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Contrary to the common belief that fluid friction unilaterally determines the thermal characteristics

of a microfluidic device, we show here that fluid frictional characteristics of a microfluidic device

may essentially be thermally tuned, delineating a non-intuitive two-way coupling. Our experiments

reveal that the interfacial phenomena triggered by thermal alteration of interfaces with certain

topographical and wettability characteristics may reduce the interfacial friction to a considerable

extent. This has far-ranging scientific and technological consequences towards obtaining improved

throughput in microfluidic devices with applications ranging from biotechnology to electronics

cooling.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4754605]

Ultra-fine tunability of microfluidic structures over pref-

erential scales has opened up newer opportunities of impos-

ing stringent controls over frictional resistances against fluid

flow. This has significant practical relevance in several mini-

aturized devices and systems with applications ranging from

biomedical engineering and biotechnology to electronics

cooling.1,2 The underlying concepts may be judiciously

employed for optimizing the energy requirements necessary

towards obtaining a desired microfluidic throughput, which

is a matter of immense concern to the applied research com-

munity. In general, it is believed that combinations of surface

roughness/topography and wettability characteristics are

likely to influence interfacial interaction, and hence micro-

fluidic friction, in a rather profound manner.3–19

Although the literature on microfluidic friction is rather

vast,20,21 a common consensus that can be drawn from this

literature is that surface effects bear profound influences on

the flow frictional characteristics in micro and nanoscale

devices. This, in turn, has been shown to influence other

transport characteristics, especially the thermal transport,22–29

in a rather prolific manner. Very recently, the dependence of

atomic level stick-slip friction on the surface temperature has

been explicitly delineated.30 But such correlation has not

been reported yet for experimentally resolvable fluidic scale.

Hence, the nature of interfacial frictional influences has com-

monly been perceived to be unilateral, i.e., fluid frictional

characteristics have been attributed to be responsible behind

other transport characteristics but not vice versa. Contrary to

this common belief percolated in the literature, here we show

a mechanism by which thermally activated tunability of inter-

facial friction can indeed be achieved, bearing far-ranging

scientific and technological consequences towards obtaining

improved throughput from microfluidic devices and systems.

Proceeding further, we show that a precise control towards

the thermally influenced mechanism of reduction in micro-

fluidic friction may be achieved by judiciously engineering

the surface roughness and wettability characteristics.

Our experimental studies are performed with four test

sections (TS-1, TS-2, TS-3, and TS-4); each consisting of a

single microchannel fabricated by micromilling process on

an aluminium substrate, and having identical nominal dimen-

sions, i.e., 45mm (L)� 200 lm (W)� 300 lm (H), as the

same cutting tool and depth of cut are employed for fabricat-

ing the channels. However, these test sections, although geo-

metrically similar, differ in their surface characteristics. In

this regard, TS-1 is naturally hydrophobic, whereas the

microchannel surfaces for TS-2, having comparable surface

roughness magnitude as TS-1, are hydrophilized by means of

plasma oxidation.31 On the other hand, TS-3 and TS-4 have

significantly different surface roughness characteristics in

comparison to TS-1, as imparted by tuning the micromilling

process parameters, like nature of milling process (upcut or

downcut) and the feed rate during the milling procedure.10,31

The wettability is characterized by the equilibrium contact

angle (h) of Milli-Q deionized (DI) water (Millipore Corp.,

Boston, MA) on respective aluminium substrates, whereas

the surface roughness is characterized by the relative surface

roughness (e¼Ra/DH, where Ra is the average surface

roughness and DH is the microchannel hydraulic diameter)

as evaluated by atomic force microscopy. The test section is

integrated to an experimental setup31 for measuring the pres-

sure drop of DI water, flowing through the microchannel, at

varying magnitudes of wall heat flux. The wall heat flux is

controlled by tuning the wattage applied (by means of a DC

power supply) to a couple of strip heaters, attached to the

bottom of the test sections. The frictional characteristics are

quantified by the Poiseuille number (Po), which is the prod-

uct of the Darcy friction factor (f) and the Reynolds number

(Re), and is given as Po ¼ f � Re ¼ 2DPDH
2

LqðTÞ�ðTÞ�u where DP is

the pressure drop along the microchannel as measured by a

digital pressure transducer (Honeywell sensotac: 0-1 PSI), L

is the axial distance between the two pressure tappings, qðTÞ
is the density of the DI water, �ðTÞ is the kinematic viscosity

of water (the thermophysical properties used for determining

Po are evaluated on the basis of the bulk mean temperature

(T) at a definite level of heat flux and under a specific

flow condition), and �u is the average flow velocity. �u can be
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determined from the relation, �u ¼ Q
AC
, where Q is the flow

rate of deionized water as supplied by a syringe pump (Har-

vard apparatus PHD 2000: 0-100ml/min), and AC denotes

the cross-sectional area of the microchannel. In an effort to

physically comprehend the effects of interfacial heat transfer

on the flow frictional characteristics, as reflected by the pres-

sure drop measurements, flow visualization experiments31

are also conducted with the objective of studying the solid-

fluid interfacial condition at the same range of applied wall

heat flux. The test sections for the flow visualization have ge-

ometrical properties and surface characteristics identical to

those used for the pressure-drop measurement experiments.

For the microchannels under consideration, the ratio

of length to hydraulic diameter is very large ( L
DH

¼ 45
0:240

¼ 187:5), and hence entrance effects can be neglected.

Therefore, a laminar, hydrodynamically fully developed flow

can be assumed without any loss of generality. From classi-

cal consideration, this should lead to a constant value of Po

independent of Re and other parameters.32 However, for the

experiments reported herein, although Po is virtually inde-

pendent of Re (corresponding to the flow rate range of

0.6–3ml/min) at a specific supplied heat flux level,31 the

mean value (Poavg) varies with alterations in the surface

heating conditions. Moreover, the nature of variation of

Poavg, i.e., the Re-independent value, with varying wall heat

flux is appreciably different for microchannels having differ-

ent wettability conditions (see Fig. 1(a)), as well as for chan-

nels having different surface roughness characteristics, but

same degree of wettability (see Fig. 1(b)). The supplied wall

heat flux is non-dimensionalized as: �q00W ¼ q00W
q00ref

¼ q00W
ðkDTref =DHÞ

where q00W is the experimentally applied wall heat flux, k is

the thermal conductivity of DI water at the bulk mean tem-

perature, and DTref is the reference temperature difference

for the wall heat transfer. The values of Poavg for both the

hydrophobic (TS-1) and hydrophilic (TS-2) channels fall

below the classical limit which may be attributed to the inter-

actions between the surface wettability and heat transfer

characteristics in narrow confinements. To that end, it first

needs to be appreciated that without any supplied wall heat

flux, the value of Poavg is much smaller for TS-1 than that

for TS-2. The thermal effects on the above mentioned char-

acteristics can be readily perceived by noting that Poavg
gradually decreases with increasing supplied wall heat flux

for TS-1. However, for TS-2, there is no appreciable change

in Poavg with increasing heat flux, for the same magnitude of

applied wall heat flux. Interestingly, beyond a threshold

value of the heat flux, a sudden and appreciable increase in

Poavg can be observed for both TS-1 and TS-2.

The relatively smaller magnitude of Poavg for TS-1,

under unheated condition, can be attributed to the well-

evidenced mechanism of apparent slip of the flowing liquid

over a nanobubble layer adhering to fractions of the rough,

hydrophobic surface and liquid interface.33–37 However, the

same effect is less likely to occur over a hydrophilized sub-

strate. Hence, for TS-1, a sizeable fraction of the roughly

conical-shaped submicron cavities,31 formed at the interface

by the surface roughness asperities, is covered with a less

dense stable phase (nanobubbles). On the other hand, in the

regions of stick flow (portions devoid of nanobubbles), these

cavities are partially or totally filled by the flowing deionized

water. For TS-2, the roughness cavities are generally flooded

with the flowing water under unheated condition. Upon sur-

face heating, these cavities act as localized regions of super-

heat resulting in evaporation of the water present in those

cavities. However, the hydrophobic substrate (TS-1) has bet-

ter capability of trapping the less dense phase, thus formed,

than the hydrophilic substrate (TS-2), in accordance with the

Bankoff’s model.38 This model proposes that only those cav-

ities can entrap vapour or gas for which the half conical

angle of the roughness cavity (b) is less than h
2
. Hence, TS-1

contains greater density of potential vapour entrapping cav-

ities (b< 49.89�) than TS-2 (b< 17.5�). For the latter, poor

vapour entrapping capability of the surface inhomogeneities

stems from the greater tendency of the flowing water to dis-

place the entrapped vapour by flooding the cavities due to

enhanced wettability of the substrate. Hence, for TS-1, as the

wall heat flux is increased externally, more potential vapour

entrapping cavities get superheated, thereby increasing the

population density of vapour-filled cavities at the solid-fluid

FIG. 1. Variation of flow frictional characteristics with increasing applied

wall heat flux for (a) microchannels having different wettability conditions,

(b) microchannels having different surface roughness characteristics. The

error-bars are plotted on the basis of uncertainty analysis performed by the

Kline and McClintock method.50
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interface. The less dense phase thus formed, along with the

already existing nanobubble layer, results in a reduction of

effective viscosity in the immediate vicinity of the wall. This

subsequently decreases the bulk flow frictional behaviour for

micro-confinements, culminating in the gradual decrease of

Poavg with increasing levels of interfacial heat flux, as

delineated in regime 1 of Fig. 1(a). However, the physical

paradigm of interfacial interactions gets altered altogether as

the supplied heat flux level exceeds a threshold characterized

by �q00W � 0.32. For imposed heat flux levels exceeding this

limit, the degree of localized superheat becomes sufficient

for the vapour entrapped in the submicron cavities of TS-1 to

act as nuclei for subsequent bubble growth. This leads to the

formation of micron-sized bubbles at the solid-fluid interface

(see Fig. 2(a)). Henceforth, as the wall heat flux is progres-

sively increased, the nucleation site density gradually

increases, thereby increasing the interfacial microbubble

population (Fig. 2(b)). During the growth period of a nucle-

ating bubble on the hydrophobic substrate, the surface ten-

sion force dominates over the buoyant force, as can be

inferred from a relative order of magnitude analysis of these

two effects, by taking into purview the specific wettability

condition. This is represented as: Bo¼ 2gDqrb
2f ðhÞ

3rsin2h
� 10�4

(bond number denotes the relative importance of gravity

force to surface tension force), where r is the surface tension

of the liquid, rb is the experimentally estimated radii of the

microbubbles, Dq is the difference in density between the

bulk liquid and the vapour phases, and f ðhÞ is the energy fac-

tor.39 The dominant surface tension force facilitates the for-

mation of roughly spherical interfacial bubbles (Fig. 2(c))

which have a reduced tendency to get detached from the

channel surfaces. The gradual formation of these bubbles,

with increasing heat flux, enhances the fractional coverage

of the interfacial depleted density layer which aids in pro-

gressively reducing the localised viscosity near the wall.

This manifests through an enhanced apparent slip, as

reflected by the reduction of interfacial friction in the Poavg
versus �q00W characteristics, sketched in regime 2 of Fig. 1(a).

However, beyond �q00W � 0.7, the nucleating bubbles exceed

a threshold size and hinder the bulk flow, ultimately leading

to clogging of the micro-flow passage (Fig. 2(d)). This cul-

minates in the sharp increase in the magnitude of Poavg in re-

gime 3 (see Fig. 1(a)). Hence, in this regime, the framework

of flow friction reduction through thermally activated altera-

tion of interfacial condition totally collapses. For TS-2,

nucleation of microbubbles is found to be non-existent at

smaller magnitudes of applied heat flux, which is in tune

with the high energy requirement for bubble incipience on a

hydrophilized substrate than on a hydrophobic substrate.39

This, coupled with the sparse bubble population density, due

to its poor vapour entrapping capability, fails to cause any

appreciable reduction in interfacial friction, for imposed heat

flux even below the critical threshold (�q00W < 0.7), as com-

pared to TS-1. Although, with further increase in the heat

flux the bubble population increases, but the sizes of the bub-

bles also increase in tandem, and exceed a critical limit;

thereby resulting in bulk flow hindrance, and hence a sudden

increase in Poavg. It is pertinent to mention here that the for-

mation of a less dense phase in the vicinity of a solid wall,

mainly through near-wall boiling or injection of microbub-

bles, is classically utilized for drag reduction in high Reyn-

olds number macroscale flows/external flows, especially for

FIG. 2. (a) Nucleation of microbubbles at

the solid-liquid interface on TS-1 for the

non-dimensional heat flux value of 0.32.

(b) Increased number density of interfacial

microbubbles at a higher heat flux of 0.46.

(c) Interfacial bubbles attain a spherical

shape with definite radii. (d) Nucleating

bubbles tending to obstruct the flow

passage in TS-1 for higher heat flux levels

beyond 0.7.
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enhancing the performances of underwater vehicles/missiles

and ships.40–47 However, thermally controlled reduction in

low Reynolds number flow friction at the microscale, as

detailed herein, has never been reported previously.

The minimum degree of superheat necessary for the

nucleation of stable bubbles from the nanometer-scale

roughness cavities, on the microchannel substrate, is speci-

fied by fundamental thermodynamic considerations as:38

DTg � 2rTsat
hf gqgrc

, where rc is the roughness cavity mouth radius,

Tsat is the saturation temperature of the liquid, hfg is the en-

thalpy of vapourization, qg is the density of the vapour, and

DTg ¼ ðTg � TsatÞ is the degree of superheat of the entrapped
vapour, which is dependent on the magnitude of imposed

wall heat flux. In accordance with this, for TS-3 and TS-4,

which have greater surface roughness (and hence greater rc)

than TS-1, the interfacial bubble incipience starts from pro-

gressively lower levels of superheat corresponding to smaller

magnitudes of wall heat flux (�q00W < 0.32). However, the

nucleating bubbles grow to relatively larger sizes, under

identical wall heating and flow conditions, with increasing

surface roughness (Fig. 3). The relatively larger sizes of the

microbubbles may be attributed to the greater degree of bub-

ble coalescence, during initial stages of their growth, due to

the greater density of active nucleation sites on the rougher

substrates. These relatively larger bubbles offer hindrance to

the bulk flow. Therefore, a threshold value for the interfacial

microbubble radius can now be defined (rb/DH � 0.13: eval-

uated from the analysis of microbubble sizes for TS-1),

which, when exceeded, does not lead to the reduction of flow

friction through the mechanism of apparent slip of the flow-

ing liquid, but tends to augment the flow resistance. Hence

for TS-3, the flow frictional characteristics gradually

increase with externally controlled alteration of the wall

heating condition due to the interfacial resistance imparted

by the nucleating bubbles even at lower levels of heat flux.

Beyond �q00W � 0.7, the bubbles actually clog the flow pas-

sage culminating in a steeper increase of Poavg. For TS-4,

nucleating microbubbles impart relatively greater interfacial

resistance at a particular heat flux level, as compared to

TS-3, due to their even larger sizes and greater population

density. This results in a faster rate of enhancement of inter-

facial friction with variation in �q00W , which culminates in the

steeper monotonic increase of Poavg for the entire heat flux

range (see Fig. 1(b)).

Here, an attempt is also made to delineate a theoretical

framework that addresses the thermally controlled reduction

of interfacial friction for pressure-driven microflows over

substrates having optimum wettability and roughness condi-

tions. The thermally induced reduction in frictional character-

istics, over the range of heat flux implemented in this study,

originates out of the interplay of the formation of an interfa-

cial depleted density layer, and the consequential reduction in

the localized viscosity of the flowing liquid. The hydrody-

namics of the bulk liquid flow over the interfacial less viscous

phase is modelled considering low Reynolds number

pressure-driven flow of two immiscible fluids between two

infinite parallel plates.48 For the stick flow regime, i.e., the

region devoid of any intervening layer, frictional characteris-

tic is modelled by approximating the exposed rough surface

as a superposition of spatial waves of increasing frequencies.

The properties of the random surface roughness are then

described by the pertinent correlation function, taken to be of

the Gaussian form for the present study. The effective stick-

slip length, for this regime, is evaluated by implementing the

power spectrum density method which involves the determi-

nation of the Fourier image of the Gaussian correlation func-

tion.10,49 The overall friction factor is expressed as a

weighted average of these two effects and can be written as

Poth ¼
32

c
Aþ 4ð1� AÞ

C� D
4
ffiffiffi

p
p Ra

DH

� �2
DH

l

� �

2

6

6

6

4

3

7

7

7

5

� fH�K; (1)

where A is the weighting function, physically representing

the fraction of the interface covered by the thermally tunable

depleted density layer, C and D are numerical fitting parame-

ters, l is the roughness correlation length, fH-K is the

Hartnett-Kostic polynomial correction factor, which takes

into consideration the non-infinite extent of the rectangular

channel,10 and c ¼ 1
3
þ XðTÞ 4

dð�q 00WÞ
DH

þ 8
dð �q00WÞ
DH

� �2
� �

. Here,

XðTÞ is a function representing the ratio of the temperature-

dependent viscosity of the bulk liquid to that of the depleted

density layer, and dð�q00WÞ is the thickness of this intervening
layer; both these functions are strongly dependent on the

level of applied heat flux. Because of a linearly varying axial

profile of the bulk mean temperature under constant wall

heat flux, the average of the inlet and the outlet bulk mean

temperature may be taken as a basis for evaluating the func-

tion XðTÞ. The nature of the correlation between dð�q00WÞ and
�q00W is approximated empirically, by appropriate fitting of

the experimentally evaluated variation of the microbubble

sizes with supplied heat flux. Although such fitting relation

is more appropriate for regime 2 (Fig. 1(a)), it is extended to

take into purview the interfacial phenomenon in regime 1, as

it is impossible to experimentally evaluate the extent of the

layer formed by the vapour-entrapped cavities which is well

FIG. 3. Variation of average non-dimensional microbubble radius with sup-

plied wall heat flux for three different substrates having increasing surface

roughness magnitudes. The bubble-radii are evaluated by post processing

the flow visualization images using IMAGE-PRO EXPRESS 6.0 software.
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beyond the resolution of the involved microscopy technique.

It is important to note here that the thermally induced varia-

tion in liquid viscosity with varying wall heat flux, as aptly

captured by XðTÞ in the proposed model through its depend-

ence on the temperature-dependent liquid viscosity distribu-

tion, is intrinsic to the underlying physics dictating the

thermally controlled reduction of microscale flow friction.

This is substantiated by the fact that on excluding the reduc-

tion in liquid viscosity with increasing temperature corre-

sponding to increasing wall heat flux, i.e., on considering

solely the effects of formation of an interfacial layer of less

dense phase with thermally alterable thickness, the model

underestimates the total decrease in flow friction (44.15%)

over the imposed wall heat flux range, as compared to the

experimentally observed friction reduction (54.02%). This

stems from the fact that preclusion of the appropriate

reduced liquid viscosity from the model leads to appreciable

overestimation of the Poiseuille number at a definite level of

wall heat flux. Hence, it is only on considering the cumula-

tive effects of pertinent temperature-dependent liquid viscos-

ity variation and the formation of an intervening depleted

density layer, the above proposed theoretical framework

shows good coherence with the experimental data (see

Fig. 1(a)), and can be considered to fairly predict the reduc-

tion in flow frictional characteristics with increasing heat

flux, by taking into consideration the specific surface charac-

teristics of the flow conduit.

In conclusion, it can be summarized that flow frictional

characteristics for pressure-driven microflows can be con-

trolled thermally. The imposed thermal effects alter the inter-

facial interaction in the vicinity of the channel walls; the

nature of which is intrinsically dependent on the magnitude

of heat flux and surface characteristics of the channels. For

an optimum wettability and roughness condition, the sup-

plied heat flux influences the interfacial condition in a man-

ner which leads to progressive reduction of frictional

characteristics. This may be judiciously utilized in designing

“smart” microscale cooling techniques.
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