverse microchannels:

/ ¼ Nus
Nu

¼ ðN s þ 1Þ
R Lþ

h;s

0 Nudxþ
R ðN sþ1ÞLþh;s Nudxþ

ð10Þ

Fig. 7 demonstrates the higher overall Nusselt num-

bers for the new heat sink than for the conventional

one. The conventional triangular microchannels can

match the theoretical solution of the circular tube in

macroscale [14].

Note that Fig. 7 is obtained using the non-dimen-

sional parameters of Nusselt numbers and effective

heating length. The curve for the conventional micro-

channels can be extended to other microchannel arrays,

providing that the hydraulic diameter of the microchan-

nel is larger enough such as more than 100 lm thus the

possible microscale effects can be neglected. The varied

physical properties are considered because the curve is

experimental determined. However, the curve of the

Nusselt numbers versus the non-dimensional effective

heating length is only for the new microchannel arrays

with the heating length crossing five transverse channels
Lh
+=Lh/(DhRePr)

.02 .04 .06 .08 .10

N
u
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6
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8
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10

For heat sink with
transverse
microchannels
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heat sink
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for circular tube

Fig. 7. Overall Nusselt number versus Lþ
h (correlation

for conventional heat sink: Nu ¼ 3:0045ðLþ
h Þ

�0:2220
, 72 data

points, error < 3.70%; correlation for the new heat sink: Nu ¼
2:6614ðLþ

h Þ
�0:3228

, 54 data points, error < 5.01%).
over four independent zones in which the thermal

boundary layer is developing. Future numerical/experi-

mental studies will be focused on the heat transfer per-

formance for the microchannel arrays with different

transverse channels.

The experimental decided heat transfer enhancement

ratio in terms of data illustrated in Fig. 7 is in the range

of 1.31–1.12 within the non-dimensional heating length

Lþ
h of 0.02–1.10. It is noted that the net heat transfer

enhancement ratio consists of two mechanisms, one is

the thermal boundary layer redeveloping effect and the

other is the wet heat transfer area increase effect. For

the present microchannel array with transverse channels,

the heat transfer area is increased by 10.8% from the

conventional microchannel heat sink of 83.2 mm2 to

the new microchannel heat sink of 92.2 mm2 within the

effective heating length of 16.0 mm. Therefore, the net

heat transfer enhancement ratio for the new microchan-

nel heat sink due to the thermal boundary layer redevel-

oping effect is from 1.202 to 1.01. At the lower end of the

heat transfer enhancement ratio, the new heat sink is

approaching the developed thermal boundary layer.

5.3.2. Pressure drop reduction of the new microchannel

heat sink

For the comparative run cases shown in Fig. 6, the

new microchannel heat sink decreases the pressure drop

by 27%. The very small flow velocity in the transverse

microchannels leads to the neglected pressure drops

across the width of the transverse trapezoid microchan-

nels. Assuming the linear distribution of the pressure

drop versus the flow length for the hydraulically devel-

oped flow, the total pressure drops for the two heat sinks

have the following relationship

Dps ¼ ðL� N s � wÞDp=L ð11Þ

Here L is the whole flow length of the longitudinal

microchannel, Ns and w are the number and the width

of the transverse trapezoid microchannels, Dps and Dp
are the pressure drops for the new heat sink and the con-

ventional one, respectively. In Eq. (11) L�Ns Æw is the

‘‘effective flow length’’ for the new microchannel heat

sink. In terms of the geometry parameters, the pressure

drop for the new heat sink should be decreased by 26%

compared with the conventional one based on Eq. (11).

Such simple estimation of the pressure drops related to

the two microchannel heat sinks conforms the measured

values well.

Fig. 8 illustrates the decreased dimensionless pressure

drops for the new heat sink than for the conventional

one, as expected. At lower Reynolds numbers such as

less than 300, the dimensionless pressure drops for the

conventional triangular microchannels are very close

to those for the circular tube. However, at higher

Reynolds numbers, the dimensionless pressure drops

are larger than those of the circular tubes. Such differ-
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ences become larger with increasing the Reynolds num-

ber. The dimensionless length L+ = L/(DhRe) is short-

ened with increasing Re, resulting in that the hydraulic

boundary layer may not be fully developed. This is the

possible explanation of such deviations. Also can be seen

in Fig. 8 is that the inlet liquid temperatures can affect

the dimensionless pressure drops for the conventional

triangular microchannels. Higher inlet liquid tempera-

tures lead to slight higher dimensionless pressure drops,

possibly due to the physical property variations at high

heat flux conditions. For all of the cases tested in the

present paper, the transition from the laminar flow to

the turbulent flow is not observed for the conventional

heat sink. It is noted that such transitions occur at the

Reynolds numbers between 1000 and 1100 for the new

heat sink, indicating that the enhanced liquid mixing

in the transverse microchannels leads to the earlier tran-

sition from laminar flow to turbulent flow. Harms et al.

[6] observed that the transition from laminar flow to tur-

bulent flow occurs at the critical Reynolds number of

1500 for the multiple rectangular microchannels with

300 lm in width and 1000 lm in depth. Such transition

Reynolds number is lower than the value of 2400 rectan-

gular channels in macroscale. Harms et al. [6] stated that

the severity of the inlet condition is known to have a sig-

nificant effect on the critical Reynolds number. The

smaller Reynolds number at which the transition occurs

observed for the new microchannel heat sink agrees with

the previous studies [6] qualitatively. For the new heat

sink, all of the run cases share a single curve of the

dimensionless pressure drops. The effects of the inlet

liquid temperature are not observed.

Plotting the pressure drop against the thermal resis-

tance is the best way to compare heat transfer systems

because these are the competing factors in any practical
design. One should be aware that the definition of the

thermal resistance is not unique among various investi-

gators. Many researchers define the characteristic tem-

perature difference as the inlet liquid temperature and

the maximum heater temperature. The present paper fol-

lows such definition. Thus the thermal resistance is writ-

ten as

R ¼ T chip;max � T in
Q

ð12Þ

As shown in Fig. 9, the new microchannel heat sink can

significantly reduce the thermal resistances. For the con-

ventional microchannel heat sink the thermal resistances

tend to collapse to a single curve. However, for the new

microchannel heat sink, they do not follow the single

curve for R < 0.8 �C/W. Such deviations are decreased
with increasing the thermal resistances.

5.4. Design consideration and prospective of the new

microchannel heat sink

For a practical design of the new heat sink, the Lþ
h;s

for each independent zone is suggested to be cLþ
h;tr. Here

c is suggested from 0.5 to 1.0, Lþ
h;tr is the dimensionless

heating length at which the local Nusselt number reaches

101% of the Nusselt number for the fully thermal devel-

oped flow. If c = 0.5 is used, the overall Nusselt number

can be 1.46 times of the fully developed value, neglecting

the possible ‘‘microscale effect’’. At a given total flow

length, smaller Lþ
h;s for each independent zone leads to

higher heat transfer performance, but more transverse

microchannels are needed. Optimization of the new

microchannel heat sink is expected in the near future.

In macroscale, heat transfer enhancement using any

technique may accompany the pressure drop increase.

In microscale, heat transfer enhancement can be ob-

tained by decreasing D but Dp is greatly increased. The
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new microchannel heat sink not only enhances heat

transfer but also decreases the pressure drop, ensuring

the possibility of using ‘‘larger’’ microchannel hydraulic

diameter such as more than 100 lm.Thus the micro-
channel heat sink may not be plugged easily and less

pumping power is needed. The pressure drop decrease

phenomenon while enhancing heat transfer is attractive

for the semiconductor devices, especially for very high

heat flux. The new microchannel heat sink is simple in

structure and can be fabricated in typical clean room

environment. The potential versatility of this system

can be further optimized by additional experimental/

numerical works in microscale.
6. Conclusions

A set of experiments were performed for the micro-

scale heat transfer enhancement using the thermal

boundary layer redeveloping concept. The following

conclusions can be drawn:

1. For the conventional triangular microchannel heat

sinks, the chip temperature versus the flow direction

is not linear, behaving the ‘‘horseback’’ shape. The

‘‘thermal entrance length’’ can be longer than half

of the total heating length. The maximum chip tem-

perature occurs just upstream of the ended heating

length. Apparent temperature gradients occur at the

margins of the focused heating area, due to the ther-

mal conduction in the solid silicon.

2. Correspondingly, the Nusselt numbers are higher at

the ‘‘thermal entrance region’’. Slight positive gradi-

ents appear at the end of the heating area, due to

the thermal conduction in solid silicon. Generally

the local Nusselt numbers in the center region

of the focused heating area can match the classical

theoretical solutions for the circular tube in

macroscale.

3. The heat sink with transverse microchannels also

has the non-linear distributions of temperatures and

Nusselt numbers. Parameter gradients appear at the

margins of the selected heating area. Besides, the

parameters show the cycle behavior. In each indepen-

dent zone, the Nusselt number is lower in the trans-

verse microchannel region, but will have a sharp

increase followed by a slow decrease. The heat trans-

fer is indeed enhanced due to the thermal boundary

layer redeveloping mechanism.

4. The new microchannel heat sink can significant

reduce the pressure drops while enhancing heat trans-

fer, resulted from the shortened ‘‘effective flow

length’’. The new structure may lead to the earlier

transition from laminar flow to turbulent flow.

5. Eq. (10) can be used to evaluate the heat transfer

enhancement ratio, qualitatively. The dimensionless
number Lþ
h;s is selected as the control parameter for

the design consideration.

6. The boundary layer redeveloping concept can be fur-

ther extended to other flow systems in microscale.

Optimization of the new heat transfer device is

expected in the near future.
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