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On-Chip Thermal Management
With Microchannel Heat Sinks
and Integrated Micropumps
Coolant liquid could be moved through tiny channels on chip surfaces if suitably small

and powerful pumps were developed and incorporated into these channels.

By Suresh V. Garimella, Vishal Singhal, and Dong Liu

ABSTRACT | Liquid-cooled microchannel heat sinks are

regarded as being amongst the most effective solutions for

handling high levels of heat dissipation in space-constrained

electronics. However, obstacles to their successful incorpora-

tion into products have included their high pumping require-

ments and the limits on available space which precludes the

use of conventional pumps. Moreover, the transport character-

istics of microchannels can be different from macroscale

channels because of different scaling of various forces affecting

flow and heat transfer. The inherent potential of microchannel

heat sinks, coupled with the gaps in understanding of relevant

transport phenomena and difficulties in implementation, have

guided significant research efforts towards the investigation of

flow and heat transfer in microchannels and the development

of microscale pumping technologies and novel diagnostics. In

this paper, the potential and capabilities of microchannel heat

sinks and micropumps are discussed. Their working principle,

the state of the art, and unresolved issues are reviewed. Novel

approaches for flow field measurement and for integrated

micropumping are presented. Future developments necessary

for wider incorporation of microchannel heat sinks and

integrated micropumps in practical cooling solutions are

outlined.
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I . INTRODUCTION

Continued increases in the density and speed of transistors

in microprocessors have led to a rapid rise in the rate of

heat generation in chips, as well as in the heat fluxes that

need to be dissipated for maintaining chip temperatures

below allowable maximum levels. Conventional fan-cooled
heat sinks are fast reaching their limits for handling the

increased cooling needs for processors in desktop

computers and small-to-medium servers. Many new

competing technologies have been proposed (as reviewed

in [1]), among which liquid-cooled microchannel heat

sinks are recognized as being among the most effective

solutions. Other technologies such as spray cooling,

thermoelectrics, microjets, and thin-film evaporation are
either yet to be developed for implementation or suffer

from noise, efficiency, or cost issues. Microchannel heat

sinks consist of closed parallel channels with rectangular,

trapezoidal, or triangular cross sections with hydraulic

diameters ranging from 100 to 1000 �m. Microchannel

heat sinks can be used either with single-phase flow,

where heat is transferred from the electronic chip via

sensible heat gain by the coolant, or with two-phase flow
which also utilizes the latent heat of the coolant during

liquid/vapor phase change.

The pump used to move coolant through the

microchannel heat sinks is required to provide high

flow rates so that high heat fluxes may be handled while

minimizing temperature gradients on the chip. The pump

must also overcome the large pressure drops encountered

in flow through the small channel cross sections of
microchannels. In addition, the pump must be small,

lightweight, quiet, energy-efficient, low-cost, and reliable.

The use of conventional pumps would not only be size-

and price-prohibitive, but would also suffer from noise

issues. Micropumps are an attractive alternative, as they

can be smaller by more than an order of magnitude while
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providing the same flow rate; cheaper, since they are
generally based on nonmechanical phenomena; noiseless;

and reliable. Development of micropumps has largely

been focused on micro total analysis systems (�-TAS) and

drug-delivery applications, which require low but well-

controlled flow rates. Micropumps for microchannel heat

sinks, on the other hand, must provide high flow rates

and high pressure heads. Hence, most micropump designs

presented in the literature are not suitable for use with
microchannel heat sinks. Integration of micropumps into

microchannels can lead to further compactness and a

reduction in system cost as the fabrication of micro-

channels and micropumps can be integrated into the

same process stream. However, integration into micro-

channels would require further miniaturization of micro-

pumps and also add additional constraints which would

limit their performance in terms of the flow rate and
pressure head generated.

The thermal capabilities, state of the art, and

performance limits of microchannel heat sinks and micro-

pumps are presented in this paper. The flow and heat

transfer in microchannel heat sinks, including diagnostic

techniques for flow field measurements and choice of the

working fluid, are then discussed. This is followed by an

analysis of micropumps and their integration into micro-
channel heat sinks.

II . CAPABILITY OVERVIEW

Significant research effort has been directed towards the

development of microchannel heat sinks and micropumps

over the last two decades. The capabilities of microchannel

heat sinks and the performance of micropumps reported in
the literature are reviewed in this section.

A. Microchannels
Heat transfer in single-phase flow through a heat sink

can be calculated using

q ¼ Nu � k ��T � A=Dh (1)

in which k is the coolant thermal conductivity, �Tf the

mean temperature difference between the substrate and

the coolant, A the wetted area of the heat sink, Dh the

hydraulic diameter of an individual microchannel (equiv-

alent diameter of channel with noncircular cross section),

and Nu the Nusselt number. The Nusselt number
represents the nondimensional temperature gradient at

the wall and is a measure of convection heat transfer. For

fully developed flow in a channel of given shape, the

Nusselt number is a constant irrespective of channel size.

For rectangular channels with a depth-to-width aspect

ratio of four with uniform heat flux on all four walls of

the channel, Nu ¼ 5:33 [2]. Assuming a driving temper-

ature difference of 30 �C between the substrate and
water, 433 W of heat can be removed from a 1 cm � 1 cm

chip using a microchannel heat sink with 100-�m-wide by

400-�m-deep channels separated by 50-�m-thick walls.

Decreasing the channel width to 50 �m and depth to

200 �m, the heat removal rate from the chip can be

increased to 650 W.

Even larger heat transfer rates can be achieved when

the coolant is allowed to boil in the channels. The specific
heat of water is 4.18 kJ/kg � K, while its latent heat is

2400 kJ/kg. Therefore, for the same mass flow rate, ten

times more heat can be removed via boiling than with

single-phase convection (allowing a 50 �C streamwise

temperature rise of liquid water). Conversely, if the heat

load is unchanged, only one-tenth the flow rate of coolant

would be required for a two-phase microchannel heat sink

when compared to the single-phase counterpart. This may
help to alleviate the large pumping power requirements of

microchannel heat sinks. In addition, much better

temperature uniformity (and lowered thermal stresses)

can be maintained over the chip, since the heat sink

temperature would be limited to a value set by the

saturation point of the coolant once boiling commences.

In single-phase convection, much larger coolant flow

rates would be necessary to achieve similar levels of
temperature uniformity over the substrate.

Microchannel heat sinks can also be implemented in a

manner that alleviates the increasingly significant problem

of contact and spreading resistances in the thermal path

between the chip and the heat sink. Microchannels may be

etched into the back end of a chip or, alternatively, a

microchannel heat sink can be attached to it, thus entirely

eliminating or greatly reducing these intermediate thermal
resistances. Since the temperature drop across a given

thermal resistance increases with increasing heat load, a

reduction of contact and interface resistances is critical at

the increasing heat loads being dissipated.

Several experimental studies on microchannel heat

sinks under both single-phase and two-phase operation

have demonstrated very high heat transfer rates, as shown

in Fig. 1 [3]–[9]. Results for both single-phase [3], [8] and
subcooled two-phase operation [4]–[7], [9] are included,

obtained using microchannel heat sinks [3], [8], [9] or

single microtubes. Some of the very high heat fluxes

observed in single tubes may not be easily scaled to heat

sink operation, especially for two-phase flow, due to the

significant preheating and boiling that would occur in the

inlet manifold feeding the multiple, parallel channels.

Since heat transfer in microchannel heat sinks relies on
the transfer of energy from substrate to coolant via

convection, the cooling capability is proportional to the

coolant flow rate. As long as an adequate supply of coolant

can be maintained, there is no theoretical limit to the heat

transfer rate that can be obtained in the heat sink. The

primary obstacle in the practical application of micro-

channel heat sinks is thus the pumping requirement,

Garimella et al. : On-Chip Thermal Management With Microchannel Heat Sinks and Integrated Micropumps

Vol. 94, No. 8, August 2006 | Proceedings of the IEEE 1535



which is especially pronounced in the case of single-phase

flow. Two-phase operation requires lower coolant flow

rates, although flow instabilities in the channels resulting
from transitions between different boiling regimes in

different parallel channels poses challenges for pump

operation.

B. Micropumps
The primary metrics in measuring the performance of a

micropump is the flow rate per unit volume and pressure

head generated. Other important metrics in their selection
are power consumption, input voltage, cost, and reliability.

The performance of selected micropumps is summarized

in Table 1 in terms of their flow rate (maximum flow rate

at zero pressure head), pressure head (max head at zero

flow rate), size (volume), and flow rate per unit volume.

Information for a small conventional centrifugal pump

[10] is also provided for reference.

The maximum flow rate among all the micropumps in
Table 1 is 14 ml/min of ethanol obtained with an injection

EHD pump [11]. This pumping capability compares

favorably with a requirement of 29.2 ml/min of water to

remove 100 W from a chip, assuming a temperature rise of

50 �C in the fluid. However, the performance of this

pump degrades over time, and also, the pump does not

function well with water due to electrolysis of water and

formation of gases which in turn leads to performance
degradation. The MHD pump included in the table with a

liquid metal flow rate of 406 ml/min also appears to

provide the required pumping rates [12]. However, it can

only be used with fluids of high electrical conductivity,

specifically liquid metals, the use of which may not be

suited to many electronics cooling applications. An

external (stand-alone) electroosmotic pump with an

observed flow rate of 7 ml/min of buffered DI water is
another attractive option [13], [14].

However, all of these pumps are for external use (as

opposed to being integrated into microchannels), and

would claim additional space in increasingly compact

computers and consumer electronics. The true potential of

micropumps may be realized by integrating them directly

into the microchannel heat sinks. A significant advantage

of integration, besides the obvious gains in terms of

Table 1 Quantitative Comparison of Selected Micropumps

Fig. 1. Heat dissipation rates achieved with microchannels in

the literature.

Garimella et al. : On-Chip Thermal Management With Microchannel Heat Sinks and Integrated Micropumps

1536 Proceedings of the IEEE | Vol. 94, No. 8, August 2006



reduced size and weight, is the potentially lower cost
which could result from integrating the fabrication

process of the micropumps with that of the microchan-

nels. In the integration of micropumps into microchan-

nels, the flow rate per unit volume achievable by the pump

needs to be assessed. Different pump designs in the

literature can be compared based on this parameter, as in

Table 1, which shows a wide variation in this value ranging

from 4.95 �l/min � mm3 to 4385.96 �l/min � mm3. The
previously estimated flow rate of 29.2 ml/min required

to remove 100 W using a microchannel heat sink from a

1 cm � 1 cm chip translates into a flow rate per unit

volume requirement of 1095 �l/min � mm3. It is clear from

Table 1 that some of the pumps (rotary [15], vibrating

diaphragm [16], valveless [17], MHD [12] and external

electroosmotic [13]) would not achieve the required flow

rate if integrated into microchannels. However, three
pump designsVinjection EHD, integrated electroosmotic

[18], and flexural plate wave [19]Vappear to satisfy this

requirement. Integration of micropumps into microchan-

nels is discussed further in Section IV.

Among the three candidate designs, the electroos-

motic and flexural plate wave pumps use surface forces,

which scale as L2, while the injection EHD micropump

uses volume forces which scale as L3, L being the
characteristic length. For pumps using surface forces,

flow rate per unit surface area is a more suitable

parameter to estimate their performance. To remove

100 W with the microchannel heat sink described above,

this translates to a 438-�l/min � mm2 requirement, while

an integrated electroosmotic pump and flexural plate

wave pump would provide 0.39 and 10.67 �l/min � mm2,

respectively [20]. These pumps thus may not be suitable
for integration into parallel-channel microchannel heat

sinks.

In conclusion, although several micropump designs

have been presented in the literature which can achieve

the flow rate required by microchannel heat sinks, there

are few if any candidates suitable for integration operation

within microchannels. A detailed literature review of

micropump designs discussed in the literature is available
in [20], where the performance of a wide variety of

micropumps is quantitatively compared.

III . MICROCHANNELS

The current understanding of microchannel heat transport

is reviewed in this section, with an emphasis on the

information necessary for successful practical implemen-

tation of microchannel heat sinks in electronics cooling

applications.

A. Single-Phase Heat Transfer
The fluid flow and heat transfer phenomena in

microchannels can be different from the corresponding

transport in macroscale channels, since the various forces
affecting flow and heat transfer scale differently, and take

on different levels of dominance as the dimensional scales

are reduced. Single-phase transport characteristics are

quantified in terms of the friction factor for pressure drop

and Nusselt number for heat transfer, as a function of the

Reynolds number

Re ¼ umDh=� (2)

which is a measure of the relative importance of inertial

and viscous forces, in which um is the mean velocity of the

bulk fluid, Dh the hydraulic diameter of the microchannel,

and � the kinematic viscosity of the fluid.

Quantitative comparison of the experimental results
reported in the early literature shows large deviations

between the different studies, not only in magnitudes but

also in trends of variation of friction factor and Nusselt

number with Reynolds number [21]. The product of

friction factor and Reynolds number from these studies

[22]–[25] is plotted against Reynolds number in Fig. 2(a)

on a log-log scale; heat transfer results [23], [26]–[28] are

compared to predictions from conventional correlations in
Fig. 2(b). Only the laminar regime is considered in the

figures, from which it is clear that the results from

different studies varied widely and most deviated from the

theoretical predictions. These results have been variously

cited to support the existence of differences in the physics

at macro and micro scales. Similar differences were

observed in the literature for turbulent flow [29].

In view of the wide disparities in the early literature on
pressure drop and heat transfer in microchannels,

carefully designed experiments [30], [31] were recently

performed to understand the reasons for these discrepan-

cies. An experimental facility was designed to conduct

fluid flow and heat transfer experiments in microchannels

with hydraulic diameter ranging from 250 to 1000 �m.

The experimentally determined friction factors are plotted

against Reynolds number and compared to the predictions
from conventional correlations in Fig. 3. A similar plot for

heat transfer, in which experimentally determined Nusselt

numbers are compared to predictions from correlations

for conventional channels, is presented in Fig. 4. The good

agreement between the experimental results and theoret-

ical predictions indicates that the hydrodynamic and

thermal behavior in microchannels is not different from

that of conventional channels. Other recent investigations
[32]–[35] have also confirmed this understanding. Dis-

crepancies in earlier studies seem to have originated

from mismatched entrance and boundary conditions, or

difficulties with instrumentation. It has now been con-

clusively shown that a conventional Navier-Stokes ap-

proach, coupled with carefully matched entrance and

boundary conditions, can be employed with confidence for

Garimella et al. : On-Chip Thermal Management With Microchannel Heat Sinks and Integrated Micropumps

Vol. 94, No. 8, August 2006 | Proceedings of the IEEE 1537



predicting single-phase flow and heat transfer in micro-

channels in the size ranges relevant to electronics thermal

management.

B. Two-Phase (Boiling) Heat Transfer in
Microchannels

Convective boiling and two-phase flow in small-scale

channels has also been widely studied. In spite of its

appealing attributesVnamely, a low flow rate requirement

and uniform substrate temperatureVthe complex nature

of convective flow boiling has hindered wide usage of two-

phase flow in consumer products [7]. However, research

efforts on this topic are being intensified [36], and should

lead to improved predictive capabilities which facilitate
implementation in practical applications. The discussion

here focuses on topics of immediate importance to

electronics cooling; more detailed reviews of two-phase

flow and heat transfer research at the microscale are

available in [29], [37]–[39].

Two-Phase Flow Patterns: Boiling is accompanied by the

appearance of vapor in the liquid coolant as it absorbs heat
and changes its state. Depending on the heat load and flow

Fig. 2. Comparison of friction factor (pressure drop) and heat transfer

from experiments and theoretical predictions for laminar flow in

microchannels and microtubes [21]. In both graphs, trends 1–10

are from experiments and the rest are from theory.

Fig. 3. Variation of friction factor with Reynolds number: Dh of

324 �m [30].

Fig. 4. Nusselt numbers for the 229-�m-wide microchannels [31].
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rate, the liquid–vapor mixture assumes various morpho-

logical structures, or flow patterns. Due to the small

dimensions of microchannels, the flow patterns can be

dramatically different from those in larger channels [37],

[39]. Identification of the flow patterns is necessary for the

characterization of two-phase flow pressure drop, heat

transfer, and boiling mechanisms. It also offers useful

information in predicting premature dryout and designing
the manifolds of two-phase heat sinks [37].

Several approaches are employed to study flow

patterns. A popular approach is to introduce an air-water

mixture into capillary tubes and study flow under adiabatic

conditions [40]–[44]. Typical results from such studies are

shown in Fig. 5 [41]. Five different flow patternsVbubbly,

slug, churn, annular, and annular-mist flowsVcan be

identified. For bubbly, slug, and churn flows, results on the
left are for macroscale tubes while those on the right are

for smaller tubes with inner diameters from 1 to 4 mm

(denoted by the asterisks). For these three regimes, flows

in the smaller tubes are seen to be significantly different

from those in large tubes. Similar studies have been

reported for tubes with much smaller inner diameters of

25 and 100 �m [42].

Another approach for studying flow patterns is to
generate two-phase flow by supplying heat to the coolant

(diabatic flow) in the microchannels. While this approach

represents the heat transfer process in heat sinks more

faithfully, systematic studies of diabatic two-phase flow

patterns in microchannels are being attempted only

recently [45]–[57]. Wu and Cheng studied the flow boiling

of water in microchannels of trapezoidal cross section with

hydraulic diameters of 158.8 and 82.8 �m [45], [46]. They
observed that single-phase and two-phase flow alternate

once boiling commences with large-amplitude and long-

period fluctuations in the wall temperature, fluid temper-

ature, fluid pressure, and fluid mass flux. As shown in

Fig. 6, slug flow and churn flow were observed frequently

for smaller microchannels, while bubbly flow was more

common in larger microchannels. Several other studies

[48]–[57] have also attempted to identify flow patterns in

microchannels under specific flow and thermal conditions.

Two important features of two-phase flow in microchan-

nels are apparent from these studies. First, due to the

dominance of surface tension over viscous and inertial
forces at the microscale, the microchannel flow patterns

exhibit significant differences from those in larger

channels, such as the absence of stratified flow and the

unique structures of bubbly and slug flows. Second, under

diabatic conditions, two-phase flow in microchannels is

highly transient and is characterized by the intermittent

appearance of different flow patterns. Hence, information

from macroscale two-phase flow pattern studies cannot be
directly applied to microchannels.

Pressure Drop and Heat Transfer: A number of studies

[40], [44], [58]–[69] have considered pressure drop and

heat transfer under two-phase flow in microchannels, and

a variety of correlations and models have been proposed.

The majority of pressure drop correlations reported can

be viewed as modified forms of one of the two classical
one-dimensional two-phase flow models: the homoge-

neous flow model and the separated flow model. The ho-

mogeneous flow model assumes that two-phase flow

behaves like single-phase flow with averaged fluid

properties (weighted means of properties of the liquid

and vapor phases). The separated flow model treats the

two phases separately while assuming that the velocity of

each phase is uniform but not necessarily equal to that of
the other phase, and that the two phases are in local

thermodynamic equilibrium [70]. The former model is

particularly valid for bubbly flow while the latter is more

accurate for slug flow.

Fig. 5. Observed flow patterns: bubbly, slug, churn, annular, and annular-mist flows in microchannels [41]; for bubbly, slug,

and churn flows, the results for microchannels are denoted by asterisks. (Reproduced with permission.)
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Triplett et al. [58] experimentally investigated the void

fraction and pressure drop in the microchannels and

employed the homogeneous model to calculate the

frictional pressure drop in two-phase flow. Their model
correctly predicted the ratio of volume taken up by the

vapor phase to the total flow volume (void fraction) and

pressure drop measurements for bubbly and slug flows in

which the velocity difference between liquid and vapor

phases is small; however, the model as well as all other

empirical correlations tested overpredicted these para-

meters for annular flow. Bowers and Mudawar [59]

developed a pressure drop model based on the homoge-

neous flow model which agreed to within �30% with

pressure drop measurements during boiling of R-113 in

channels of diameter 2.54 mm (mini) and 510 �m (micro).

The authors later demonstrated that the vapor fraction
rises abruptly to above 0.9 over a very short distance

downstream of the point of net vapor production, where

the mean fluid temperature exceeds the saturation point

[60]. Although this implies a departure from homogeneous

flow to separated annular flow, the homogeneous model

sufficiently predicted the pressure drop across this

departure. Other advanced two-phase flow models only

improved the description of the flow development but did

Fig. 6. Periodic boiling in microchannels of different hydraulic diameter: Dh ¼ 158.8 �m and 82.8 �m [45], [46]. (Reproduced with permission.)

Garimella et al. : On-Chip Thermal Management With Microchannel Heat Sinks and Integrated Micropumps

1540 Proceedings of the IEEE | Vol. 94, No. 8, August 2006



not significantly improve prediction of the pressure drop.
Other studies [44], [61] also reported success with using

the homogeneous model. Modified separated flow models

have also been used to model pressure drop and have

yielded satisfactory agreement with experimental mea-

surements [40], [62]–[69].

In spite of the relative success of the foregoing

pressure drop models, caution should be exercised in

choosing a model in designing two-phase microchannel
heat sinks. Due to the intermittent nature of flow

boiling, criteria need to be established to demarcate the

ranges of applicability of the different models, since a

universally applicable model is not available. Significant

errors could result from the use of simplified one-

dimensional models if the two-phase flow patterns are

not properly matched.

The dominant boiling mechanism in microchannels
has also not been unequivocally identified. Lazarek and

Black [71] showed that the saturated boiling heat transfer

coefficient for round tubes of diameter of 3.1 mm is

strongly dependent on the applied heat flux, but is

independent of the mass flux and quality (quality of a

two-phase mixture is defined either in terms of mass

quality, which is the mass ratio of vapor to liquid, or

thermodynamic equilibrium quality, which denotes the
enthalpy of the bulk liquid relative to that at saturation),

which implies that the heat transfer is controlled by

nucleate boiling. Similar observations have been made

from other studies [49], [72]–[74]. On the other hand, a

different group of studies [56], [58], [75], [76] points to a

significant effect of mass flux and vapor quality on the heat

transfer coefficient and the predominance of forced

convection over nucleate boiling. Further careful investi-
gations are needed before a clearer and more complete

picture of boiling heat transfer in microchannels can be

established.

Modeling: Flow boiling models are preferable to

empirical correlations in the analysis and design of two-

phase microchannel heat sinks. Such models should

characterize boiling incipience, predict heat transfer and
pressure drop in fully developed two-phase flow, and

identify the critical heat flux [38]. However, a majority of

the modeling efforts in the literature are dedicated to

prediction of pressure drop in adiabatic/diabatic flows in

microchannels. Only a few studies have emphasized bub-

ble dynamics under microscale confinement [77]–[80].

The few boiling heat transfer models are mostly based on

specific flow pattern observations, including the homoge-
neous model of Koo et al. [81], microlayer model of Jacobi

and Thome [82], and annular model of Qu and Mudawar

[83]. The underlying physics behind these models are

dramatically different and their restricted applicability to

specific flow conditions seriously limits their usage.

This brief survey reveals that although progress has

been made towards characterizing pressure drop and heat

transfer for two-phase flow in microchannels, an incom-
plete understanding of the basic boiling mechanisms

persists. Other limitations include the inapplicability of

the flow regime maps for macroscale flows to microscale

flows and the unavailability of maps for these flows,

disagreements in interpretation of experimental data, and

lack of comprehensive models for flow boiling in

microchannels. Also, results obtained from studies on

single microchannels cannot be simply extrapolated to
heat sinks featuring multiple microchannels because of

flow maldistribution.

C. Flow Field Characterization
Several attempts have been made to visualize and

characterize the flow field in microchannel flows. An

excellent review of recent developments in microscale
flow visualization techniques is available in [84]. Particle-

based flow visualization methods, including laser Doppler

velocimetry (LDV), particle streak velocimetry (PSV), and

particle image velocimetry (PIV), and scalar-based flow

visualization methods, including laser-induced fluores-

cence (LIF), flow-tagging velocimetry (FTV), molecular

tagging velocimetry (MTV), laser-induced molecular

tagging (LIMT), laser-induced photochemical anemometry
(LIPA), photobleached fluorescence (PF), IR thermal

velocimetry (ITV), and photoactivated nonintrusive track-

ing of molecular motion (PHANTOMM), were reviewed.

In this section, a nonintrusive diagnostic technique

(infrared microparticle image velocimetry, IR-�PIV) and

a high-speed photographic technique are discussed for

their particular suitability in characterizing microchannel

flow and heat transfer.
A nonintrusive diagnostic technique, IR-�PIV, was

developed by Liu et al. [85] for measurement of the flow

field in silicon-based microelectromechanical systems

(MEMS) devices with micrometer-scale resolution. The

technique overcomes the limitation posed by the lack of

optical access with visible light to subsurface flow in

silicon-based microstructures by capitalizing on the

transparency of silicon in the infrared region. Although
studies exploiting similar concepts had been reported in

the literature [86], [87], they were either limited by poor

spatial resolution or were not validated against bench-

mark data or theoretical predictions. Liu et al. [85] ad-

dress a variety of important issues in the implementation

of IR-�PIV as a diagnostic tool for velocity-field measure-

ments. The technique was validated by comparing

experimental measurements of laminar flow of water
in a circular microcapillary tube of hydraulic diameter

255 �m to theoretical predictions. The IR-�PIV technique

effectively extends the application of regular micro-PIV

techniques, and has great potential for flow measure-

ments in silicon-based microdevices.

As noted earlier, boiling and two-phase flow in

microchannels is characterized by spatial and temporal
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instabilities and transition between different flow pat-

terns. A close examination of these dynamic processes can

help in understanding and prediction of two-phase flow
and heat transfer. However, the length scales in the

microchannels as well as the time scales of the instabilities

complicate the observation and analysis of bubble

incipience, growth, and departure. Details of bubble

evolution and motion during boiling need to be under-

stood for the analysis of convective heat transfer. For this

purpose, Liu et al. [88] employed a high-speed imaging

system [capable of obtaining high-definition images at up
to 120 000 frames per second (fps)] to study the complex

bubble dynamics during nucleate boiling in a microchan-

nel heat sinks. Experiments with deionized water in a

copper microchannel heat sink with channel hydraulic

diameter of 384 �m (275 �m wide and 636 �m deep) shed

light on the transient processes of bubble nucleation and

growth, as well as their subsequent departure and

interaction (Fig. 7). Flow through one of the channels in
a microchannel heat sink was captured at 4000, 8000, and

15 000 frames per second (fps); selected images are shown

in Fig. 7. In the photographs in this figure, the fluid

velocity was maintained at 0.68 m/s ðRe ¼ 735Þ with an

inlet temperature of 86.5 �C, exit pressure of 1.05 bar, and

a constant heat flux of 16 W/cm2. The results can be used

to determine the incipience of nucleate boiling and

subsequent bubble growth in the microchannels [80].
Both IR-�PIV and high-speed imaging are valuable

tools in further understanding two-phase flow in micro-

channels. The IR-�PIV technique facilitates the examina-

tion of unique flow field characteristics in silicon

microchannels, while the high temporal and spatial

resolutions possible with high-speed imaging enable the

study of flow patterns in highly transient boiling and two-
phase flow at the microscale.

IV. INTEGRATED MICROPUMPS

Integrated microchannel cooling systems, in which micro-

pumps are integrated directly into microchannels, have only

recently been proposed and investigated [89], [90]. In a

typical microchannel cooling system, heat picked up by the
coolant in the microchannel heat sink mounted on the

electronic chip would be rejected through an external heat

exchanger, with a pump connecting the two to complete the

flow loop, as illustrated in Fig. 8. The high-pressure drops

encountered in the microchannels necessitate the use of a

rather large pump both in terms of space and power

requirements, if a conventional rotary pump were used. For

example, a conventional rotary or gear pump for removing
100 W using microchannels can be up to 100 cm3 in size.

Alternatively, one of the many micropump designs pre-

sented in the literature could be employed to replace this

conventional rotary pump, as reviewed in [20]. However,

since none of these external micropumps can, as a single

unit, provide both the flow rate and the pressure head

needed, a number of micropumps would need to be

connected in series-parallel arrangements to achieve the
required flow rate and pressure head, as described in [91].

Such a design would again increase the Bpump[dimensions.

In the integrated microchannel cooling system design,

the micropumps are integrated within the microchannels

Fig. 7. High-speed imaging of nucleate boiling in microchannels (15 000 fps, only selected images in the time sequence shown) [88].

Test conditions: copper microchannels of hydraulic diameter 384 �m (275 �m wide and 636 �m high) and 25.4 mm in length;

deionized water flow at a velocity of 0.68 m/s ðRe ¼ 735Þ and an inlet temperature of 86.5 �C. A constant heat flux of 16 W=cm2 is

applied at the bottom of the microchannel heat sink.
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in the heat sink so that they share the same footprint as the

microchannels. This is schematically illustrated in Fig. 9.

The main advantage of such a system is its greatly reduced

size. Moreover, all of the microfabrication required (for

microchannels and micropumps) can be accomplished in

one process stream, potentially rendering the fabrication

more economical as compared to designs employing

external micropumps.
A micropump especially designed for integration into a

microchannel cooling system is shown in Fig. 10(a) [92].

This micropump design is more amenable to direct

integration into the microchannels as compared to the

design presented in [89], [90]. It is assumed here that the

micropump is integrated into microchannels of trapezoidal

cross section (due to the ease of fabrication of this shape),

although it can be integrated into rectangular or triangular
channels as well. Narrow, closely spaced electrodes are

deposited on the bottom side of the lid covering the

microchannels as shown in Fig. 10(b). Small patches of

piezoelectric material are deposited on top of the thin lid,

so that there are alternating bands of parallel electrodes

and piezoelectrically actuated diaphragms along the length

of the channel.

Since the fluid in the microchannels is heated from
below, a temperature gradient exists in the fluid with the

fluid at the bottom being hottest and that close to the lid

being coldest. This temperature gradient causes a gradient

in electrical conductivity of the fluid. The presence of a

traveling electric field, created using the series of parallel

electrodes, then leads to the induction of charges in the

fluid and creates bands of positive and negative ions, which

lag behind the traveling potential wave [93]. Coulomb

forces cause these ions to move in the same direction as the

traveling potential wave. Momentum transfer due to

repeated collision of the ions with neutral molecules leads
to motion of the bulk fluid, which gives rise to a pumping

action; this phenomenon is referred to as induction-type

electrohydrodynamics (EHD).

Application of an alternating voltage across the

piezoelectric diaphragms causes vibration of the dia-

phragms. The vibrating diaphragms cause increase in the

bulk velocity of the fluid, which has been shown to result

in an increase in the net flow rate [93] although the net
flow due to the vibrating diaphragm itself, without EHD, is

zero. This increase is due to an increase in the power

output from EHD which is due to the combined effect of

an increase in power drawn from the electrodes and an

increase in the efficiency of the EHD, both of which stem

from an increase in the bulk fluid velocity [94].

The performance of the micropump design was ana-

lyzed using a transient three-dimensional finite-element
model [89], [90] which solves the coupled charge trans-

port and Navier–Stokes equations [89], [90]. The model

also accounts for the effect of the vibrating diaphragm

Fig. 8. Schematic of: (a) a typical microchannel cooling system and (b) microchannel heat sink.
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on fluid flow. The flow rate from the pump with EHD

only and with the simultaneous actuation of the vibrat-

ing diaphragm and EHD is presented in Fig. 11. Deion-

ized water with a small amount of KCl added to increase

electrical conductivity, is used as the working fluid (with
properties as listed in Table 2). The pump dimensions

and other parameters used for modeling are included in

Table 3. The flow rate achieved from the combined action

of the vibrating diaphragm and EHD is 1.75 � 10�10 m3/s,

which is 12% higher than that due to EHD alone (1.55 �
10�10 m3/s) [92]. It may also be noted that in addition to

this increase in flow rate caused by the vibrating dia-

phragm, an additional effect of the diaphragm is to cause
enhanced heat transfer in the channels. Although the net

flow due to the vibrating diaphragm itself is zero, the

instantaneous flow due to its action adds significantly to

the heat transfer rate from the channels. Integration of

these micropumps into six parallel microchannels (channel

width ¼ 200 �m, fin width ¼ 50 �m, channel length ¼
1500 �m, area ¼ 2:25 mm2), would yield a flow rate of

63 �l/min. For a 20 K mean fluid temperature rise along
the pump length, this implies a heat removal rate of

86.7 mW (heat flux of 3.85 W/cm2) for a power input of

merely 7.28 �W. Decreasing the width and spacing of the

electrodes to 5 �m each will increase the flow rate due to
Fig. 10. (a) Schematic of the micropump design. (b) Electrodes

deposited on the bottom side of the diaphragm.

Fig. 9. (a) Schematic of the proposed integrated microchannel cooling system (external pump removed). (b) Details of the integrated

microchannel heat sink.

Garimella et al. : On-Chip Thermal Management With Microchannel Heat Sinks and Integrated Micropumps

1544 Proceedings of the IEEE | Vol. 94, No. 8, August 2006



EHD alone by a factor of 16 [93]. Significant improve-

ments in heat flux are also expected to result from the use

of a larger diaphragm. A prototype chip-integrated micro-

pump array is currently being developed.

The micropump design presented here is one of a

number of candidates suitable for integration into

microchannels. Pumps based on several other nonme-
chanical phenomena such as electroosmotic, injection

EHD, conduction EHD [95], MHD, and others may also be

suitable for integration. One recent example is an

integrated air-cooled microchannel heat sink, called a

microscale ion driven air flow (MIDAF) device [96]–[99].

In a MIDAF device, ions are generated in air using low-

voltage (50–100 V) cold-cathode electron emitters that

inject electrons into the air. Once in the air, the electrons
generate ions by collision reactions. The ions are moved by

a series of microfabricated electrodes that generate strong

electric fields to pump ions through the air. The ions

collide repeatedly with neutral molecules, thus generating

bulk motion of the gas, similar to the EHD pump described

earlier. First-order analyses demonstrate the feasibility of

implementing this concept into a heat sink with air cooling

rates as high as 40 W/cm2 [100].

V. CLOSURE

Liquid-cooled microchannel heat sinks have been demon-
strated to be capable of handling the ever increasing heat

fluxes encountered in microprocessors. The understanding

of single-phase flow and heat transfer in microchannels is

at an advanced stage and is ready for implementation into

practical designs. The applicability of conventional

Navier–Stokes approaches for predicting the transport

behavior in microchannels to be used for electronics

cooling applications has been demonstrated conclusively.
Single-phase microchannel heat sinks can be successfully

Table 2 Properties of the Working Fluid for the Micropump (Water Doped

With KCL)

Table 3 Geometric and Operational Parameters of the Micropump

Fig. 11. Comparison of flow due to combined action of vibrating diaphragm and induction EHD action to that from action of induction EHD only.
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designed for optimal performance based on the informa-
tion available in the literature.

Microchannel heat sinks based on boiling and two-

phase flow have even greater potential because of the

higher heat transfer rates supported with lower flow rate

requirements and better uniformity of substrate tempera-

tures. However, the complex nature of flow boiling at

small length scales introduces difficulties in experimental

and theoretical analyses. Hence, even basic information
for design of two-phase heat sinks such as reliable

predictive tools for pressure drop and heat transfer

performance is not available for all flow patterns. In

addition, several complications such as flow maldistribu-

tion and excessive preheating in manifolds, transient flow

patterns, and flow instability exist. These factors need to

be better understood in order to render two-phase

operation of microchannel heat sinks into a practical
option for applications.

Several micropump designs have been presented in the

literature which can meet the flow rate and pressure head

requirements of microchannel heat sinks in smaller sizes

compared to conventional rotary pumps. Some of these are

more reliable and cost-effective because they utilize

nonmechanical phenomena and hence are free of moving

parts. However, the true potential of microscale pumps lies
in their integration into microchannels, and very few

suitable candidates exist for on-chip integration. The novel
induction EHD pump discussed here is a good candidate

for integration.

Present-day knowledge of liquid-cooled microchannel

heat sinks and micropumps is sufficient to design a

working microprocessor cooling system. Several commer-

cial ventures are attempting to develop such systems [12],

[14]. However, these systems are expected to be

expensive and prone to reliability problems. Moreover,
the total size and weight of these systems with a separate

microchannel heat sink, micropump, and secondary heat

exchanger is significant. Design and manufacture of a

small, lightweight, low-cost, and reliable microchannel

cooling system with performance superior to current

solutions should be possible in the near future. However,

a better understanding of two-phase flow and heat

transfer characteristics and on-chip integration of micro-
pumps is needed. Relative cost and reliability are the

factors which will most influence widespread use of

liquid-based microchannel heat sinks in consumer prod-

ucts. The complete cooling systemVincluding the micro-

channel heat sink, the associated pumping solution, and

the secondary heat exchangerVshould be cost-competi-

tive and provide superior reliability for the same perfor-

mance as compared to current solutions for commercial
applicability. h
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